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Abstract: Optical Emission Spectroscopy of Highly Charged Ions for a
Cf'5+/17+ Jon Clock

Searches for physics beyond the Standard Model can be pursued through high-precision
measurements of atomic systems that are sensitive to variations in fundamental con-
stants. In this thesis, highly charged ions (HCI) are investigated as promising candi-
dates for optical clocks to probe new physics. Particular emphasis is placed on highly
charged californium (Cf) ions, which exhibit transitions in the optical region arising
from level crossings that are highly sensitive to variations in the fine-structure con-
stant. To facilitate the investigation of these transitions, the Heidelberg electron beam
ion trap (HD-EBIT) is described, followed by the development of a compact clock
setup that integrates a miniature EBIT, ion extraction beam line, and Paul trap as
a step toward precision spectroscopy and clock operation with HCIs. The design and
implementation of a dedicated injection system for rare and radioactive elements in
the HD-EBIT (such as Cf) is described, focusing on the technical challenges associated
with the construction of the apparatus. As a proof-of-principle study for Cf, optical
spectroscopy of highly charged nickel ions is carried out, motivated by the two opti-
cal clock transitions present in Ni'?*. The optical emission spectroscopy performed
at the HD-EBIT provides essential benchmark data for wavelength determination of
prospective clock transitions, thereby laying the foundation for subsequent precision
spectroscopy experiments. The wavelength of the Ni'?* M1 transition is measured with
a fractional uncertainty in the order of 1077. Atomic structure calculations of highly
charged Cf and Ni ions are presented. The experimental nickel results agree with the
calculations, confirming the reliability of the theoretical method for line identification

and supporting its application to californium spectroscopy.






Zusammenfassung: Optische Emissionsspektroskopie hochgeladener Ionen
fiir eine Cf'**/17+_Ionen-Uhr

Die Suche nach Physik jenseits des Standardmodells kann durch hochprézise Messun-
gen von atomaren Systemen erfolgen, die empfindlich auf Schwankungen der Funda-
mentalkonstanten reagieren. In dieser Dissertation werden hochgeladene Tonen (Highly
Charged lons, HCISs) als vielversprechende Kandidaten fiir optische Uhren zur Entdeck-
ung neuer physikalischer Effekte untersucht. Ein besonderer Schwerpunkt liegt auf
hochgeladenen Californium-Tonen (Cf), die aufgrund von Level-crossings Ubergénge
im optischen Spektralbereich aufweisen, die eine hohe Sensitivitat gegeniiber Varia-
tionen der Feinstrukturkonstanten besitzen. Zur Untersuchung dieser Uberginge wird
zunédchst die Heidelberger Elektronenstrahl-Tonenfalle (HD-EBIT) beschrieben, gefolgt
von der Entwicklung eines kompakten Uhrenaufbaus, der eine Miniatur-EBIT, eine
Ionenextraktionsstrahllinie und eine Paulfalle integriert, als Schritt hin zur Prazi-
sionsspektroskopie und zum Uhrenbetrieb mit HCIs. Das Design und die Umset-
zung eines speziellen Injektionssystems fiir seltene und radioaktive Elemente wie Cf
in der HD-EBIT wird beschrieben, wobei der Schwerpunkt auf den technischen Her-
ausforderungen liegt, die mit dem Aufbau der Apparatur verbunden sind. Als Proof-
of-Principle-Studie fiir Cf wird die optische Spektroskopie hochgeladener Nickel-Ionen
durchgefiihrt, motiviert durch die zwei optischen Uhreniiberginge in Ni'**. Die am
HD-EBIT durchgefiihrte optische Emissionsspektroskopie stellt wesentliche Referenz-
daten fiir die Wellenldngenbestimmung potenzieller Uhriibergdnge bereit und bildet
somit die Grundlage fiir weiterfithrende Experimente zur Prézisionsspektroskopie. Die
Wellenlinge des Ni'2t-M1-Ubergangs wird mit einer relativen Unsicherheit in der
GrofSenordnung von 1077 gemessen. Die Atomstrukturrechnungen fiir hochgeladene
Cf- und Ni-Tonen werden prasentiert. Die experimentellen Nickelergebnisse stimmen
mit den Berechnungen tiberein, was die Zuverlassigkeit der theoretischen Methode zur
Linienidentifikation bestatigt und ihre Anwendung auf die Californium-Spektroskopie

unterstutzt.
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1 Introduction

A precise understanding of the fundamental particles and interactions described by
the Standard Model (SM) of particle physics is essential for advancing our knowledge
of the universe. In addition, highly sensitive probes are needed to test the predic-
tions of the Standard Model and to detect any possible deviations from it. While the
Standard Model has proven remarkably successful, it leaves several key questions unre-
solved including the nature of dark matter and dark energy, origin of matter-antimatter
asymmetry and neutrino mass. Addressing these open question demands not only the-
oretical exploration beyond the Standard Model but also experimental techniques with

extraordinary levels of accuracy.

Measurements of atomic transition frequencies at very high precision allow sensitive
tests of fundamental physics and effects beyond Standard Model [1]. Comparisons of
very stable frequencies in different atomic systems can be used to probe possible varia-
tions of fundamental constants, such as the fine-structure constant [2]. Highly charged
ions (HCIs) are especially promising for these studies. In HClIs, the large nuclear charge
leads to tightly bound electrons so that relativistic effects play a dominant role in de-
termining the atomic energy levels. As a result, certain transitions in HCIs show an
enhanced sensitivity to variations of fundamental constants, while at the same time be-
ing less sensitive to external perturbations [3]. This makes HCIs attractive candidates
for future optical clocks and for laboratory searches for new physics [4, 5]. Experiments
with HCIs require advanced methods for ion production, trapping, and spectroscopy as

well as accurate theoretical calculations of atomic structure and transition properties.

This thesis contributes to the development of HCI-based precision measurements by
combining theoretical atomic structure calculations with experimental work on elec-
tron beam ion traps and optical spectroscopy. Chapter 1 of the thesis introduces the
Standard Model and its limitations, motivates searches for variations of fine-structure
constant and dark matter using atomic clocks, and discusses the role of HCIs and clock
networks. The relevant atomic physics considerations, including scaling laws in HCIs,
transition probabilities, Zeeman effects and level crossings in californium, are presented

in Chapter 2 together with a brief description of numerical methods for atomic struc-
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ture calculations.

The experimental infrastructure relevant in this work is described in Chapters 3-5.
Chapter 3 details the Heidelberg electron beam ion trap and the optical spectroscopy
setup used to observe and characterize trapped ions while Chapter 4 introduces the
miniature electron beam ion trap, beam line and Paul trap for clock-related appli-
cations. Chapter 5 focuses on the development of an injection system for rare, ra-
dioactive elements, including the implementation of a californium target and a laser-
desorption setup. Chapter 6 presents atomic structure and transition calculations for
highly charged nickel and californium ions using different computational approaches
and compares their predictions. Chapter 7 reports on optical spectroscopy measure-
ments of highly charged nickel ions, including data analysis procedures, calibration
methods, and a comparison between measured and calculated transition energies. The
thesis concludes in Chapter 8 with a summary of the main results and an outlook on

future developments toward highly charged Cf ion clocks.

1.1 Standard Model and Beyond

The Standard Model is the most successful theory to date for describing elementary
particles and three of the four fundamental forces. The SM is based on the gauge
symmetry group SU(3). x SU(2)y, x U(1)y, which accounts for the strong, weak, and
electromagnetic forces, respectively. Matter particles (fermions) include quarks and
leptons, while interaction-mediating particles (bosons) include the photon, gluons, and
the W and Z bosons. Figure 1.1.1 shows the elementary particles that make up the
Standard Model. The SM has been tested to high precision but remains incomplete
6, 7].

Key open questions in physics beyond the Standard Model fall into three categories: the
origin of mass (e.g., the role of Higgs Boson and the question of why particle masses are
small), unification (whether all forces can be described within a Grand Unified Theory),
and flavour (why multiple generations of quarks and leptons exist and mix as they do).
These challenges have motivated the development of various theoretical frameworks
that go beyond the Standard Model. One prominent example is supersymmetry, which
proposes a symmetry between fermions and bosons and offers solutions to several of
these puzzles [9]. Supersymmetry often appears in more ambitious frameworks such
as Theory of Everything that seeks to incorporate gravity into a quantum framework,
unify it with the other fundamental interactions, and explain the structure of space-
time [10].
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Figure 1.1.1: The Standard Model of particles. Figure adapted from [§].

Some approaches to physics beyond the Standard Model predict that fundamental con-
stants such as the fine-structure constant, the speed of light, or Newton’s gravitational
constant, may not be truly constant. These models propose that such constants could
vary over time or space, potentially as a result of coupling to new scalar fields or dynam-
ics in higher dimensional theories. In unified models, different fundamental constants
are linked, so their variations would be correlated [11]. Investigating the variation of
fundamental constants opens a window into physics beyond the Standard Model and
may provide empirical clues toward a deeper understanding of the underlying laws of

nature [12].

1.2 Variation in Fine-structure Constant and Dark
Matter

The fine-structure constant, commonly denoted by «, is a dimensionless physical con-

stant that characterizes the strength of the electromagnetic interaction between ele-
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mentary charged particles. It is defined as
e 1
o= N ——
dmweghe 137

(1.1)

This expression combines several fundamental constants: the elementary charge e,
Planck’s reduced constant %, the vacuum permittivity €9, and the speed of light c,
making « a cornerstone of quantum electrodynamics (QED) and one of the most im-
portant constants in physics [13]. Historically, a was introduced by Sommerfeld (1916)
[14] in his extension of Bohr’s model to explain the fine-structure observed in hydrogen
atomic spectra. Today, it is known to govern a wide range of electromagnetic processes,
including atomic energy levels, transition rates, and scattering amplitudes. Because
it is dimensionless, its numerical value is independent of the unit system, making it

particularly useful for probing fundamental physics across different regimes.

Precision measurements of a come from a variety of sources, such as the anomalous
magnetic moment of the electron, atomic recoil experiments, and the quantum Hall
effect [15-17]. The current best estimate based on atom-recoil measurements using

matter-wave interferometry yields
o~ = 137.035999084(21)

with an uncertainty on the order of one part in 10 [13].

Early theoretical work, such as the model proposed by Bekenstein, introduced the idea
that the fine-structure constant « could vary dynamically [18]. More recent models
have explored how such variation could arise from scalar fields that also play a role in
dark matter physics [19]. Dark matter is a non-luminous component of the universe
that reveals itself only through its gravitational influence. It constitutes about 27%
of the universe’s energy budget, as inferred from observations such as galaxy rotation

curves, gravitational lensing, and cosmic microwave background anisotropies [20].

While the nature of dark matter remains unknown, a variety of theoretical models have
been proposed, including weakly interacting massive particles (WIMPs), axions, and
ultralight scalar fields. Among these, scalar field dark matter is particularly compelling
in the context of fundamental constant variation, as such fields can naturally couple to

Standard Model particles, and induce oscillations or drifts in constants like a [21, 22].

The relevant sector of the Standard Model Lagrangian is given by [21]:

— F, Fr M?2
Lom = — meff - 1 + Z TVVVVV (1.2)
f 1%
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The indices f and V' denote SM fermions and massive vector bosons, respectively, while
my and My are their corresponding masses. The terms involving F),, and V" represent
couplings to the electromagnetic field and weak vector bosons. A non-relativistic, scalar
field ¢, which may constitute dark matter, can interact with Standard Model fields via
linear couplings. Following Damour-Donoghue [23] and Arnavitaki et. al. [24], the
effective interaction Lagrangian where ¢ interacts linearly with the electromagnetic

term can be expressed as:

d, y
Eint = K¢4_€2FMVFH (13)

where k is the gravitational coupling, d. is a dimensionless coefficient that parametrizes
the strength of the linear coupling of ¢ to the electromagnetic field, and the scalar field
¢ is defined as:

¢ = Pocos(wt)

where ¢q is the amplitude of the ultra light dark matter and the frequency of the
oscillating field w is given by,

_mgc®

- h

Combining the L;,; (Equation 1.3) with the Standard Model Lagrangian (Equation
1.2) illustrates how the scalar field modifies effective electromagnetic coupling. The

modified electromagnetic field in the combined Lagrangian is [23]:

1 —d.ko

4e?
~ 1 F F/J‘V
T 41 +dorg)er M

Lem = — F,, F*

(1.4)

Since the fine-structure constant is defined as a = €?/4n, this coupling leads to an

effective, time-varying fine-structure constant [23]:

Qerr = (1 + dero)a (1.5)

Equation 1.5 indicates that the coupling of an oscillating dark matter field ¢ = ¢gcos(wt)
to the electromagnetic sector results in temporal oscillations of the fine-structure con-

stant «.
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Laser
Microwave source
{ Oscillator } )[ Counter ]
A

E.g. Frequency

Feedback comb

Reference atom

Figure 1.3.1: Diagram showing a local oscillator locked to an atomic transition via a
feedback loop. The stabilized oscillator frequency is measured using a
counter (e.g. a frequency comb). Modified from [29].

1.3 Astrophysical Observation to Laboratory
Measurements

Quasar absorption lines arise when light from distant quasars (extremely luminous
active galactic nuclei) passes through interstellar or intergalactic gas clouds which
absorb specific wavelengths along the line of sight. Observation of these absorption
systems with high-resolution spectrographs such as Keck/HIRES and VLT/UVES,
allow researchers to examine the value of «v in the distant past [25]. Techniques like the
many-multiplet method have revealed tentative evidence for both temporal and spatial
variations in « [26, 27]. These results, however, remain contentious due to several
systematic uncertainties, including instrumental calibration errors, unknown isotopic
abundances that affect line positions, and overlapping absorption features (like line
blending) [28].

While astrophysical observations provide insight into possible variation of o over cosmo-
logical timescales and distances, they are subject to significant systematic uncertainties
and model assumptions. To complement these approaches, laboratory-based measure-
ments, especially those using atomic clocks, offer an extremely precise and controlled

method to test for any present-day temporal drift in the fine-structure constant [1].

Atomic clocks operate by locking a laser to the frequency of a specific electronic transi-
tion in an atom or ion [30]. The frequency of such transitions is governed by quantum
electrodynamics and depends on the value of «, especially in systems with large nuclear

charge such as heavy HCIs, where relativistic corrections are significant. By compar-
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ing the ticking rates of two clocks based on different atomic species, each with distinct

a-dependencies, researchers can detect or constrain tiny drifts in o over time.

A good optical clock transition must fulfill several essential requirements [30]. It should
possess narrow linewidth, typically provided by a long-lived or forbidden transition, in
order to enable high spectral resolution and long interrogation times. The transition
should lie in the optical frequency range, where precise and stable laser sources are
available, and it must be sufficiently insensitive to external perturbations so that sys-
tematic shifts can be well controlled. These properties together enable a high quality
factor and excellent frequency stability. For tests of fundamental physics, additional
considerations apply: transitions with a strong dependence on the fine-structure con-
stant «, characterized by a large sensitivity coefficient K, are particularly valuable, as
they enhance the ability of optical clocks to probe potential variations of fundamental

constants.

The sensitivity coefficient K is obtained from atomic structure calculations that deter-

mine how an energy level changes when the value of « is varied [5]. The energy level

(%)2 - 1] (1.6)

where the parameter ¢ is determined numerically from

dependence on « is written as

E(a) = Ey+q

E(+6) — E(—9)
= . 1.7
q 55 (1.7)
This relates changes in the transition frequency to changes in « through
v 2q o« Yol
—_— = =—=K—, 1.8
v Ey o «Q (1.8)
so that the dimensionless sensitivity coefficient is
2q
K=— 1.9
. (19)

where ¢ is a parameter that has the dimension of energy [31].

Experimental measurements of the stability between two optical clock frequencies are

described by
A(I/z/l/l) Ax
—— = (K — K;)— 1.10
(V2/V1) ( 2 1) o ( )
where K and K are the sensitivity coefficients of clock 1 and 2, respectively. Different

atomic clock species exhibit different sensitivity coefficients (K') to variations in the
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Clock system | Wavelength K
Sr 698 nm 0.06
Yb* 467 nm —5.95
Yb™ 578 nm 0.31
Ca™ 729 nm 0.15
Nil2+ 498 nm 1.49
Arpld+ 441 nm 1.95
I+ 1978 nm 145
Ir!7+ 283 nm —21.84
Prot 494 nm 4.23
Nd+ 485 nm 6.52
Cflo+ 618 nm 59
Cfl7+ 485 nm —48

Table 1.3.1: Clock transitions in various atomic and highly charged ion systems, along
with their corresponding wavelengths and sensitivity coefficients (K) to
variations in the fine-structure constant a. The K value quantifies how
strongly a given clock transition would shift in response to a potential
variation in « (see Eq. 1.8), making certain systems, particularly highly
charged ions like Cf* and Cf'7*, promising candidates for fundamental
physics tests. Data are compiled from both theoretical calculations and
experimental measurements [3, 32-35].

fine-structure constant o making some clocks particularly valuable for probing potential
drifts. Since the parameter K quantifies how strongly a clock’s transition frequency
depends on «, comparisons between clocks with large differences in K (|K; — Ks|)
enhance the sensitivity to temporal or spatial variation. Table 1.3.1 lists representative

K values for various atomic clock transitions across different species.

A landmark experimental result was reported by Rosenband et al. (2008) [36], who
compared AlT and Hg" ion optical clocks, which are two systems with significantly
different sensitivities to a. Their comparison yielded a model-independent constraint

on the present-day drift of the fine-structure constant:

1d
Y (L1.6+£2.3) x 10717 yr! (1.11)
a o«

This result stood for over a decade as the most stringent experimental limit on variation

n o.

More recently, Filzinger et al. (2023) [37] reinterpreted atomic clock data in the con-
text of scalar field dark matter models that allow for couplings between dark matter

and photons. In such models, the scalar field can induce slow temporal variations or
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oscillations in fundamental constants. By translating clock stability measurements into
bounds on the photon coupling strength, they derived a model-dependent constraint

on the present-day variation in a:

éi—j‘ = (1.8£25) x 1071 yr*

In recent years, several atomic clocks have achieved exceptional fractional frequency
accuracy, reaching levels as low as 107'® and even approaching 107'% [38-41]. These
advances not only allow tighter constraints on the possible temporal drift of the fine-
structure constant a but also open powerful new avenues for testing physics beyond
the Standard Model. In particular, atomic clocks are being used to search for couplings
to ultralight dark matter fields, which could induce transient or oscillatory variations
in fundamental constants. Their extreme precision has enabled applications beyond
fundamental physics including relativistic geodesy, atomic timekeeping, satellite-based
navigation, and the development of global clock networks for gravitational wave detec-
tion [5, 42-44).

1.3.1 Highly Charged lons

Highly charged ions (HCIs) are ions formed when atoms lose many of their electrons,
resulting in positively charged species with only a few remaining electrons. These ions
retain the same atomic nucleus but exhibit significantly different atomic properties
from those of neutral atoms due to the strong Coulomb field produced by the high
charge state. HCIs are found abundantly in extreme astrophysical environments such
as stellar coronae, active galactic nuclei, and supernova remnants, where high tem-
peratures and intense radiation fields strip atoms of many of their electrons. Earlier
measurements of HCIs were first identified through the observation of optical emission
lines in the solar corona [45]. The prevalence of HCIs in these hot, ionized regions
makes them essential for interpreting a wide range of astronomical observations and
for probing the underlying physical processes in these environments [46]. HCIs are
also valuable tools for diagnosing conditions in fusion and laboratory plasmas [47, 48],
testing quantum electrodynamics under extreme electromagnetic fields [49-51], and

investigating potential signatures of new physics beyond the Standard Model [5].

HClIs present compelling advantages for next-generation atomic clocks and fundamental
physics tests. One of their key strengths lies in their significantly reduced sensitivity to
external perturbations, such as blackbody radiation shifts and electric field gradients,

compared to neutral atoms or singly charged ions [35]. Theoretical studies have shown
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that some HCI transitions can exhibit fractional systematic uncertainties at the level

of < 10719, making them highly promising candidates for ultra-precise timekeeping [4].

Despite their highly ionized nature, several HCI species possess transitions in the op-
tical frequency range [52, 53]. This primarily arises from level crossings and configura-
tion reordering that occur along isoelectronic sequences as the charge state increases,
bringing certain electronic transitions from ultraviolet or x-ray domain into the opti-
cal range. These transitions are experimentally accessible through direct optical laser
interrogation and simultaneously exhibit pronounced sensitivity to variations in the
fine-structure constant. This sensitivity arises because the two levels forming the tran-
sition generally experience different relativistic energy shifts, which scale approximately
with (Zga?) (see Section 2.1.3) [54]. For instance, the clock transition in californium
ion Cf'% and Cf'™ exhibit a significantly larger K compared to conventional neutral
atoms or singly charged ions as shown in Table 1.3.1. The high sensitivity towards
a make the HCIs valuable for detecting oscillations or sudden jumps in « caused by
topological defects [55]. Additionally, they can be used to probe potential cosmological

evolution associated with dark matter [21].

While highly charged ions are naturally abundant in extreme astrophysical environ-
ments, reproducing and controlling them on Earth poses significant experimental chal-
lenges due to the high energies required to strip so many electrons. Advances in
ion-trapping techniques, such as the electron beam ion trap (EBIT) [56] and electron
cyclotron resonance (ECR) ion sources [57], have made it possible to generate and
confine HCIs under laboratory conditions with high precision and stability, enabling
detailed studies of their properties under controlled conditions. EBITs have enabled
the precise spectroscopic measurement of HCIs across a broad range of wavelengths,
extending from the optical [58] to the extreme ultra violet (EUV) [59] and even soft
x-ray regions [60-62].

Although EBITs are highly effective for generating and spectroscopically probing HCIs,
the typical plasma temperatures within these traps are on the order of several mil-
lion kelvin, which pose significant limitations for high-precision measurements due
to Doppler broadening and collisional effects. To overcome these constraints, HCIs
are typically extracted from the EBIT and subsequently transferred to colder, high-
precision trapping environments, such as Penning traps or radio-frequency (Paul) traps.
A brief overview of the ion extraction and trapping process is provided in Chapter 4. A
pioneering demonstration of this method was achieved by Schneider et al. (1994) [63],
who successfully recaptured Xe** and Th%+ ™+ jons from an EBIT into a cryogenic

Penning trap. Building on this, a significant advancement was made by Schmoger et
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al. (2015) [64], who demonstrated the first re-trapping of an HCI, specifically Ar3*
into a cryogenic linear Paul trap. There, the ion was embedded in a laser-cooled Be™
Coulomb crystal, enabling sympathetic cooling. These systems enable significantly im-
proved control over the ions’ motional and internal states, facilitating high-resolution

spectroscopy and clock applications.

1.3.2 HCI Clock Candidates

In this thesis, two elements, nickel (Ni) and californium (Cf), are investigated, with a
particular focus on the highly charged ion clock candidates Ni'?*, Cf'®* and Cf!"*. As
part of this work, Ni'?* was experimentally measured, along with other charge states,
serving as a proof-of-principle for future measurements involving californium. The spec-
troscopy of highly charged californium ions presents substantial technical challenges,
requiring the development of dedicated experimental techniques and infrastructure.
While a full measurement campaign on californium has not yet been carried out, the
results and developments presented here provide the foundation for experiments that

are planned as part of future research.

Nickel

Nickel (Ni), with an atomic number of 28, is a silvery-white transition metal. Nickel was
used unknowingly in ancient alloys as early as 3500 BCE. It was officially identified in
1751 by Swedish chemist Axel Fredrik Cronstedt, who isolated it from an ore once called
Kupfernickel “devil’s copper” by German miners [65]. The most abundant isotope of
Ni is *®Ni.

Nickel is commonly found in many astrophysical environments [67], which makes it a
useful element for comparing data from astronomical observations with results from
atomic clock experiments. Such comparisons can help explore whether the fine-structure

constant has changed over time [68].

Ni'2* has 16 electrons and is a promising highly charged ion for optical clock devel-
opment due to its narrow forbidden transitions in the visible range. The ground state
configuration of Ni'?* is 1522522p83523p*. It features two forbidden clock transitions in
the optical range: 3s23p* 3P, — 35?3p? 3P, a magnetic dipole (M1) line at 511 nm and
3s23pt 3Py — 3523p* 3Py an electric quadrupole (E2) line at 498 nm, see figure 1.3.2.
The M1 transition is also usable for state detection in quantum logic spectroscopy
(QLS), thus that transition is highly desirable to be detected [66].
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A2+
NI12

E2, 498 nm M1, 511 nm

Clock Clock / Cooling

31, Y v
2

12+

Figure 1.3.2: The two clock transitions in Ni*“™ at 498 nm and 511 nm are shown here.

Adapted from [66].

Californium

Californium is a radioactive, silvery-white transuranium element in the actinide series
with atomic number 98. It was first discovered in 1950 by Thompson, Street Jr.,
Ghiorso, and Seaborg through the bombardment of curium with helium ions [69]. The
isotope produced during this initial synthesis was californium-244 (?*4Cf) which has a
half-life of around 45 minutes and decays primarily by alpha emission with an energy of
7.1 MeV [70]. Some of the isotopes of californium are listed in Table 1.3.2. A detailed
study of how the isotopes of Cf were produced can be found in [71].

From Table 1.3.2, californium possesses a number of isotopes with widely differing half-
lives and decay properties. For the planned spectroscopy experiment, the isotope of
primary interest is 24°Cf. This isotope is particularly well suited because it combines a
long-life of 351 years with the practical advantage that it can be obtained in isotopically
pure form which is essential for precision measurements as it avoids complication from

isotope shifts.

As seen in Table 1.3.1, the sensitivity coefficients K of Cf'** and Cf'"* to variations in
the fine-structure constant « are exceptionally high, making them promising candidates
for next-generation optical atomic clocks and fundamental physics experiments. This
heightened sensitivity is primarily due to the occurrence of a level crossing between the
6f and 5f orbitals, which enhances relativistic effects and leads to a stronger depen-
dence of the clock transition frequencies on « (see Section 2.2). In Cf!"*, the relevant

clock transition occurs between the low-lying states 5d'% 6s*> 6py /2 to 5d' 6s* 5fs
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Isotope half-life Primary decay mode
HCt 334 d o

MWCf 351 yr o
BOCf 13.0 yr o
BICf 898 yr o
220 2.6 yr o
23Cf 17.8d I&;

»40f  60.5d  Spontanecous fission

Table 1.3.2: Overview of selected californium isotopes, including their half-lives and
primary decay modes [72]. The isotopes listed vary significantly in sta-
bility, with half-lives ranging from several days to nearly nine centuries.
Most californium isotopes decay via alpha emission, although some, such
as 2%4Cf, undergo spontaneous fission, and ?*>Cf primarily decays through
beta emission.

M1, 442 nm M1, 478 nm

Figure 1.3.3: Clock transitions in (a) Cf'°" at 618 nm and (b) Cf'"" at 485 nm, show-
ing the level crossings between the 6p and 5f orbitals. The transition
wavelengths are theoretical predictions taken directly from the calcula-
tions presented in [73]. Figure adapted from [73].
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with a transition wavelength of 485 nm. For Cf'®*, the clock transition takes place be-
tween the states 5d'° 5f 6p* 2Fy o to 5d'° 5f2 6p I/, corresponding to a wavelength
of 618 nm (see figure 1.3.3).

1.4 Clock Networks

The elusive nature of dark matter has motivated scientists to develop highly accurate
and stable atomic clocks to detect possible interactions between scalar dark matter
fields and Standard Model fields. While individual clocks can provide sensitive tests,
building a network of clocks significantly enhances the detection capabilities. Such
networks improve sensitivity to potential variations in fundamental constants, such as
the fine-structure constant, in various forms, including drifts (slow temporal changes)
[74], transients (sudden, temporary shifts) [75], and oscillations (periodic fluctuations)

[76).

Modern optical clocks are far more precise than conventional time-distribution methods
[77]. Techniques such as GPS signals or microwave links are sufficient for everyday
timekeeping, but they do not provide the stability and accuracy required to compare
state-of-the-art optical clocks. To compare optical clock at their full precision they
must therefore be connected directly, which can be achieved by transmitting a stable
optical signal through fiber optics cables. Frequency combs at each clock site compare
the local clock frequency to this shared optical signal, removing dependence on the
exact frequency of the transfer laser. Environmental disturbances in the fiber cause
phase noise, which is actively corrected in real time by analyzing reflected light using
an interferometer [78]. To preserve the signal’s stability, specialized unused fiber lines
(dark fibers) with bi-directional optical amplifiers are used, enabling frequency transfer
with precision limited only by the clocks themselves, even across distances of thousands
of kilometers [79].

Clock networks enable the validation of simultaneous measurements across multiple
clock pairs, enhancing the reliability of correlated timing data. They can provide criti-
cal insights into the directionality and speed of oscillating dark matter fields, assuming
such fields interact with atomic clocks [80]. Furthermore, clock networks are effective
in distinguishing true signals from environmental noise, such as magnetic interference
caused by solar wind, thereby improving the accuracy in identifying the origin of po-
tential signals [81]. The realization of a global quantum clock network could enable
the construction of a unified, real-time international time scale with unprecedented

accuracy and long-term stability, surpassing current standards and advancing a wide




1.4. CLOCK NETWORKS 31

European fibre-optic
network

Figure 1.4.1: The QSNET network. Adapted from [33]. The map illustrates the loca-
tions of all clocks along with the elements under investigation that will
be part of QSNET.

range of scientific and technological applications [82].

Optical clock networks are important not only for precise timekeeping, but also for
studying fundamental physics. Tests for variations of fundamental constants require
comparisons between clocks with different sensitivities, described by their sensitivity
coefficients K (see Section 1.3) [83]. Comparing two identical clocks gives little useful
information, because they react in the same way. In contrast, comparing different types
of clocks such as neutral atoms and highly charged ions makes it possible to detect
differences in how they respond to changes in fundamental constants. A network that
includes a variety of clocks with different K values therefore makes it possible to search

for new physics in ways that a single type of clock cannot.

Several clock network initiatives have already been developed within the international
metrology community, primarily aimed at time and frequency transfer, relativistic
geodesy and the realization of improved global time scales [84, 85]. In addition to
their metrological goals, such networks are sensitive to new physics and provide im-
portant proof-of-principle demonstrations for fundamental physics applications. One

example of such an initiative is the QSNET project - 7 A network of clocks for measuring
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the stability of fundamental constant” [86], which seeks to link advanced atomic and
molecular clocks, both current and next-generation, in a coordinated network to im-
prove the detection of potential variations in fundamental constants (see figure 1.4.1).
The network brings together existing systems, such as Cs, Sr and Yb* atomic clocks
at the National Physical Laboratory, alongside other clocks under development: a N3
molecular ion clock at the University of Sussex, a CaF optical lattice clock at Imperial
College London, and a Cf highly charged ion clock at the University of Birmingham
[33]. By connecting diverse clocks that possess heightened sensitivity to variations in
fundamental constants like the fine-structure constant («) and the electron-to-proton
mass ratio (), QSNET aims to advance the ability to detect phenomena such as dark

matter interactions and possible violations of fundamental symmetries.

Building on the objectives of QSNET, this thesis focuses on the experimental and
theoretical groundwork necessary for the realization of the Cf highly charged ion clock,
a key component of the network. This work involved performing proof-of-principle
spectroscopy measurements of highly charged nickel ions (see Chapter 7) in an Electron
beam ion trap. Additionally, a new ion injection system for handling rare radioactive
elements such as Cf has been developed (refer Chapter 5). Complementary to the
experimental efforts, theoretical calculations using computational codes were conducted
for highly charged Cf ions, providing predictions that will support future spectroscopic

investigations (see Chapter 6).
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2 Theory

This chapter outlines the theoretical framework necessary to understand the atomic
properties and interactions relevant to HCIs, particularly in the context of high-precision

spectroscopy and their potential applications in probing fundamental physics.

Section 2.1 begins with an overview of relevant atomic physics, covering both one-
electron and multi-electron systems, and extends this understanding to HCIs, which
occupy a unique regime due to their high nuclear charge and a reduced electronic
configuration. Particular emphasis is placed on transition probabilities and external
field effects such as the Zeeman effect, which are essential for interpreting spectroscopic
data and identifying viable clock transitions in HCIs. Section 2.2 presents the concept of
level crossings in highly charged californium ions, which can lead to enhanced sensitivity
to variations in fundamental constants. Section 2.3 gives a brief overview of the key
ionization processes occurring within an electron beam ion trap, such as electron impact
ionization, radiative recombination, and autoionization. Section 2.4 introduces atomic
structure codes used to calculate energy levels, transition rates, and other properties

essential for interpreting experimental results and identifying suitable clock candidates.

2.1 Atomic Structure and Spectroscopy Basics

Atomic physics provides the framework to describe the behavior of electrons in both
simple and complex atomic systems. This section begins with one-electron atoms and
then extends to multi-electron systems, highlighting the concepts and effects relevant

to highly charged ions.

2.1.1 One-Electron Atomic Systems

Hydrogen-like ions, comprising a nucleus with charge Ze and a single bound electron,
represent one of the most fundamental atomic systems. Due to their simplicity, they

provide an ideal framework for exploring the underlying properties of highly charged
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ions. The Schrédinger equation for such a system is given by [87] :

HU(r,t) = (-h—2v2 + V(r, t)) U(r,t) = BV(r,t)

2m

The Hamiltonian operator H represents the total energy of the quantum system and
acts on the wavefunction W(r,¢), which describes the state of the particle as a function
of position and time. The term —%VQ corresponds to the kinetic energy operator,
where 1 is the reduced Planck constant, m is the particle’s mass, and V? is the Lapla-
cian accounting for spatial variation of the wavefunction. V'(r,t) is the potential energy
that depends on position and time. F is the energy eigenvalue associated with the wave

function W(r,t) and represents the measurable energy value of the system in this state.

2 .
Ze” gives the
TEQT

Solving this Schrodinger equation for the Coulomb potential V' (r) = —

energy as [88] :

1

=123 (2.1)

2,2
B, = — | D (22
2h° \4meg

where n is the principal quantum number. However, the Schrodinger equation, as

formulated above, is inherently non-relativistic and does not account for the intrinsic
spin of the electron nor relativistic effects that become significant especially for ions
with high nuclear charge Z. The energy derived after including those corrections

(collectively called fine-structure) is given by [89, 90]

2Z4 2 1
AE, =ML 13 (2.2)
2n3 j+s5 4n

where j is the total angular momentum, n is the principal quantum number and the

fine-structure constant « is given by:

62

a= 2¢ephc

The Dirac equation on the other hand incorporates both the electron’s spin and rela-
tivistic effects, and one can also derive the fine-structure shown in equation 2.2. The

Dirac Hamiltonian is given by [91]:

Hp =cap+ (B—1)mc* +V (2.3)
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where o and [ are Dirac operators usually expressed in Paul spin matrices, p is the

momentum operator, ¢ is the speed of light, V' is the Coulomb potential.

The exact relativistic energy eigenvalue solution for a hydrogen-like atom (one electron
bound to a nucleus of charge Ze) is [90]

E,;= mcz{ N - 1} (2.4)

An expansion in powers of a by following Sommerfeld’s treatment, yields the first two

B, Z? 274 (1
W RZ* Ra ( i) (25)

o’ Z?

1+ 2
(n = +1/2) + /(G +1/2)* = (a22?))

terms as:

he n? nd \j+1/2 4n

where R is the Rydberg constant. This expression is identical to the sum of equa-
tion 2.1 and 2.2, which is the non-relativistic energy and the fine-structure correction,

respectively.

2.1.2 Multi-Electron Atomic Systems

While hydrogen-like ions can be treated analytically due to the presence of only a
single electron, atoms and ions with multiple electrons present a much more complex
quantum mechanical problem. When accounting for both the kinetic energy of the
electrons and their interactions with the electrostatic field of the nucleus, assumed to
be infinitely massive, as well as the mutual electrostatic repulsion between electrons,
the Hamiltonian for an atom or ion with nuclear charge Ze and N electrons is given
by [92]
al h? Ze? al e?
H= Z <_ %sz a (47r60)7“i> + Z (26)

i<je1 (471'60)7"2']'

In this expression, r; represents the position vector of the ¢th electron relative to the
nucleus, and r;; = |r; — ;| is the distance between electrons ¢ and j. The final term
accounts for the electron-electron repulsion, summed over all distinct electron pairs.
The inclusion of the electron-electron interaction term makes it impossible to solve the
Schrodinger equation exactly, as the motion of each electron depends on all the others.
This results in a many-body problem, for which approximation methods are required.
One such approximation is the central field approximation which assumes that each
electron moves independently in an average, spherically symmetric potential generated

by the nucleus and the other electrons. This allows the use of hydrogen-like orbitals as
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a basis but with effective nuclear charges to account for screening by inner electrons.
This is the basis for the Hartree and Hartree-Fock methods, where the wavefunction is

written as a product (or Slater determinant) of single-electron orbitals [92].

In multi-electron atoms, each electron has orbital angular momentum [/; and spin
s; = 1/2. These combine in different ways depending on the atomic number resulting
in coupling schemes which are approximations of the real eigenstates, that provide

generally valid results either for light atoms (LS) or heavy atoms(jj):

e LS (Russell-Saunders) coupling (valid for light atoms):

[=Y7. §=Y5 J=L+3
The atomic states are labeled using term symbols:

2.5'+1LJ

where L is represented by letters such as S, P, D, F for L = 0,1, 2, 3, respectively.

e jj coupling (important for heavy atoms):
Each electron’s total angular momentum j; = [; + s; is calculated individually,
and then summed to obtain J = ) j;. This scheme becomes necessary when

spin-orbit interactions are strong.

2.1.3 Scaling in Highly Charged lons

Highly charged ions are a natural extension of multi-electron atomic systems, charac-
terized by the removal of a large number of electrons from an atom, resulting in strong
Coulomb fields and pronounced relativistic and quantum electrodynamical effects. In
HCIs, many atomic properties, such as binding energies, transition rates, and relativis-
tic corrections, scale strongly with nuclear charge Z. While hydrogen-like ions follow
simple Z-dependent trends, in multi-electron systems the scaling is better described
using the effective nuclear charge Z.g, where Zog = Z — N, (where N, is the number
of shielding electrons) [93]. The electron binding energy increases roughly as Z% due
to the enhanced Coulomb attraction. Fine-structure splittings, arising from relativis-
tic corrections, scale approximately as Zk, becoming increasingly dominant in heavy
ions. Hyperfine structure, which reflects the interaction between electron and nuclear
magnetic moments, typically scales as Z2%. Additionally, quantum electrodynamical
(QED) effects such as the Lamb shift scale as Z%; [35].
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2.1.4 Transition Probabilities

When an atom or ion transitions from an excited state to a lower one, a photon is
emitted whose energy corresponds to the difference between the two energy levels. The
probability of such a radiative transition occurring is governed by quantum mechanical
selection rules, which dictate whether a transition is allowed or forbidden based on
specific properties of the initial and final states. One important selection rule involves

parity [94]:

(—=1)®  for electric multipole E, transitions
AP = (2.7)

—(=1)" for magnetic multipole M, transitions

Here, xk denotes the multipole order of the transition: x = 1 corresponds to dipole

transitions, kK = 2 to quadrupole transitions, and so forth.

Additionally, the total angular momentum J and the magnetic quantum number M
which represents the projection of J onto the quantization axis, satisfy the selection

rules:

AJ=0,%1,..,+r, |[J=J|<c<J+J (2.8)

AM =0,+1, .., +x (2.9)

The intensity I;y of the spectral line corresponding to the transition from the upper

state 1 to the lower state 0 is given by

IlO:Nl'Al[)'hw (210)

where N is the population density of atoms in the upper state, A;q is the Einstein
coefficient for spontaneous emission, which gives the transition rate from state 1 to

state 0 and hw is the energy of the emitted photon, given by hw = E; — Ej.

The rate at which a one-photon transition occurs from an initial excited state |a) to a
final excited state |b) is quantified by the transition probability per unit time, expressed

as

e*w

. 2
=5 (b|ae* - e~ ™ |a)| do. (2.11)

dA
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Here, (b| and |a) represent the relativistic wavefunctions obtained from the Dirac equa-
tion, a is the Dirac matrix, € stands for the polarization vector, k is the photon mo-

mentum vector, and d) represents the differential solid angle element of the radiation.

The Einstein A coefficient, which quantifies the transition probability for electric dipole
(E1) transitions, is related to the absorption oscillator strength fix (dimensionless) and
the line strength S (which quantifies the squared transition dipole moment) through
the following expression [95, 96]:

2re? g 1673

Bl A = S (2.12)

MeCEQN2 g_k ik = 3heg A3 gi,

where e is the elementary charge, m, is the electron mass, ¢ is the speed of light, \ is
the transition wavelength, ¢ is the vacuum permittivity and g; and g; are statistical
weights of the lower and upper level given by 2J; + 1 and 2J; + 1 with J being the
total angular momentum quantum number. The line strength S is often expressed in

units of m2C2.

For E2 transitions, the spontaneous emission probability is given by:

1675
B2p=— 8 2.13
M 15hep Mgy (2.13)

Here S is the electric quadrupole line strength, expressed in SI units as m*C?2.

For M1 transitions, the corresponding transition probability is given by:

167’(3/1/0
3h)\39k

MLAL = (2.14)

Here S is the magnetic dipole line strength, with units of J2T~2 where J is joules and

T is tesla and pq is the magnetic permeability of free space.

For the present work, the most relevant ones are E1 and M1 transitions as these possess
the largest transitions probabilities and therefore produce observable spectral lines. E2
transitions which are generally too weak to be detected under typical EBIT condi-
tions, can be inferred indirectly using the Rydberg-Ritz principle, which is discussed
in Section 6.2.4.
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2.1.5 Zeeman Effect

When an atom is placed in an external magnetic field, such as the 8 T field in the
Heidelberg EBIT, its energy levels shift due to the interaction between the magnetic
field and the magnetic moment associated with the electrons’ angular momentum. This
phenomenon, known as Zeeman splitting, removes the degeneracy of magnetic sublevels
by splitting a single energy level into several distinct components corresponding to

different magnetic quantum numbers.

The magnetic dipole moment associated with the total angular momentum J of the
atom arises from both the orbital and spin angular momenta of the electrons and can
be expressed as [87]

p = —ps(L+g8), (2.15)

where pp is the Bohr magneton and g, is the electron spin g-factor.

The Hamiltonian describing the interaction with the external magnetic field B is then
given by

If the energy from this interaction is much smaller than the fine-structure splitting, it
can be treated as a perturbation. Using the vector model, the magnetic moment is
projected onto the total angular momentum J, assuming the magnetic field is oriented

along the z-axis.
In this approximation, the Zeeman energy shift becomes

Ezx = gyjupBM;, (2.17)
where M is the magnetic quantum number.

The Landé g-factor, g;, can be estimated using the well-known formula:
JJ+1)—LIL+1)+S(S+1)
2J(J +1)

gr=1+ . (2.18)
The Zeeman effect thus splits a spectral line into 2.J+1 components. When considering
transitions between these Zeeman sublevels, each magnetic quantum number M ; must
be treated separately. The general selection rule for multipole transition of order x is
given in equation 2.9. In practice, the most intense Zeeman components come from
changes in magnetic quantum number AM = 0, +1, which correspond to the dominant
E1 and M1 transitions. The AM = 0 transition are called the 7 transitions which are
polarized parallel to the magnetic field and the AM = +1 transitions are called o

transitions, with o (+1) and o~ (—1) polarized perpendicular to the magnetic field.
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Figure 2.2.1: Comparison of Coulomb and Madelung orbital energy orderings. Level
crossings in HCIs between orbitals are marked with numbers from 1 to
10. The crossing labeled 8, highlighted with a circle, corresponds to the
5f —6p level crossing in californium ions Cf'** and Cf'7*. Figure adapted
from [53].

2.2 Level Crossing in Californium

In neutral atoms, the ordering of electrons among orbitals is generally well described
by Madelung ordering. In this scheme, orbitals fill in order of increasing n + [, and
when n + [ values are equal, the orbital with the lower n fills first (see figure 2.2.1).
For example, the 4s orbital is filled before the 3d orbital.

In HCIs, the removal of electron reduces electron-electron screening, and the remaining
electron experience a much stronger effective nuclear potential. In such systems, the
energies depend primarily on the principal quantum number n, and the ordering shifts
from Madelung towards Coulomb ordering. Thus, crossings of energy levels occur as
the ionization increases, as shown in figure 2.2.1; these are referred to as level cross-
ings. Close to such a crossing, the energy difference between the two levels becomes
very small, allowing transitions in the optical range which can be highly sensitive to
variations in «. This sensitivity is quantified by the parameter ¢, introduced in Equa-

tion 1.9. For a level with principal quantum number n and total angular momentum
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J, q can be approximated by [97]:

qnj = —In% (2.19)

where I, is the ionization energy, Z is the nuclear charge and v is the effective principal
quantum number. Transitions between levels near a crossing typically have large ¢-

values.

In californium ions, particularly in charge states Cf!6* and Cf'7*, the 6p and 5 f orbitals
become nearly degenerate in energy, enabling E1 transitions between them that lie in
the optical range. This near-degeneracy arises due to level crossing, where the 5f
orbital, initially less bound in neutral or low-charge Cf ions, becomes more tightly
bound than the 6p orbital in the highly charged Cf ions. As shown in figure 2.2.1,
the system departs from the Madelung orbital ordering typical of neutral atoms and
adopts a more Coulomb-like structure. The resulting inversion of the 5f and 6p energy
levels occurs at the crossing labeled as point 8, which is marked with a circle in the

figure.

In these highly charged Cf ions, the 6p;/, orbital is affected by relativistic corrections
because it has significant electron density near the nucleus. In contrast, the 5f orbital
is more spatially extended and less affected. The resulting large difference in relativis-
tic effects between the two orbitals leads to a transition with a high differential g-value,

making it an excellent probe for potential variations in « [98].

2.3 Electron and lon Dynamics in an EBIT

Electrons emitted from an electron gun (see Section 3.1.1) are radially compressed by
a strong magnetic field, in case of the Heidelberg EBIT generated by superconducting
Helmholtz coils at the trap center. These high-energy electrons collide with neutral
atoms, resulting in the removal of bound electrons and produce HCIs. The dense
electron beam generates a negative space-charge potential that traps the positive ions
near the electron beam axis. The number of trapped ions is proportional to the electron
density. Since the ions remain in continuous contact with the electron beam, several
processes take place in the trap. A detailed explanation of these processes is given in
[99]. These processes determine how ions are produced, excited and emit radiation.

The most important ones are described below.
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Electron impact ionization: This is the dominant process in the trap. When high-
energy electrons collide with ions, and their kinetic energy E exceeds the ionization
potential P; of the valence electrons, the most loosely bound electrons are ejected from

the ion, leading to electron impact ionization (EII).

AT e s ALt 4 90—

A" denotes the ion with charge ¢q. An approximation of the cross section for EII is

given by the empirical formula proposed by Lotz [100].

N
In E/P, : .
o= Z aiQi% <1 — b 6_6’(E/P1_1)); E>PF

1=

where a;, b; and ¢; are empirical parameters associated with subshells 7, P; is the binding

energy, ¢; is the number of electrons and N represents the number of subshells present.

Radiative recombination: The ions can undergo radiative recombination (RR) when

a free electron is captured by a positively charged ion, emitting a photon.

AT e — AUTDY 4y

where hw represents the energy released, which equals the sum of the ion’s binding
energy and the kinetic energy of the free electron. The cross section for RR is derived
from [101]:

Sra’Z gﬂ
Opp — ————
3vV3n3E. hw

Here n is the principal quantum number, Z.; is the effective charge.

Charge exchange: Charge exchange occurs when a highly charged ion collides with
a neutral atom, molecule or residual gas particle and captures one (or more) electrons.
This process reduces the charge state of the ion and often leaves it in an electronically

excited state. It can be written as

At 4 B - [a0t) 4 pr

where B denotes a neutral particle.
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Dielectronic Recombination: Two sequential steps characterize dielectronic recom-
bination; initially, a free electron is captured by an ion while simultaneously exciting
one of its bound electrons to a higher energy level, forming a doubly excited inter-
mediate state. Subsequently, this state stabilizes by releasing a photon, producing a

recombined ion with a reduced positive charge [99].

AT e — [A“””*] L [A(q””] + hw

Electron impact excitation: When a free electron collides with an atom or ion
and transfers sufficient energy to a bound electron, the atom or ion becomes excited
- this process is known as electron impact excitation. This process is fundamental in
plasma environments such as an EBIT, and leads to characteristic photon emission as

the excited ion returns to a lower energy level [99].

AT +em — [A(q”] +e = AT + hw
The excited ion A" can subsequently either decay by spontaneous or stimulated photon
emission or undergo autoionization, resulting in the loss of an electron.

Radiative excitation: When a photon with energy hw interacts with an ion, it can
be absorbed, raising the ion into an electronically excited state without changing its

charge. This process can be represented as

AT 4 B — [ATH)

Photoionization: When an ion absorbs a photon with sufficient energy, it can lose
an electron and become more positively charged, resulting in the formation of a higher

charge state ion and a free electron. The reaction can be described by the equation:

AT 1 By — AlGTDH 4 o

Autoionization: This process occurs when an excited ion spontaneously ionizes by

emitting an electron, resulting in an increase in its charge state, as expressed by:

[ATH]* = [ATH)] + e

The processes outlined above represent the essential interactions governing ion for-

mation, charge state evolution and excitation in an EBIT. Under typical operating
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conditions, electron impact ionization drives the production of HCIs, while recombina-
tion processes such as radiative recombination, dielectronic recombination and charge
exchange with residual neutrals lead to a reduction of the charge state. The balance
between these ionization and recombination process determines the steady-state charge

state distribution achievable in the trap.

2.4 Codes for Atomic Structure Calculation

In order to calculate the structure of atomic systems, the computer software codes
Flexible Atomic Code (FAC) and AMBIT are employed. FAC is an integrated software
package capable of computing a broad spectrum of atomic parameters, including energy
levels, radiative and collisional transitions, and ionization and recombination processes.
By combining the Configuration Interaction (CI) method with Dirac-Hartree-Fock cal-

culations, FAC produces results that fully account for relativistic effects [102].

AMBIT integrates the Configuration Interaction approach with Many-Body Perturba-
tion Theory (MBPT) [103]. It uses the particle-hole formalism, meaning it focuses on
the “holes” or missing electrons in otherwise filled shells, to improve accuracy. Besides
the usual corrections that account for interactions between the inner (core) and outer
(valence) electrons, MBPT can also be used to handle interactions among the outer
electrons themselves, especially those in higher energy levels. The calculation results

for specific Cf and Ni HCIs are given in Chapter 6.

2.4.1 Configuration Interaction

The CI method makes the atomic structure calculation more accurate by taking into
account how electrons interact with each other. The many-electron wavefunction ®
is expressed as a combination of Slater determinants, each representing a specific ar-

rangement of electrons in the orbitals [104]:

P1(x1)  da(x1) -0 dn(x1)
1 | 01(x2)  ¢a(x2) -+ on(x2)
i o | (2.20)

P1(xn) ga(xn) o+ ON(XN)

where x; = (r;,0;) denotes the spatial and spin coordinates of the ith electron and

¢;(x;) are single-electron wavefunctions. The total CI wavefunction is then a linear

combination of several such determinants and includes excited configurations [105];
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\IICI = C()(I)O + Clq)l + ng)z + ... (221)
where @ is the Hartree-Fock ground state determinant, ®;, ®,,--- are excited state
determinants and ¢y, cq, - - - are the coefficients that determine the contribution of each

configuration to the total wavefunction.

2.4.2 Configuration Interaction + Many-Body Perturbation
Theory

CI has limited ability to account for core-core and core-valence correlations, especially
in complex systems like highly charged ions. MBPT is effective in calculating them,
although it is less accurate in valence-valence correlation. The CI+MBPT method

combines the strength of both techniques [99].

e MBPT is first used to build an effective Hamiltonian that incorporates core-

valence correlation corrections

e This Hamiltonian is then used in a CI calculation to handle valence-valence cor-

relation.

By combining these two methods, CI and MBPT achieve high accuracy in calculating
energy levels in HCIs including those near level crossings where the correlation effects

may reorder energy levels.
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3 HD-EBIT Experimental Setup

Electron beam ion traps have been extensively utilized for several decades as powerful
tools to produce and confine highly charged ions. These devices enable detailed studies
of atomic structure and fundamental electron-ion interaction processes of HCIs and
allow plasma diagnostics to be performed. The conceptual predecessor to EBITS,
electron beam ion source (EBIS), was first developed by Donets in 1969 [106]. The
original EBIS was primarily designed as an ion source for accelerators, but its design

laid the groundwork for subsequent developments in ion trapping technology.

Over time, with improvements in ion confinement techniques, the focus shifted towards
trapping and studying HCIs for extended durations, leading to the emergence of the
EBIT as a specialized variant of EBIS. The term EBIT reflects this transition from
merely producing ions to actively trapping them using an intense, focused electron

beam.

The first section of this chapter provides a detailed overview of the Heidelberg EBIT
(HD-EBIT), which was formerly known as FreEBIT, a prominent instrument in this
field. Originally constructed in Freiburg in 1999 [107], the HD-EBIT was later relocated
to Heidelberg in 2001, where it has since operated continuously [108]. The HD-EBIT
has played a significant role in advancing research on HClIs, offering high precision and

stability in ion trapping and spectroscopy [108, 109].

The second section focuses on the injection system for gaseous and organic elements
and its implementation in the HD-EBIT. The third section describes the Czerny-Turner
optical spectrometer employed at the HD-EBIT.

3.1 Heidelberg Electron Beam lon Trap

HCIs are generated through a process known as electron impact ionization (see Section
2.3), in which electrons are sequentially stripped from neutral atoms or low-charged

ions by repeated collisions with high-energy electrons. In the context of an EBIT, this
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Figure 3.1.1: Schematic overview of an electron beam ion trap. The main components,
including the cathode (electron gun), drift tubes, collector, and magnets
generating the axial magnetic field, are indicated. The purple spheres in
the center of the drift tube are the trapped ions.

is accomplished using a tightly focused, high-current electron beam that passes through

a central region of the trap.

Figure 3.1.1 shows a schematic representation of an EBIT. The process begins with the
generation of an electron beam, which is subsequently compressed and focused by a
strong axial magnetic field. This magnetic field is typically produced by superconduct-
ing or permanent magnets and plays a crucial role in confining and guiding the beam
along the central axis of the EBIT. As the beam traverses the trap region, it encoun-
ters neutral atoms or low-charge-state ions that have been injected into the system.
Through successive collisions, the beam electrons ionize these atoms by removing one

or more bound electrons at a time.

This ionization process continues as the ions remain confined in the trap, allowing for
the accumulation of very high charge states over time. After passing through the in-
teraction region, the electron beam proceeds to the final stage of the system, where
it is ultimately collected. While this overview outlines the general mechanism of HCI
production in an EBIT, the specific functions and design considerations of components

such as the electron gun, ion trap, and collector are addressed in the following sections.
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Figure 3.1.2: Sectional view of the electron gun of the HD-EBIT. The electrodes namely
the cathode, focus, and anode are shown here. These electrodes are es-
sential for the emission, control, and extraction of the electron beam. The
control of the magnetic field is provided by the bucking coil and the soft
iron yoke.

3.1.1 HD-EBIT Electron Gun

A sectional view of the electron gun is shown in figure 3.1.2. At the center of the gun
is the cathode, a 3 mm diameter tungsten filament doped with barium, which emits
electrons when heated to high temperatures via thermionic emission. The electron gun
also includes a focusing electrode and an anode, which together control the extraction
and focusing of the electron beam. Electrons are extracted by applying a potential
difference between the cathode and the anode, while the focusing electrode is used to

shape and control the electron current.

The HD-EBIT is designed to deliver electron beam energies of up to 350 keV with
currents as high as 750 mA, enabling the production of hydrogen-like ions of heavy
elements up to uranium [107]. For the optical spectroscopy measurements performed
in this work, the maximum electron beam energy was limited to 2.5 keV. To minimize
the influence of the magnetic field generated by the superconducting coils at the trap

center, the cathode is shielded using a soft iron yoke and a bucking coil.
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3.1.2 HD-EBIT Central Region

Nine drift tubes (DT's) are arranged linearly inside a central tube following the electron
gun as shown in figure 3.1.2. The central drift tube, DT9, has an inner diameter of
10 mm and features slotted apertures. These drift tubes serve to axially confine HCIs
by producing an electrostatic potential along the beam axis. DT9 is positioned at
the center of the trap region, where two superconducting Helmholtz coils generate a
strong magnetic field that radially compresses the electron beam, enhancing ionization

efficiency.

To maintain superconductivity in the coil windings, liquid helium is refilled weekly into
the inner cryogenic shield during operation, keeping the temperature at approximately
4.2 K and enabling ultra-high vacuum conditions with a trap-center pressure on the
order of 107® mbar. This inner shield is surrounded by two additional thermal shields
at 20 K and 50 K, which are cooled via a cryocooler cold head. During standard oper-
ation, the superconducting coils are operated in persistent mode, in which the power
supply is disconnected after charging and the current (76.24 A) circulates indefinitely
in the closed superconducting loop, producing a magnetic field of approximately 8 T

at the trap center.

When neutral atoms are introduced into the trap center (DT9), they interact with the
compressed electron beam and undergo successive electron impact ionization, leading
to the formation of HCIs. Trapping of these ions is achieved both axially and radially.
Axial confinement is realized by applying a lower voltage to DT9 and higher voltages to
its adjacent drift tubes, forming a potential well along the trap axis (see figure 3.1.3 for
the voltage configuration). Radial confinement arises from the negative space charge of
the electron beam and the strong axial magnetic field provided by the superconducting

coils.

To control the charge sate distribution of ions, the trap can be regularly dumped by
adjusting the drift tube potentials. In typical operation, the dumping cycle can be
configured to release trapped ions for a brief period, for example, 5 s following an
accumulation phase of approximately 595 s. This allows for systematic measurements

and prevents overloading of the trap with unwanted charge states.

The central region of the EBIT has six access ports (see figure 3.1.3). The opposing
ports along the Z-axis accommodate the electron gun and the collector. Ports along
the X-axis provide access for optical and X-ray spectroscopy. The bottom Y-axis port
is typically used for neutral gas injection (see Section 3.2), while the top Y-axis port

remains unused during standard operation. In setups requiring laser-based atom injec-
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Figure 3.1.3: Top: Schematic diagram of the drift tube assembly inside the HD-EBIT,

showing the linear arrangement of nine drift tubes (DTs) and the elec-
tron beam trajectory. The electron beam is compressed toward the central
drift tube (DT9) by a strong axial magnetic field generated by two su-
perconducting coils positioned around the trap region.
Bottom: Axial trapping potential (voltage vs. Z-position) applied to the
drift tubes. The central tube (DT9) is held at a lower potential relative
to its neighboring tubes, producing an electrostatic potential well that
axially confines the highly charged ions. The outer drift tubes are held
at even lower voltages to maintain electron beam propagation and con-
finement along the axis.
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tion, these Y-axis ports are repurposed: the bottom port is used for target insertion,
and the top port is used to direct laser light toward the target. Details of this procedure

are discussed in Chapter 5.

3.1.3 Electron Beam

Ions are produced and trapped at the center of drift tube DT9. To estimate the charge
states produced in the trap center, a precise determination of the electron beam energy
is essential. One important parameter is the radius of the electron beam ry, which
encloses approximately 80% of the total beam. As described by Hermann in [110], this

radius is given by:

gy =7TRp — —
2\ 4 e2B2%rgt B?rgt

]. \/]_ 8mek3T6T02 BCQTC4

+
Here r. is the cathode radius, B, is the magnetic field strength at the cathode surface,
T, is the temperature of the cathode, kp is the Boltzmann constant, and e is the
elementary charge. The Brillouin radius rp, which represents the minimum radius of

the electron beam under ideal focusing, is given by:
mel,

'8 g _—

B V megv,eB?

where the ¢y is the vacuum permittivity, I. is the electron beam current, v, is the
axial electron velocity, m. is the electron mass and, B is the axial magnetic field. The

calculated value of ry ranges between 40 pm and 200 pm [111].

The effective electron beam energy FE, at the trap center depends on the cathode
potential U,, the central drift tube potential Uptg and the space charge potential ®,.,

and is given by:

Ee = 6(Uc + UDT9 - (I)sc)

The space charge potential @, which arises due to the negative charge of the electron

beam compressed by the strong magnetic field, varies with the radial distance from the
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Figure 3.1.4: Heidelberg electron beam ion trap. Adapted from [112]
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beam axis. It is expressed as:

2
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where p is the charge density of the electron beam, given by

(3.1)
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Once produced, trapped ions experience continuous heating due to Coulomb interac-
tions with the high-energy electron beam, see Section 2.3. To mitigate this, evaporative
cooling is employed: low-Z ions, gain sufficient energy through collisions, preferentially
escape over the axial potential barriers. This selective loss of lighter ions reduces the
overall kinetic energy of the trapped ion ensemble, thereby cooling the remaining highly
charged ions [113].

3.1.4 HD-EBIT Collector

After passing through the drift tube region, the electron beam is collected at the collec-
tor. A schematic representation of the collector is shown in figure 3.1.5. Surrounding
the collector is a coil that generates a magnetic field to deflect the electron beam to-
ward the collector walls. Secondary electrons produced during this process, which may
become trapped in a Penning mode configuration [114], are drawn into the suppressor
electrode, thereby preventing them from re-entering the trap region. An additional
electrode, known as the extractor, is maintained at a high negative potential to pre-
vent any remaining electrons from escaping the collector. This extractor electrode also

serves the purpose of extracting highly charged ions from the trap.

A schematic overview of the Heidelberg electron beam ion trap, including the electron

gun, central trapping region, and collector described above, is shown in figure 3.1.4.
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Figure 3.1.5: Sectional view of the collector of HD-EBIT. Due to the magnetic field
from the collector coil, the electron beam from the trap diverges into
the walls shown in orange. The high negative potential at the extractor
electrode draws out positively-charged ions into a beam line and prevents
the electrons from leaving the collector.

3.2 Injection System for Gases and Volatile Organic
Compounds

The injection of elements in gaseous form or as volatile organic compounds into the
trap is achieved using the following system: the substance held in a bottle or con-
tainer, in its gaseous or volatile form, is connected to a needle valve, which regulates
flow into a differential pumping system. Differential pumping systems are used in
vacuum engineering to maintain distinct pressure zones within connected regions of
an experimental setup. This is accomplished by separating the regions with narrow

apertures and equipping each with its own dedicated vacuum pump.

The HD-EBIT gas injection system employed in this experiment is a differential pump-
ing system consisting of two stages, each maintained at a distinct pressure by individual
turbomolecular pumps. Pressure gauges are installed on both stages to monitor vac-
uum conditions. The stages are separated by an aperture (Al in figure 3.2.1), a slit

measuring approximately 3 mm x 3 mm, which helps establish a pressure differential
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Figure 3.2.1: The schematic diagram of the vacuum system for the injection of gaseous
elements and volatile organic compounds is shown on the left. The dotted
circle is zoomed in on the right side which indicates flow of the gas in each
stages and apertures. With this method a narrow stream of the atomic
beam can be produced. Adapted from [115].
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of approximately one order of magnitude between the stages.

After passing through the differential pumping system, the gas encounters another
aperture A2, also a slit, measuring 20 mm in length and 4 mm in width, which is
connected to the valve of the EBIT. Beyond the valve, the third aperture A3 is located
at the 50 K thermal shield, consisting of a plate with a rectangular opening measuring
8 mm x 4 mm. The fourth aperture, positioned at the 4 K shield, is a slit measuring
15 mm in length and 2 mm in width. These apertures serve to collimate the gas stream,
allowing a narrow and directed flow into the central drift tube. A schematic of this

injection system is shown in figure 3.2.1.

Noble gases, such as argon and xenon, were injected into HD-EBIT during previous
measurement campaigns. The injection procedure is as follows. The needle valve con-
nected to the Ar/Xe gas bottle is slightly opened to achieve pressures of approximately

10~7 mbar in the first stage and 10~® mbar in the second stage, respectively.

Nickel injection is carried out in a slightly different manner because it involves a non-
gaseous volatile compound: Bis(2,2,6,6-tetramethyl-3,5-heptanedio)nickel(ii), CAS No.
41749-92-2, commonly referred to as bis(nickel) [116]. Approximately 2 grams of this
compound are placed in a small container in a nitrogen environment to prevent oxida-
tion by atmospheric oxygen. The container is then connected directly to the injection

system without a needle valve.

The container with nickel and its transfer line to the valve located beneath the EBIT
is then gradually heated in a controlled incremental fashion to 65°C. Under a pressure
below 1.8 x 1073 mbar [116], the compound sublimates. The pressure conditions in

the two stages are maintained as in the argon injection.

Although this injection method is simple and commonly employed, it relies on a con-
tinuous supply of material and thus requires relatively large quantities of the desired
element. To enable experiments with rare or limited-quantity materials, the gas injec-
tion system was removed and replaced by a new configuration directly as discussed in
detail in Chapter 5.

3.3 Czerny-Turner spectrometer

The electron beam excites ions, which subsequently emit photons during radiative

de-excitation, as discussed in Section 2.3. To analyze this emission, the HD-EBIT
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Figure 3.3.1: An overview of the optical spectrometer of HD-EBIT is shown here. This
figure is taken from [112]. The optical path of the fluorescence light
emitted from the ion cloud from DT9 to the CCD camera is illustrated
here. The movable reflector reflects the calibration light into the periscope
box taking the same path as the fluorescence light

Optical fiber

is equipped with an optical spectrometer, as shown in figure 3.3.1. The path to the
spectrometer contains several optical elements. The fluorescence light is collected by
two lenses, L1 and L2, each with a diameter of 1 inch and a focal length of 150 mm.
These are mounted inside the vacuum chamber along the optical path toward the
fused silica window on the side of the main magnet chamber facing the drift tubes.
The entrance slit of the spectrometer is vertical, thus the horizontal image of the ion
cloud at the center of DT9 has to be rotated 90 degrees. This is achieved by a periscope

system placed in a box after the window of the vacuum chamber.

Inside the periscope box, the mirror M1 collects and reflects the light to mirror M2,
after which the lens L3 collimates the light to lens L4 via mirror M3. Lens L4 focuses
the light to the entrance slit of the spectrometer. Due to the chromatic aberration
inherent in the single lenses employed in this system, the focal length of each lens
varies slightly with the wavelength of incident light. To mitigate this effect, lens L4 is
mounted on a linear translation stage, to optimize the focus for each specific wavelength

at the entrance slit of the spectrometer.

The spectrometer employed in this setup is a 2 m McPherson Model 2062, based on the

Czerny-Turner optical configuration. Incident light entering through the entrance slit is
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first directed onto the diffraction grating by the collimating mirror (M4). The diffracted
light is then collected by the focusing mirror (M5) and subsequently directed onto a
charge-coupled device (CCD) for image acquisition. The model Oxford instruments
Andor Newton CCD with a pixel matrix 2048 x 512 is employed in this experiment.
Each pixel has a size of 13.5 x 13.5 pm?. To reduce thermal noise, the camera is cooled

to —80°C.

By varying the angle of the grating, the range of the spectrum that is imaged can be
changed. Additionally, the spectrometer’s resolving power is influenced by the entrance

slit width, which is adjustable from a maximum of 2 mm down to a fully closed state
(0 pm).

Due to the limited availability of well-characterized wavelength measurements for highly
charged ions, hollow cathode lamps such as Fe-Ar, Cu-Fe-Mn, Co-Ni-Ne are commonly
used for calibration purposes. Light from the calibration lamp is first collected and
collimated by a lens which is then focused by a second lens into an optical fiber, see
figure 3.3.1. The output end of the fiber directs the light onto a movable diffuse alu-
minum reflector positioned between the vacuum chamber window and the periscope
box. When the calibration light is reflected from this plate, it blocks the light from
the ion cloud, ensuring that the calibration light follows the exact same optical path
outside the EBIT as the ion signal. This configuration is ideal for accurate wavelength

calibration.

Grating

The three diffraction gratings employed have different groove densities; 150 grooves/mm,
1800 grooves/mm and 3600 grooves/mm, which contributes to the resolving power of
the spectrometer. The main wavelengths for each of these grating are 500 nm, 400-800
nm and 200-400 nm, respectively. In this experiment, blazed gratings are employed
which have an asymmetric groove profile with each groove acting as a reflecting surface
defined by a blaze angle. Figure 3.3.2 illustrates the sawtooth-shaped groove profile of a
blazed diffraction grating. This geometry concentrates most of the diffracted light into
a selected diffraction order at the desired wavelength range, enhancing the grating’s

efficiency.

The grating equation provides the relationship between wavelength of the incident light
and the angles at which constructive interference occurs for a diffraction grating. It is

given by the equation [117]:
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Figure 3.3.2: Schematic of a blazed grating. The angles of incidence o and diffraction
Bm corresponds to the mth diffraction order. The blaze angle 6 is defined
as the angle between the groove surface normal and the grating normal.

mA = d(sin a + sin (,,) (3.2)

Here m is the diffraction order, A is the wavelength, d is the spacing of the grooves and
a and [ are the angle of incidence and diffraction, respectively. When the angle at
which light strikes the grating is fixed, different wavelength are diffracted at different
angles and this separation is referred to as dispersion. It determines how far apart the
spectral components are spread on the detector. Differentiating the grating equation

with respect to wavelength gives the angular dispersion of the grating:

%_ m
d\  dcos f3

(3.3)

This equation indicates that the dispersion increases with diffraction order and de-

creases with groove spacing d.

The selected spectrometer and grating configuration are well suited for optical spec-
troscopy of highly charged ions, whose prominent transitions lie in the visible and
near-ultraviolet spectral range. This setup has been successfully employed in previous
experiments at the HD-EBIT for a variety of elements [36, 112, 115], demonstrating
reliable detection of weak emission lines from highly charged ions. In the present work,

the same configuration enabled optical spectroscopy of highly charged nickel ions (see
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Section 7.1.3) and will be used for the planned measurements on highly charged cali-

fornium ions.
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4 Clock Setup: Mini-EBIT, Beam
Line and Paul trap

Due to the high temperature of HCIs in an EBIT, performing clock measurements
directly in this trap is challenging. Therefore, in the final clock set up, an EBIT is
connected to a beam line for the transport of highly charged ions into a Paul trap for
spectroscopy measurements. The EBIT used for the clock is not the HD-EBIT used for
the initial spectroscopy of HCIs but a more compact variant known as the mini-EBIT,
which was first developed in 2018 [118]. Despite sharing the fundamental working prin-
ciples with larger EBITs like the HD-EBIT, the mini-EBIT differs considerably in its
design and operational requirements. These differences arise from the need for porta-
bility, reduced size, and simplified infrastructure, making the mini-EBIT an attractive
option for laboratories with space or budget constraints, or for specialized applications

requiring mobility.

This chapter provides a brief description of the construction of the mini-EBIT, an
overview of the beam line and the Paul trap, as well as a general introduction to the

planned Cf clock setup.

4.1 Miniature Electron Beam lon Trap

Following the development of the first micro EBIT by Khodja and Briand [119], vari-
ous miniaturized EBITs have been developed. Unlike larger EBITSs like the HD-EBIT,
mini-EBITs are easy to construct, maintain and operate. They are compact and
work at room-temperature. In 2018, a new class of EBIT was constructed at Max
Planck Institute for Nuclear Physics (MPIK) [118] named the Heidelberg Compact
EBIT (HC-EBIT), which provided better features and performance than the previous
ones. In addition to its approximately 1 tesla magnetic field, the electron gun, collector
and drift tube assembly were newly designed. The Birmingham EBIT follows the same
design [120] as the HC-EBIT and its construction will be briefly discussed below.
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Figure 4.1.1: Birmingham EBIT during construction. The permanent magnets are
placed inside the purple aluminum blocks. The yoke structure made of
soft iron is colored black.

4.1.1 Mini-EBIT Magnetic Structure

In contrast to the HD-EBIT which uses superconducting Helmholtz coils for the mag-
netic field, a mini-EBIT uses 72 NdFeB permanent disk magnets, each with a diameter
of 40 mm and a length of 30 mm and magnetized along the cylinder axis. Each mag-
net has a magnetic field strength of approximately 0.5 T. Eight arrays of magnets are
arranged in 3 x 3 fashion separated by aluminum blocks. These magnets are placed
on a yoke consisting of magnetic steel parts connected by four soft iron rods and two
hollow conical pole soft iron parts. The yoke focuses the magnetic field towards the
center of the trap and together with the magnets, approximately 0.85 T magnetic field
density is reached. A picture of the Birmingham EBIT during construction is shown

in figure 4.1.1.

4.1.2 Mini-EBIT Electron Gun

The working principle of the electron gun is the same as given in Section 3.1.1. A
cross section of the Pierce-type electron gun [118] is shown in figure 4.1.2. The barium
doped tungsten thermionic dispenser cathode is secured between two molybdenum
pieces. All the metal parts used near the cathode: threaded rods, screws, and nuts, are
made of molybdenum to withstand the high temperature from the cathode. Positioned

along three alumina ceramic rods are the stainless steel base, the cathode assembly, the
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Figure 4.1.2: Cross-sectional CAD model (left) and photograph (right) of the Pierce-
type electron gun used in the mini-EBIT. The electron beam is emit-
ted from the cathode, controlled by the focus electrode, and accelerated
through the anode towards the drift tube region.

Ceramic rods Ceramic tubes for wire housing

Figure 4.1.3: Cross-sectional CAD model (top) and photograph (bottom) of the mini-
EBIT central region showing the six titanium drift tubes (DT1-DT6)
aligned along the beam axis. The electron beam from the gun enters
DT1 and propagates through to DT6 towards the collector.
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Figure 4.1.4: Photograph of the EBIT showing the main access ports and connected
subsystems. The gas injection system is attached at the top port, while
a lateral port with a blind flange is visible for future laser desorption
integration. The electron gun manipulator is located on the right, and
the collector chamber on the left. The turbomolecular pump connected
to the bottom port is not visible.

molybdenum focus electrode and the copper anode electrode. There are ceramic spacers
placed in different sections to avoid sparks, to electrically insulate and to provide
correct distances. The electron gun is attached to a rod which in turn is connected to
a manipulator. The bellow of the manipulator is contracted to the position so that the

gun is inserted into one of the cones of the yoke.

4.1.3 Mini-EBIT Central Region

In contrast to HD-EBIT, the mini-EBITs features six drift tubes constructed from
grade 5 titanium alloy, with the central drift tube designated DT4. These electrodes
are secured by four ceramic rods and two stainless steel rings. Ceramic spacers with
different lengths are positioned between electrodes to provide accurate distances. Silver
coated copper wires are connected to each drift tubes to supply voltages. The wires are
housed in hollow ceramic rods to prevent electrical discharge. The remaining exposed
portion of the wire passes through ceramic beads and is connected to the feed-through

flange. The drift tube assembly is shown in figure 4.1.3. The DT4 can be accessed
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Figure 4.1.5: Cross-sectional CAD model (left) and photograph (right) of the mini-
EBIT collector assembly, located downstream of DT6 along the electron
beam axis. The water-cooled copper collector absorbs the incoming elec-
tron beam while the extractor electrodes enable efficient extraction of

HCls.

directly from four ports (see figure 4.1.4). The top port is connected with the gas
injection system, bottom port with a T-piece to which a turbo molecular pump and
a pressure gauge are attached. The remaining two ports will be used for the laser
desorption system just as in the HD-EBIT. The potential applied to the drift tubes
follows the same curve as the HD-EBIT given in 3.1.3.

4.1.4 Mini-EBIT Collector

The collector of the mini-EBIT is shown in figure 4.1.5. It is made of a hollow collector
electrode, which encloses a space for water cooling. Electron-beam welded copper rods
provide cooling water flow. Two additional extractor electrodes are placed outside the
collector electrodes for ion extraction purposes. All the electrodes are made of copper.

In contrast to HD-EBIT, the mini-EBIT collector does not have a suppressor electrode.
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4.2 Highly Charged lon Beam Line

Figure 4.3.1 shows a schematic overview of the experimental setup consisting of the
EBIT, beam line and the Paul trap. The beam line components comprise Sikler lenses,
a bender electrode, pulsed drift tubes (PDTs), a retarding field analyzer, and several
microchannel plates (MCPs). Ions produced in the EBIT are extracted from the trap by
applying a high potential to the DT4 electrode (see figure 4.1.3). These ions then pass
through Sikler lenses, which are a specialized form of einzel lenses featuring grounded
outer and a central electrode segmented into four parts. This design allows not only
for focusing and steering of the ion beam but also for selecting specific time windows

to extract ions of desired charge states.

The selected ions are directed through a double-focusing, electrostatic 90° bender [121],
which is followed by an additional Sikler lens. Subsequently, the ions enter a PDT,
composed of two cylindrical tubes with serrated ends and bound by Sikler lenses on
both sides. A gradient potential that is switched in time across the PDT serves to

bunch and decelerate the ions.

For diagnostic purposes, an MCP coupled with a retarding field analyzer is placed
after the PDT. By biasing the retarding field analyzer, only ions with kinetic energies
exceeding the product of their charge and the applied potential are allowed to pass

through. For a detailed explanation of the beam line, refer to [118, 122].

4.3 Paul Trap

The ions ultimately enter the Paul trap (PT) after passing through two einzel lenses
and a mirror electrode. A comprehensive description of the Paul trap can be found in
[123]. The PT is biased to a potential slightly below the residual kinetic energy of the
ions to facilitate their capture. Within the trap, a pre-existing ion cloud composed of
ions with a charge to mass ratio similar to that of the HCIs is confined. For definiteness,
the ion cloud will be referred to as Be™ ions here, though other ion species can also be

used.

To ensure efficient injection, the first mirror electrode (MR1) is initially set to a po-
tential lower than the kinetic energy of the incoming HCIs. Immediately after their
entry, the potential on MR1 is rapidly increased, preventing the ions from escaping
the trap. The HCIs then traverse the Be™ ion cloud and are reflected by the second
mirror electrode (MR2) located at the opposite end of the Paul trap. This reflection
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Figure 4.3.1: Schematic of EBIT, beam line and Paul trap, taken from [123].

process continues as the HCIs oscillate back and forth between MR1 and MR2. During
these oscillations, the HCIs gradually lose energy through interactions with the Be™
ion cloud, get confined within the trap and eventually co-crystallize in the Be™ crystal

via sympathetic cooling.

The Be™ cloud is heated by modulating the radio-frequency (RF) drive of the trap at a
frequency near the secular resonance of the Be™ ions. As a result, ions are successively
removed from the trap until only a single Bet ion remains together with the HCI. A
highly stable laser is then used to probe a narrow optical transition of the HCI, which
defines the clock’s reference frequency. Since HCIs typically lack accessible transitions
for direct detection, quantum logic spectroscopy is used [124, 125]. Here, the HCI’s
internal state is mapped onto the shared motion of the two-ion crystal and can be
subsequently read out via the logic ion. The laser is locked to the HCI transition,
and its frequency is measured with an optical frequency comb, enabling extremely
accurate timekeeping with fractional uncertainties approaching 107'8 [126] or even
10719 [127]. Further details about the clock setup can be found in [118]. The proposed

clock configuration is modeled after an existing setup, as shown in figure 4.3.2.

For the Birmingham experiment, a mini-EBIT and beam line, both fabricated at MPIK,
were transferred to the University of Birmingham. The Paul trap, which has been
constructed at Physikalisch-Technische Bundesanstalt (PTB), is currently being used
to perform measurements with a calcium ion cloud. Additionally, highly charged ions

of xenon are being trapped [120]. The remaining components of the clock setup are still
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Beam line

Figure 4.3.2: Overview of the HCI clock setup. Adapted from [123].

under development. The ultimate goal is to integrate this system with other precision
clocks in the UK network (QSNET) to perform comparative frequency measurements

of clock transitions, aiming to detect potential variations in fundamental constants.
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5 Development of Injection System
for Rare Metals

Due to radiation safety constraints, laboratory experiments with radioactive elements
are typically limited to material quantities in the nanogram range. At such low
amounts, conventional injection techniques, such as the gas injection method described
in Section 3.2, are no longer suitable, as they rely on a continuous and comparatively
large material supply. Consequently, an alternative injection technique with high ef-
ficiency and minimal material loss is required for rare and radioactive elements. The
injection of rare elements has been implemented previously [128] for the injection of
holmium into a miniature EBIT. For holmium, a laser-induced desorption technique is
employed to release atoms from a sample holder containing the radioactive material by
irradiating it with laser pulses. The sample is placed directly inside the drift tube and
once irradiated by pulsed laser light, the corresponding atoms and some ions released

into the trap region.

The design and implementation of such an injection system for the HD-EBIT, however,
present several technical challenges. In contrast to miniature EBITSs, the HD-EBIT is
a significantly larger and more complex experimental setup, in which direct access to
the trap region is restricted. In addition, direct visual access to the trap region is pre-
vented by the presence of temperature shields, and the inner vacuum chamber must be
maintained at cryogenic temperatures to ensure proper operation of the superconduct-
ing magnets. As a result, heat transfer from the outer room-temperature environment

must be carefully controlled. The following sections describe how these challenges were
addressed.

Since the target must be positioned very close to the trap center inside DT9 (see
figure 3.1.3), the injection system comprises a target holder containing the radioactive
material, a manipulator system for the holder, and an optical setup for laser-induced
desorption. Once the laser pulse strikes the target surface, neutral atoms and ions are
released into the trap region, where they are subsequently ionized to highly charged

states by the EBIT electron beam. Owing to the placement of the target holder directly
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inside the drift tube assembly, the laser desorption process occurs in close proximity
to the electron beam, enabling highly efficient injection of the released target material

into the trapping and ionization region.

5.1 Californium Target Implementation

For californium, a rare and radioactive actinide element, laser-induced desorption [128§]
is used to release neutral atoms from a solid target into the EBIT for subsequent
ionization. The 33 mm long titanium sample holder holds the target which has been
deposited using the Drop on Demand (DoD) technique [129]. The DoD technique
allows precise placement droplets of the desired element into a tiny, specific target

area, ensuring controlled utilization of the radioactive sample [130].

Titanium was selected as the material for the sample holders due to several reasons.
It is non magnetic, mechanically robust and is a relatively light element so Ti ions
produced during the experiment reach only low charge states compared to the much
heavier Cf ions. During laser-induced desorption, not only californium atoms but also a
small amount of titanium from the sample holder is released and subsequently ionized
in the trap center. In the EBIT, low charge state titanium ions experience weaker
confinement and readily escape, resulting in selective evaporative cooling [131]. This
loss of weakly confined titanium ions removes energy from the ion ensemble and favors

the accumulation of highly charged californium ions.

For this experiment, the target holder has a 0.5 mm diameter recess at the tip where
the sample is dispensed, see figure 5.1.2. The holders were positioned upside down in a
polyethylene storage block containing holes with a diameter of 3 mm (see figure 5.1.1),
ensuring that the tip remained suspended without contacting the bottom surface or the
surrounding packaging material. This configuration protected the tip from mechanical
damage during transport and, after deposition, prevented the radioactive 24°Cf target
from touching any surfaces or being handled directly during removal. The storage
block was placed in a plastic container and secured with sponges to prevent movement
during transport. Five titanium sample holders were sent to the Nuclear Chemistry
institute of the Department of Chemistry at Johannes Gutenberg University Mainz,

where 2*°Cf was deposited onto the holders using the DoD technique.

The isotope 2*°Cf, which is one of the more stable isotopes with a half-life of 351 years,

will be used for this experiment. To calculate the number of atoms in 1 g of californium:

Number of atoms = number of moles x Avogadro’s number (5.1)
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(a) (b)

Figure 5.1.1: Storage and transport configuration of the Cf target holders. (a) CAD
model of the polyethylene storage block. (b) Transport container with
the storage block secured by sponges and five target holders in place.

33 mm

Figure 5.1.2: Titanium target holder and recessed tip for Cf deposition. (a) 33mm
long target holder. (b) Top view of the tip of the target holder with the
0.5 mm recess where the 6.6 ng of 24°Cf is dispensed by the DoD method.
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given mass  1g

Number of moles = = 0.004016 mol (5.2)

molar mass 249 g

Therefore, number of atoms in 1 g = 0.004016 mol x 6.022 x 10%3atoms mol ' = 2.42 x

10%' atoms.

Thus, the number of atoms in 1 ng of Cf is = 2.42 x 10! x 107 = 2.42 x 10'? atoms.

The rate of radioactive decay is given by the equation [132]:

dN
— = AN .
=) (5.3)

where N is the number of radioactive nuclei and A is the decay constant. The radioac-
tive decay half-life is defined by:

In 2
t = DT (5.4)
With these equations the activity R can be determined by:
N
R=In 275_ (5.5)

2

The activity R in 1 ng of 2¥9Cf is then 4.778 x 10° decays per year. Dividing it by
3.16 x 107 seconds gives the activity in becquerel, which is 151 Bq. For the planned
Cf spectroscopy measurements, each target holder contains approximately 1000 Bq,
corresponding to about 1.6 x 10! atoms or roughly 6.6 ng of 2*°Cf. For comparison,
the human body contains approximately 0.017 g of the naturally occurring radioactive

isotope 1K, corresponding to an activity of the order of 4 x 10 Bq [133].

5.2 Manipulator System for the Sample Holder

The sample holder is screwed onto a copper rod which in turn is attached to a fiberglass
aka Glasfaserverstiarkter Kunststoff (GFK) hollow rod which has an outer diameter
of 10 mm (see figure 5.2.1). A current is supplied to the holder to maintain it at
the potential of the drift tube. The holder is mechanically attached to the copper
rod, which is connected to a wire that passes through the GFK rod and ultimately
reaches the feed-through flange at the bottom, where it is connected to a power supply.
The feed-through flange is mounted on a UHV Precision XYZ Manipulator (KPM),
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Figure 5.2.1: Sample holder mounting assembly with copper support rod and GFK
insulation rod.

which is capable of translating up to 600 mm along the Z-axis. In the X and Y
directions, the manipulator has a range of motion of 25 mm. The present rod assembly
design follows the laser-induced desorption model developed for the 'free electron laser
Hamburg (FLASH)-EBIT by [134] and is implemented here for the HD-EBIT.

The complete rod assembly passes through two apertures, one at the 50 K and one at
the 4 K shield, see Section 3.1.2. The 50 K aperture is a hollow aluminum cylinder with
10.5 mm wall thickness which is screwed on to two aluminum half moon plates that
are attached to the 50 K shield, see figure 5.2.2. The inner diameter of the aperture is
15 mm. The 4 K aperture is a 23 mm long aluminum cylinder with 0.5 mm thickness
and has an inner diameter of 10 mm. A polyether ether ketone (PEEK) hollow screw
with an umbrella head with inner threading is attached to the previously installed
stainless steel plate with a PEEK nut and the 4 K aluminum cylinder is screwed to the
PEEK screw, see figure 5.2.3.
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Figure 5.2.2: 50 K shield aperture components. (a) The half moon plates made of
aluminum which are attached to the 50 K shield of the HD-EBIT. (b)
The aluminum hollow cylinder that is screwed to the half moon plates.
Together these form the aperture in the 50 K shield.

Figure 5.2.3: 4 K shield aperture components. (a) The PEEK umbrella headed screw
secured with a PEEK nut onto the plate which is attached to the 4 K
shield of HD-EBIT. (b) The aluminum hollow cylinder is the aperture
with 10 mm inner diameter that is secured into the PEEK umbrella
headed screw.
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Figure 5.2.4: Thermalization components attached to the rod assembly. A 5 mm thick
aluminum plate is attached to the fiberglass rod with a PEEK clamp.
Copper braids are attached to the plate with screws and the PEEK clamp
secures them to the rod. The spring is simply placed on the clamp which
then compensates for the contraction in cold temperature and reliably
presses the aluminum plate against the HD-EBIT 50 K shield to ensure
thermalization.

To enhance heat transfer efficiency as the rod transitions from room-temperature to
4 K, an aluminum plate, affixed with six copper braids each 12 cm in length, is secured
to the rod using a stainless steel spring with 2 mm wire thickness (relaxed length
60 mm and compressed length 37 mm) and a PEEK clamp (see figure 5.2.4). The
clamp is affixed to the manipulator rod using non-magnetic stainless steel screws, and
due to the contraction of PEEK at low temperatures, copper nuts are employed. The
spring is compressed when the aluminum plate makes contact with the 50 K aperture
of HD-EBIT and subsequently relaxes slightly as the materials contract in the cold
environment. The distance from the bottom of the PEEK clamp to the target holder
tip is 331 mm.

The six-way cross beneath the valve at the bottom of HD-EBIT serves multiple func-
tions (see figure 5.2.5), most notably enabling the target to be swapped without requir-
ing a complete warm-up of the EBIT, otherwise it would take weeks for the system to
become operational again. To perform the target swap, the rod must first be retracted
until the target holder is positioned near the center of the cross. The valve beneath
the EBIT is then closed, isolating the EBIT from the injection system. At this point,
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Figure 5.2.5: The manipulator-target system for the HD-EBIT, showing the locations of
the parts highlighted in figures 5.2.1-5.2.4. Figure illustrates the titanium
target holder at the middle of the drift tube. More pictures of HD-EBIT
can be found in the Appendix B.




5.2. MANIPULATOR SYSTEM FOR THE SAMPLE HOLDER 79

Figure 5.2.6: Twisted and bent target holder resulting from failed insertion through
the apertures without visibility of its position.

the injection system is brought to atmospheric pressure. One of the window flanges
(marked in figure 5.2.5) can then be removed, allowing the target holder to be easily
swapped. Following the swap, the injection system is sealed off, pumped down, and

within approximately 24 hours, the system is expected to be ready to resume operation.

Additionally, the six-way cross has the following significant parts attached. The valve
and the manipulator are attached to the top and bottom ports, respectively. A CF100
T-piece is mounted onto one of the ports, with a vacuum pump connected to the tail
end and a blind flange sealed at the arm end (see figure 5.2.8). Two opposite ports
of the cross are occupied by a pressure gauge and a window flange (see figure 5.2.5).
In a preliminary design, the remaining port was a blind flange. However, when the Ti
holder was first inserted into the EBIT, it hit one of the apertures and experienced
significant deformation resulting in severe bending, see figure 5.2.6. This led to the
replacement of the blind flange with the addition of a square mirror (Mirror 1) of
dimension 50.8 mm. This Mirror 1 is positioned at a 45 degree angle on a linear stage
manipulator. The opposite port of the Mirror 1 which initially had the blind flange
(attached to the CF100 T-piece) was replaced with a window flange. With Mirror 1,

the 50 K aperture could be seen very clearly.
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Mirror 2

Figure 5.2.7: CAD model arrangement of Mirror 1 and Mirror 2 used to provide visual
guidance during target holder insertion through the 50 K aperture.

fyphi
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Figure 5.2.8: Mirror arrangement on the six-way cross for monitoring the valve position.
(a) Mirror 2 mounted on the left port of the six-way cross at the location
of the T-piece. (b) Reflected view of the closed valve observed using
Mirror 2. Mirror 1 is mounted on the port opposite to Mirror 2.
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Testing the Setup with an Empty Holder

A telescope was positioned opposite to Mirror 1 and 1.5 meters away from the six-
way cross to provide closer observation during the insertion of the holder. The holder
must pass through two apertures: the first at the 50 K shield and the second at the
4 K shield. During the insertion process, the view of Mirror 1 was obstructed by the
spring and PEEK clamp assembly (figure 5.2.4), leading to a disruption in visibility.
To resolve this, another square mirror of dimension 50.8 mm (Mirror 2) was positioned
at the front of the rod to prevent further interference and ensure an unobstructed view
of the 50 K aperture.

Mirror 2 is mounted on a stainless steel mirror mount installed inside the arm of the
six-way cross where the T-piece is connected (see figure 5.2.8). The mirror is glued
onto a square mounting plate bent at 45°, allowing visual monitoring of the 50 K
aperture during insertion of the target holder (see figure 5.2.7). The mounting plate is
connected to a central support strip with two circular retaining rings that match the
inner diameter of the six-way cross, ensuring stable positioning of the mirror mount

inside the cross.

Using Mirror 2, it was observed that the target holder was significantly off-center, in-
dicating that the rod required a slight angular correction to pass through the 50 K
aperture. After the fine adjustments of the telescope alignment, the tip of the target
holder was estimated to be approximately 10 mm displaced from the center of the
50 K aperture. The XYZ manipulator could not fully compensate for this offset, as
its adjustment range had reached its mechanical limit. To correct this misalignment,
a double-sided flange was added to the top of the XYZ manipulator (see figure 5.2.5).
This CF 40 flange was machined with a 2-degree bevel across its sealing face, introduc-
ing a small tilt to the manipulator and redirecting the holder rod toward the center of
the 50 K aperture.. The distance from the beginning of the 50 K aperture to the face
of the top flange of the manipulator is 300 mm.

10

0 =tan ' —
300

Since the 50 K and 4 K apertures are separated only by a few centimeters, correct
alignment through the 50 K aperture would guarantee clearance through the 4 K

aperture as well.

To verify whether the target holder was aligned with the center of DT9 (refer fig-

ure 3.1.3), a second telescope was positioned at a viewing window on the beamline,




82 CHAPTER 5. DEVELOPMENT OF INJECTION SYSTEM FOR RARE METALS
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Figure 5.2.9: Photograph of the successful insertion of the Ti target holder into HD-
EBIT looking along the axis of the EBIT. With the manipulator located
at the bottom, the tip’s position can be adjusted along the XY, and Z
axes. At 79 mm in the Z direction, the tip is about at the center of the
drift tube.

Figure 5.2.10: Aluminum profile support setup for the manipulator with a double scis-
sor jack with the proposed aluminum rod position marked in red.
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allowing observation along the EBIT axis through the collector and into the drift tube.
With the 2-degree double flange in place, the target holder successfully passed through
the 50 K aperture. However, only a portion of the holder was visible looking along
the EBIT axis indicating that it was not centered within DT9. Adjusting the stages
on the manipulator intended for positional alignment didn’t produce any displacement
of the holder. On the other hand, when the manipulator was gently pushed by hand,
reducing the tilt angle, the holder moved toward the center of DT9. Therefore, the
bevel angle was reduced from 2 degree to 1 degree. This adjustment provided sufficient
angular correction, allowing the holder to be inserted smoothly and centered within
the DT9.

Once the target holder was positioned in the center of DT9, an aluminum profile
support frame was installed to provide mechanical support for the manipulator, as
the injection system is suspended from the flange of the EBIT outer shield. Without
proper support, this setup could cause damage. This arrangement is illustrated in figure
5.2.10. The double scissor jack in the figure was initially placed below the manipulator
to provide primary support. An additional aluminum rod will be attached to the
manipulator for further reinforcement; while not shown in the figure, its intended

position is indicated by the red line.

When the target holder was aligned with the center of drift tube 9, the manipulator
stage scale readings were 12.64 mm and 11.78 mm on the two lateral adjustment stages,
and 79 mm on the insertion (z) stage (see Fig. 5.2.9). These values correspond to the

manipulator scale readings required for reproducible alignment.

5.3 Preliminary Optical Setup for Laser Desorption

The second part of the injection system is the laser setup. The laser used for this
configuration is a ‘Quantel Big Sky Laser Ultra’ with laser beam diameter of 2.5 mm
and a wavelength of 532 nm. Due to the large size of the HD-EBIT, the laser beam
must travel a relatively long path. Most of the optical components are therefore placed
outside the EBIT even though the available space is constrained. In addition, vibrations
from the cold head of the cryocooler located at the top of the EBIT present further
challenges. To mitigate these issues, the optical components for focusing the laser are
mounted on a 50 mm thick optical breadboard with dimensions 500 mm x 380 mm as

shown in figure 5.3.1.

To achieve the required beam conditioning and final micron-scale beam spot size at
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Figure 5.3.1: The top view of the HD-EBIT. To the left is the larger box where the
50 mm optical breadboard is placed, covered by black anodized aluminum
plates. To the right is the small black cage where the 45 degree mirror and
the 350 mm focal length lens are placed. The laser light travels through
a small black aluminum tube for safety. The cold head of the cryogenic
system of HD-EBIT is visible near this tube.
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the target, the laser beam is expanded and focused using a sequence of lenses (see
figure 5.3.2). The beam path is as follows: The 2.5 mm diameter laser beam first
reflects from a mirror at 90 degrees into a 3X beam expander. The expanded 7.5 mm
beam then passes through two lenses with focal lengths of 35 mm and 50 mm, increasing

the beam diameter to 10.7 mm, according to

dl fl

EF=h (5.6)

with d' = 7.5 mm, d?> = 10.7 mm, f! = 35 mm, and f? = 50 mm.

The enlarged beam then passes through a 45 degree mirror with a central hole and
subsequently hits another 45 degree mirror which directs the beam towards a 350 mm
focal length lens. This produces a beam waist of about 22.1 pm on its focal plane
where an aperture is located. The small waist, when collimated by another 200 mm
focal length lens becomes approximately 6.12 mm. After passing through another lens
of 200 mm focal length, the collimated beam is re-focused onto the target with a beam
waist size of 22.1 pm. The beam waist of a collimated beam focused by a lens can be

calculated by the equation [135]:

AM2Af

2
o wD

(5.7)
where M? is the beam quality factor (taken as 1 for an ideal Gaussian beam), A is the
wavelength, D is the collimated beam diameter at the lens with focal length f. This
expression gives the focused spot diameter defined at the 1/e? intensity level of the

Gaussian beam.

The last 45 degree mirror and the 350 mm lens are placed in a block which is placed on
the top of the window flange of the EBIT. This can be seen in the figure 5.3.1. A black
anodized aluminum tube with a diameter of 40 mm connects the two optical blocks,

enclosing the beam path and preventing exposure to stray laser light.

Since the lenses along with the aperture must be placed inside the HD-EBIT vacuum
system, they are mounted in holders connected to the 50 K shield (see figure 5.3.3).
Each holder consists of two parts: a hollow cylinder that houses the lens, and a second,
smaller cylinder placed on top to prevent the lens from shifting. Both lens holders
are connected to three titanium rods using six nuts. At the top of this assembly, an
aluminum flanged hollow cylinder (see figure 5.3.3), which serves as the aperture, is
attached to the first lens holder via three PEEK rods.
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Figure 5.3.2: The optical path of the 532 nm green ablation laser beam of the injection
system is shown here. The diameter of the beam changes when traveling
through different optical components which is illustrated here. The cam-
era images the tip of the target holder when the laser beam hits it.
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Figure 5.3.3: The figure shows the lens holder assembly. One-inch lenses with a focal
length of 200 mm are placed in lens holders attached to titanium rods. At
the top is the aperture, formed by the aluminum flanged hollow cylinder.
The bottom PEEK hollow cylinder was later removed for easy insertion.
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At the bottom, there is a PEEK hollow cylinder with a trapezoidal taper cut into part
of its length. This cylinder is connected by nuts only at the bottom, allowing it to move
upwards along the titanium rods. Its purpose is to facilitate the smooth insertion of the
entire lens holder assembly into the inner vacuum chamber of HD-EBIT. Additionally,
it ensures the assembly remains properly aligned and does not tilt in any direction (see
figure 5.3.3). However, during the actual insertion of the lens holder assembly, this

cylinder impeded the process and was therefore removed to simplify assembly.

The top surface of the flanged cylinder contains a 3.4 mm aperture, which is placed at
the focal plane of the first lens in the vacuum chamber (Lens 1 in figure 5.3.3). Lens 1,
with a focal length of 200 mm, is therefore positioned 200 mm below this aperture, such
that the light emerging from the aperture is collimated after passing through Lens 1.
The collimated beam then propagates to a second lens (Lens 2 in figure 5.3.3) located
approximately 500 mm below the first. The Lens 2, also with a focal length of 200 mm,
focuses the beam onto the target holder, which is positioned 200 mm beyond the lens
at the center of DT9.

To verify that the laser beam hits the tip of the target holder, a camera is placed in the
optical block. In figure 5.3.2, the lower 200 mm lens captures the image of the target
holder, collimates it and sends the collimated image upwards to the upper 200 mm
lens. This lens focuses the image onto the plane of the aperture center. The image
then passes through the 350 mm lens, which collimates it again and directs it to the
camera objective (100 mm focal length), which forms the final image on the camera

Sensor.

With the current optical configuration, however, the top-view image of the target holder
cannot be clearly observed on the camera sensor. The illumination in the trap region is
limited, and the small aperture diameter of 3.4 mm in the lens holder assembly further
restricts the amount of transmitted light. As a result, the camera cannot reliably
resolve the position of the target tip. Therefore, it is not possible to verify whether the
desorption laser beam is accurately striking the target surface. Since precise alignment
between the laser and the target is essential for controlled laser desorption, further
improvement of the illumination and imaging system is required before the injection

setup can be fully commissioned.

For the planned experiments, the laser will be operated in pulsed mode, with pulse
energies of a few millijoules and nanosecond duration. This operating regime has

previously been shown to produce successful laser desorption in previous work [128] in
a mini-EBIT (see Chapter 4).
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6 Calculations of Atomic Structure
and Transitions

This chapter presents atomic structure calculations performed using two independent
codes: the Flexible Atomic Code (FAC) and AMBIT. These calculations were con-
ducted for highly charged ions of nickel and californium, which are of interest for fun-
damental atomic physics and high-precision spectroscopy. For each ion, the relevant
energy levels and transition wavelengths were calculated using both FAC and AMBIT,
while Landé g-factors were obtained exclusively from AMBIT. Comparisons between
the two methods are included to evaluate the consistency of the predicted wavelengths
and to highlight the strengths of each approach. The calculations were performed using
established implementations of FAC and AMBiT [102, 103], with input configurations

adapted for the ions investigated in this work.

6.1 Nickel Calculations

Nickel ions with charge states ranging from Ni''* to Ni'>* were investigated. Nickel was
chosen as a suitable benchmark system because several charge states exhibit strong and
well-isolated optical transitions in the visible spectral range, which are readily accessible

12+ was selected for

with the available spectrometer configuration. In particular, Ni
detailed study because it exhibits two optical clock transitions, see Section 1.3.2. The
511 nm M1 transition was observed experimentally and is used as a representative
example to illustrate the FAC and AMBIT calculations, while the 498 nm E2 clock

transition is too weak to be detected under the present experimental conditions.

6.1.1 FAC Calculations for Nickel

For Ni'?* (Z = 28), after the removal of 12 electrons from neutral nickel, the remaining
16 electrons occupy the lowest energy orbitals according to the Coulomb ordering

described in Chapter 2. In this charge state, the 1s, 2s, 2p, and 3s subshells are fully
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Figure 6.1.1: Grotrian diagram of Ni'?* from FAC. In the plot, the X-axis represents
the total angular momentum, while the Y-axis indicates the energy in eV.
Each horizontal line corresponds to an atomic level, and the lines con-
necting different levels represent possible radiative decay paths between
energy levels. The wavelengths are given in nm and the values next to
them in brackets correspond to the transition rates Ay;, which have units
of s71. For Ni'?*, the most intense spectral line is observed at 511.2 nm.

occupied, forming a closed-shell core with the configuration 1s%2s%2p°®3s%. As these
inner shells are tightly bound and lie significantly lower in energy than the valence
electrons, they were treated as 'frozen’ core and were not included in the configuration
interaction expansion. The outermost electrons reside in the 3p subshell, giving the
ground-state valence configuration 3p*. Only the valence electrons in the 3p and higher

subshells were allowed to participate in excitations in the present calculation.

To account for possible E1 transitions and electron correlation effects, several excited
configurations were included by promoting electrons from the 3p orbital into the 3d sub-
shell. Specifically, configurations involving one to three electrons in the 3d orbital were
considered, corresponding to 3p®3d, 3p*3d?, and 3p'3d®. These configurations were
chosen to represent the dominant low-lying excited states accessible through single-
and multi-electron excitations. Using this configuration set, FAC was employed to
compute energy levels, transition wavelengths, transition probabilities, and emission

intensities resulting from collisional excitation. A detailed list of the electronic config-
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urations employed for Ni''* through Ni'®* is presented in Appendix A.

An example plot for Ni'?* is shown in figure 6.1.1. The results reveal that the most
intense transition for Ni'?* occurs at 511.2 nm, with a transition rate of 158.6 s~ 1.
In addition, weaker transitions are predicted at 474.7 nm and 320.7 nm, with corre-
sponding transition rates of 0.1 s~! and 23.3 s7!, respectively. A detailed comparison
between the calculated wavelengths and the experimentally observed lines is presented
in Chapter 7.

6.1.2 AMBIT Calculations for Nickel

The electronic structure of Ni'?* was also calculated using the AMBIT atomic structure
code. A brief explanation of the key parameters for AMBiT and the relevant physical
assumptions adopted in the calculation are given here. The input file specifies the
atomic number Z = 28 and includes 16 electrons, corresponding to the Ni'?* ion. The

reference configuration used was:
1s2 252 2p6 3s2: 3pl.33 3pt2.67

The colon separates the filled levels of the frozen core from the valence space. The
valence electrons are distributed across the relativistic subshells 3p;/, and 3pz/, with
fractional occupations, summing to an average configuration of 3p*. Table 6.1.1 summa-
rizes the relativistic subshells of atomic orbitals, characterized by their orbital angular

momentum [, total angular momentum j, and the corresponding degeneracy.

In relativistic atomic theory, each orbital (s, p, d, f, g) splits into subshells with different

j values due to spin-orbit coupling. The degeneracy of each subshell, defined as the

3

number of distinct quantum states available, is given by 2j +1. For example, for j = 3,

the degeneracy is 2 x % +1=4.

To compute the fractional occupation of the 3p subshell, we note that it consists of
3p1/2 and 3ps/» components with degeneracies 2 and 4, respectively. AMBIT calculates
each relativistic subshell separately and applies a weight determined by its occupation.
Let x denote the occupation per state within the relativistic subshell, which can be
determined from the total number of electrons and the degeneracy of each subshell.

For a total of 4 electrons in the 3p subshell:

20 +4x =4

xr =

[SVIN )
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shell | sy/2 | P12 | p3j2 | d3j2 | ds)2 f5/2 f7/2 gr/2 | 99/2
l 0 1 1 2 2 3 3 4 4
J /2| 1/2|3/2|3/2|5/2|5/2|7/2|7/2|9)/2

27 +1 2 2 4 4 6 6 8 8 10

Table 6.1.1: Relativistic subshells characterized by orbital angular momentum [, total
angular momentum 7, and degeneracy 2j + 1. This table is adapted from
[136].

Multiplying by the degeneracies yields the fractional occupations:

2 2
3])1/2 12 X g = 133, 3]73/2 14 X § = 2.67

Thus, the relativistic occupation is expressed as 3pb323 3p§'/627, maintaining the total of

4 electrons in the 3p shell.

The radial wavefunctions were represented numerically using a B-spline basis, which
provided a flexible and accurate description of the electron behavior as a function of
distance from the nucleus. Angular momentum states up to | = 5 (h orbitals) were
included to ensure that higher angular momentum contributions to electron correlation
were captured and that the results were numerically converged. The 3s orbital was
treated as part of the valence space, allowing it to participate in excitations rather

than being frozen in the core.

The Breit interaction was included to account for relativistic corrections to the electron-
electron interaction. A CI calculation (see Section 2.4) was performed starting from
the leading configuration 3p?*, allowing up to two-electron excitations to account for
valence-valence correlation. States of both even and odd parity were included for total
angular momentum values J = 0 to J = 6, and up to eight solutions were computed
per symmetry. For the MBPT correction (see Section 2.4), a virtual basis including up
to 30 orbitals for each angular momentum symmetry (s to h) was used. This provided
a sufficiently large orbital space to ensure convergence of the core-valence correlation
contributions. Transition matrix elements (E1, M1, E2, M2) were calculated for all

states with total energies less than —0.2 a.u., as specified by the AllBelow option in
AMBIT.

Further details regarding the AMBIT input file can be found in [103]. The results from
the AMBIT program is shown in figure 6.1.2. The AMBIT input file used for the Ni'2*

calculation is provided in Appendix A.
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Figure 6.1.2: Grotrian diagram of Ni'** from AMBIT. In the plot, the most intense
transition corresponds to the 512.4 nm line, with an Einstein A coefficient
(Ay;i) of 200 s71. The weakest visible transition is the 327.3 nm line, which
exhibits the lowest intensity. The black numerical labels shown at each
energy level represent the Landé g-factors as calculated using the AMBIT
atomic structure code.

6.1.3 Comparison of FAC and AMBIT Calculations for Ni

A comparison of the wavelengths calculated with FAC and AMBIT (Table 6.1.2) shows
that the level of agreement depends strongly on the transition considered. For several
transitions with large Ay; values, the relative differences are within a few percent. For
example, the Ni'®* line at 354 nm (FAC) and 353.6 nm (AMBIT) differs by only 0.4 nm
(~ 0.1%), while the prominent Ni'?* line at 511.2 nm and 512.4 nm differs by 1.2 nm
(=~ 0.2%). Larger differences are observed for certain transitions, especially in higher
charge states and for weaker lines. For example, for the strong transition in Ni'4* at
258.9 nm (FAC) and 267.2 nm (AMBIT), a deviation of approximately 8 nm (= 3.2%)
is found. For weaker E2 transitions, wavelength deviations range up to 24% for the

Nil3t+ transition.

A similar pattern is found for the Einstein coefficients Ay;. For the strongest transitions,

differences are typically on the order of 10-30%. For example, the Ni'!'* line shows
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Ion J Apac(nm) | Aanpir (nm) | g factor | Agipac) | Ari(amsim)
Nill+ 05«15 418.1 419.5 0.67 , 1.33 245.9 200
Njl2+ 1.0 < 2.0 511.2 512.4 1.5, 147 158.6 200

0« 2.0 (EQ) 474.7 497.0 0, 1.47 0.1 0.006

1.0 < 2.0 320.7 327.7 1.5, 1.029 23.3 20
Ni®T[05 & 25 (E2) | 267.7 330.8 067,12 | 09 0.08
Nijl4t 0+« 1.0 686.4 658.7 0,15 53.1 60
1.0 < 2.0 759.3 771.9 1.5, 1.432 26.9 30

20+ 2.0 258.9 267.2 1.068 , 1.432| 257.6 200

0.0 < 2.0 (E2) 360.5 355.4 0, 1.432 0.0 0.03

Nilo+ 05«15 354 353.6 0.67 , 1.33 202.5 200

Table 6.1.2: Comparison of calculated wavelengths for selected transitions in highly
charged nickel ions using FAC and AMBIT. The table lists the charge
state and total angular momentum J for each transition, along with the
corresponding wavelengths from both methods. Landé g-factors, calcu-
lated using AMBIT, are also included where available; values for the initial
and final levels are separated by a comma.

a deviation of about 19%, while the Ni'®T transition differs by only about 1%. In
contrast, weak and E2 transitions display much larger variations. For instance, the

Ni'3* E2 transition differs by nearly an order of magnitude in Ay;.

Overall, the comparison shows that while noticeable discrepancies remain, particularly
for weaker and E2 transitions, the two methods provide comparable predictions for
the most prominent lines. For optical transitions, relative uncertainties of about 20%
were reported in earlier comparisons of FAC results with experimental measurements,
which translate into absolute wavelength deviations of several tens of nanometers and,
in dense spectra, up to nearly 100 nm [115]. Although the differences are significant
for high-precision spectroscopy, the calculated wavelengths offer valuable guidance for
experimental investigations by narrowing the expected spectral region and facilitating
line identification. Precise transition energies, however, ultimately require experimental

determination.

6.2 Californium Calculation

In contrast to nickel, californium is a very heavy element with a high atomic num-
ber (Z = 98) and partially filled f-shells for which relativistic effects and electron
correlation are expected to play an important role in the electronic structure. Nev-

ertheless, the same computational framework employed for nickel are applied here to
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the calculation of highly charged californium ions. In the following subsections, FAC
and AMBIT calculations are presented for several californium charge states using input
configurations analogous to those used for nickel, allowing a consistent treatment and

comparison across the two elements.

6.2.1 FAC Calculations for Californium

Electronic structure calculations were performed for several charge states of californium,
ranging from Cf'2* to Cf'%*, using FAC. This range of charge states covers the ions of

interest for the present and planned spectroscopy experiments.

For ions with charge states Cf** to Cf'%T, the ground state was treated as having a
closed-shell configuration, including all subshells up to and including the 5d and 6s
orbitals. This approach simplifies the system by focusing on excitations from a well-
defined core and is suitable for these moderately charged ions where the outer shells

are not yet significantly depleted.

From Cf'"* onward, the 6s orbital was treated as part of the valence space, allowing
excitations from this orbital into higher-lying orbitals. This adjustment accounts for the
progressive ionization of the outer electrons and provides a more accurate description
of the electronic structure at higher charge states. A summary of the configurations

used in the FAC input for each californium charge state is provided in Appendix A.

6.2.2 AMBIT Calculations for Californium

AMBIT calculations employ a complementary approach by utilizing a frozen-core ap-
proximation combined with a detailed relativistic treatment of the valence electrons.
For charge states Cf'2* through Cf!"* the closed-shell core was fixed as

15?25 2p® 352 3p° 3d"° 452 4p° 4d™° 4 f1* 55 5p° 5d'° 652,

with fractional occupation numbers used to represent mixed valence configurations
within the CI framework. In the higher charge states Cf1¥" and Cf'9*, the 6s shell was
explicitly included in the valence space rather than being treated as part of the frozen

core. The full set of valence configurations used in AMBIT is provided in Appendix A.
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6.2.3 Comparison of FAC and AMBIT Calculations for Cf

In the case of Cf'%*, which has three electrons in the valence shell, the number of
possible electronic transitions is very large, so a complete list is impractical. Instead,
we highlight transitions with spontaneous emission probabilities (Ay; values) of ap-

1 and above, based on FAC calculations. These relatively strong

proximately 20 s~
transitions are likely to be observable in future experiments with the HD-EBIT, as
demonstrated by successful measurements of HCI transitions with similar strengths

using the same facility [115].

The calculated magnetic dipole (M1) cooling transitions for Cf17* and Cf'**, occurring
at wavelengths near 468.8 nm and 445.3 nm respectively, correspond to strong radiative
transitions that can efficiently remove kinetic energy from the ions through spontaneous
emission. These wavelength are consistent with previous theoretical predictions of
479 nm and 442 nm, as reported by [73], with deviations of approximately 10 nm and
3 nm, respectively. Their higher Ay; values indicate that these lines are expected to
be among the strongest optical transitions for these charge states (See Table 6.2.4 and
6.2.2).

Although experimental measurements to verify these predictions have not yet been
performed, a quantitative comparison between FAC and AMBIT provides an esti-
mate of the theoretical uncertainty. For the investigated californium charge states,
the predicted wavelengths typically differ by a few nanometers for several prominent
transitions, while deviations of up to several tens of nanometers are observed for more
complex configurations, as summarized in Tables 6.2.1 - 6.2.7. The agreement between
FAC, AMBIT, and the independent calculations of [73] supports the reliability of the

predicted transitions and their potential for future experimental observation.

As the number of valence electrons increases, the number of possible electronic tran-
sitions, and therefore the number of potential decay channels, increases as well. This
general effect leads to denser and more complex spectra and becomes particularly sig-
nificant for heavy ions such as highly charged californium which possess open f shells
with 14 available single-electron states. This gives rise to a large number of possible
electron configurations and closely spaced energy levels, in contrast to the much sim-
pler open p shell structure of highly charged nickel ions. For Cf!6+ Cfl+ Cfi4+ Cfi3+
and Cf'?* (see Table 6.2.3 - 6.2.7), only the ground state configuration transitions with
spontaneous emission rates (Einstein A coefficients) above 20 s™!, based on calculations
from both FAC and AMBIT, are included here.

For Cf'8*, the 6s shell is filled with two electrons, forming a closed-shell configuration.
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No transitions calculated with FAC could be clearly matched to corresponding tran-
sitions from AMBIT within the same energy range and total angular momentum .J.
Therefore, no direct comparison is presented for this charge state. For Cf!°*, there is a
single valence electron outside a closed-shell core. According to FAC, the ground state
configuration is 6s', whereas AMBIT predicts a 6p' ground state. However, both codes
identify an excited state involving a 5f! configuration, and a transition involving this

configuration is included in Table 6.2.1.

The deviations observed in Tables 6.2.1 to 6.2.7 between FAC and AMBIT for some of
the predicted optical transitions, particularly in Cf'* and Cf'>*, are consistent with
known limitations of FAC for optical spectroscopy [115]. In the present calculations,
the FAC-AMBIT differences range from below 1 nm for several transitions in Cf'?*
and Cf3*, to a few tens of nanometers for transitions in Cf'4*, Cf'*+ and Cf'"* and

reach up to approximately 180 nm for some transitions in Cf!¢* illustrating both the

strengths and the limitations of FAC and AMBIT for high-Z open-shell ions.

Level

J

>\FAC (nm)

AAMBIT (nm)

g factor

Aki(FAC)

Aki(AMBIT)

571

2.5+ 3.5

463

503.5

0.857 , 1.143

116

90

Table 6.2.1: Transition in 5f! for Cf't from FAC and AMBIT calculations.

Level

J

)\FAC (nm)

AampiT (nm)

g factor

Agirac)

Api(AMBIT)

571

2.5 <> 3.5

488.7

468.8

0.857 , 1.43

98.9

100

Table 6.2.2: Transition in 5f! for Cf1™* from FAC and AMBIT calculations.

Level J Apac(nm) | Aavpir (nm) g factor | Apirac) | Ari(amBim)
5fL6p' | 3.0 <> 4.0 346.3 437.1 0.830 , 1.05 288.7 80
5F16p! | 2.0 3.0 | 7147 532.6 | 0.845,1.174 | 32.1 80

5f2 20+ 20 321.1 377.6 1.168 , 0.756 100.8 40
5f2 2.0+ 3.0 714.5 796.1 0.756 , 1.099 58.8 40
5f2 3.0 4.0 503.8 504.5 1.099 , 1.118 90.3 60
5f2 4.0 < 4.0 498.2 684.3 1.118 , 1.123 76.9 20
5f2 4.0 + 4.0 414.9 303.2 1.123 , 0.850 49 100
5f2 4.0 < 5.0 565.0 515.3 0.850 , 1.033 125.8 200
5f2 5.0 < 6.0 282.3 297.5 1.033 , 1.028 113 100
5f2 5.0 < 6.0 707.8 697.3 1.033 , 1.139 56.1 60
5f2 6.0 < 6.0 469.5 518.8 1.028 , 1.139 30.6 30

Table 6.2.3: The wavelengths in nm for the ground and first excited state configuration

for Cf1%* are given. Only the transitions with Ay, > 20 s~

here.

1

are included
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Level J )\FAC(HHI) AAMBIT (nm) g factor Aki(FAC) Akz‘(AMBiT)
5fL 6p? | 2.5 <+ 3.5 405 445.3 0.848 | 1.085 193.2 90
5f2 6p' | 2.5 < 2.5 256.4 293.9 1.107 , 0.717 188.9 100
5f2 6pt | 2.5 <+ 3.5 372.3 374.2 0.717 , 1.445 164.5 100
5f%2 6p! | 2.5 <+ 3.5 722.2 758.1 0.717 , 1.039 38.1 30
5f%2 6p' | 3.5 <+ 4.5 492.9 426.1 1.085 , 1.007 78.7 23
5f% 6p! | 4.5 <+ 4.5 273.3 238.4 1.007 , 0.817 81.6 30
5f2 6p' | 4.5 < 4.5 396.1 389.3 1.037 , 0.817 46.2 50
5f2 6p' | 4.5 < 5.5 412.6 405.5 0.817 , 1.002 323.6 300
5f2 6p! | 4.5 <+ 5.5 577.4 643.8 1.037, 1.173 54.5 30
5f2 6p! | 4.5 <+ 5.5 261.3 344.6 1.037, 0.973 73.2 10
5f2 6p! | 5.5 < 6.5 578.4 589.9 1.002 , 1.08 99.3 80
5f% 6p' | 5.5 < 6.5 254.0 300.2 1.002 , 1.033 363.4 200

Table 6.2.4: The wavelengths in nm for the ground and first excited state configuration
for Cf15* are given. Only the transitions with A;; > 20 s~! are included

here.

Level J Apac(nm) | Aampir (nm) g factor Ariracy | Ari(aMBiT)
5f2 6p2 0.0+ 1.0 786.7 743.5 0, 1.519 35.1 40
5f2 6p2 1.0 < 2.0 241.5 247.9 1.519, 0.736 30 30
5f2 6p® | 2.0 < 2.0 382.9 374.4 1.255 , 1.777 236.2 300
5f2 6p2 20+ 20 290.2 295.3 1.177 , 0.736 193.8 200
5f2 6p2 2.0+ 3.0 615.5 678.6 1.177 , 1.086 26 20
5f2 6]92 2.0+ 3.0 549.2 522.8 0.736 , 1.086 138.1 200
5f2 6p% | 3.0 <> 4.0 404.2 388.0 1.086 , 1.136 195.5 200
5f2 6p2 4.0 < 4.0 347.5 339.2 1.086 , 0.827 103.8 100
5f2 6p2 4.0 < 5.0 406.2 398.0 1.136 , 1.086 161 200
5f2 6p2 4.0 < 5.0 452.9 439.9 0.827 , 1.033 268.9 300
5f2 6]92 5.0 < 6.0 272.9 282.3 1.033 , 1.045 273.9 300
5f2 6p2 5.0 < 6.0 613.9 624.0 1.033 , 1.127 84.1 70

Table 6.2.5: The wavelengths in nm for the ground state configuration for Cf** are
given. Only the transitions with Ay; > 20 s~! are included here.
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Level J Apac(nm) | Aampir (nm) g factor AriFac) | Ari(AMBIT)
5f26p° | 0.5 <+ 1.5 539.6 527.1 0.098 , 1.008 121.6 100
5f26p® | 1.5 < 1.5 329.0 341.4 1.697 , 0.849 100.5 100
5f2 6p° | 1.5 < 2.5 347.6 339.6 0.849 , 0.984 112.4 100
5f2 6p3 | 2.5 < 2.5 460.0 442.0 0.984 , 1.034 46.8 50
5f26p® | 2.5 <+ 2.5 402.4 389.3 1.063 , 0.625 67.6 80
5f%2 6p® | 2.5 <+ 3.5 408.9 408.7 1.034 , 1.069 175.7 200
5f2 6p® | 2.5 <+ 3.5 296.8 298.0 0.625 , 1.069 138.8 100
5f2 6p° | 2.5 < 3.5 497.6 475.1 0.625 , 1.064 146.7 200
5f2 6p® | 3.5 < 3.5 326.5 328.3 1.189 , 1.052 177.8 200
5f26p® | 3.5 <+ 3.5 507.9 540.5 1.052 , 0.862 28.5 20
5f26p® | 3.5 <+ 3.5 288.1 283.1 1.076 , 0.862 138.1 200
5f2 6p® | 3.5 <+ 4.5 758.0 716.6 1.052 , 1.166 50.6 60
5f%2 6p® | 3.5 <+ 4.5 304.1 308.1 0.862 , 1.166 60.6 60
5f2 6p3 | 3.5 <> 4.5 441.2 428.1 0.862 , 1.053 | 170.8 200
512 6p° | 45 ¢ 45| 2728 270.7 1111, 0924 | 33 30
5f26p® | 4.5 <+ 4.5 470.7 458.8 1.053 , 0.924 47.4 50
5f26p® | 4.5 <+ 5.5 323.7 318.6 0.924 | 1.104 87.9 100
572 6p | 45 < 5.5 | 4516 4434 | 0924 ,1.108 | 987 100
5f2 6p° | 5.5 <+ 5.5 435.7 422.9 1.104 , 1.041 110.2 100
5f2 6p® | 5.5 < 6.5 631.7 622.3 1.041 , 1.143 116.4 100

Table 6.2.6: The wavelengths in nm for the ground state configuration for Cf!3* are
given. Only the transitions with A;; > 20 s~! are included here.
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Level J Apac(nm) | Aavpir (nm) g factor AriFac) | Ari(AMBIT)
5f2 6p* | 1.0 < 2.0 340.5 341.4 1.260 , 1.367 78.7 60
5f2 6p* | 1.0 <> 2.0 451.0 438.0 1.260 , 0.917 61.4 70
5f2 6p* | 2.0 <> 2.0 353.1 353.5 1.005 , 1.160 78.1 80
5f2 6p* | 2.0 < 2.0 542.0 521.9 0.917 , 1.160 54 40
5f% 6p* | 2.0 <> 2.0 321.3 321.7 1.105 , 0.557 103.6 60
5f% 6p* | 2.0 <+ 3.0 369.6 367.5 0.557 , 0.895 234.2 200
5f2 6p* | 2.0 <> 3.0 3956.4 355.0 1.105, 0.795 60.3 20
5f2 6p* | 2.0 <> 3.0 253.6 253.5 0.557 , 1.025 86.2 100
5f2 6p* | 2.0 <> 3.0 620.2 606.1 1.160 , 1.206 57.5 60
5f2 6p* | 3.0 <> 4.0 436.4 430.1 0.795 , 1.151 57.1 60
5f% 6p* | 3.0 <> 4.0 361.1 352.4 0.795 , 1.009 88.3 80
5f2 6p* | 3.0 <> 4.0 329.1 326.2 0.795 , 1.090 87.5 100
5f2 6p* | 3.0 <> 4.0 267.1 268.6 0.795, 1.114 50.6 50
5f2 6p* | 4.0 <> 4.0 370.3 375.7 1.114 ,1.072 | 101.9 90
5f2 6p* | 4.0 <> 4.0 307.1 310.4 1.090 , 0.902 27.7 30
5f% 6p* | 4.0 <> 4.0 334.6 334.0 1.009 , 0.902 101.1 100
5f% 6p* | 4.0 < 5.0 449.4 444.9 0.902 , 1.110 102.3 100
5f2 6p* | 5.0 <> 6.0 646.8 632.5 1.021 , 1.127 81.8 90

Table 6.2.7: The wavelengths in nm for the ground state configuration for Cf!** are
given. Only the transitions with Ay; > 20 s~! are included here.
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6.2.4 Indirect Determination of Clock Transitions

Since the clock transition in highly charged ions is typically weak and challenging to
observe directly, an effective approach to identify it involves finding a closed excita-
tion cycle among relevant energy levels. Once such a closed cycle is established, the
so-called Rydberg-Ritz combination principle can be applied to accurately determine
the clock transition frequency from measured transition wavelengths within the cycle.
This principle states that if the energies of three levels are connected by two known
transitions, the third transition energy (or frequency) can be deduced by simple addi-
tion or subtraction of the known energy differences. In the context of spectroscopy, this
allows the indirect determination of a transition that is too weak to observe directly,
by combining measurements of stronger, more accessible transitions that form a closed

loop.

Figures 6.2.1 and 6.2.2 illustrate two closed cycles calculated for Cf7*, which enable
precise evaluation of its clock transition using this method. The identified cycles exhibit
transitions in the extreme ultraviolet (EUV) and vacuum ultraviolet (VUV) spectral
regions as well, with wavelengths ranging approximately from 15 nm to 45 nm. Cycle 1
includes two EUV transitions at 24.1 nm and 15.7 nm, one VUV transition at 44.8 nm
and one optical transition at 468.8 nm. The clock transition denoted as T3 can be

indirectly calculated by the Rydberg Ritz principle as shown below:

T3 = (T1+ T2) — (T5 + T4) (6.1)

Cycle 2 contains two EUV transitions at 17 nm and 16.4 nm and the clock transition
denoted as T3 can be obtained by:

T3 = T1-T2 (6.2)

These short-wavelength transitions require spectrometers equipped with specialized
optics and detectors capable of operating in the EUV and VUV ranges. However, the
HD-EBIT facility currently lacks such instrumentation, which prevents direct obser-
vation of these lines and highlights the need for expanded spectral coverage in future

experiments.

The figures 6.2.1 and 6.2.2 also list the transition types (electric dipole, E1, and mag-
netic dipole, M1) together with the corresponding Einstein coefficients. For the transi-
tions forming the closed cycles, these coefficients span a wide range from approximately
102 s=! for weak optical M1 transitions up to about 2 x 10 s~! for strong E1 tran-

sitions in the EUV and VUV regions. The cycles shown here were selected based
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Figure 6.2.1: Closed excitation cycle (Cycle 1) for Cf* involving EUV, VUV and
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on calculations because they involve comparatively strong transitions and therefore
represent experimentally accessible candidates for experimental implementation of the

Rydberg-Ritz scheme once suitable EUV and VUV spectrometers become available.
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7 Optical Spectroscopy of Highly
Charged Nickel lons

This chapter presents the experimental procedures and results of optical spectroscopy
performed on highly charged nickel ions in charge states Ni'!'* Ni'?* Ni'** and
Ni'®* in the HD-EBIT. These measurements serve as a proof-of-principle study in
preparation for future spectroscopy of heavy highly charged ions such as californium,
which are of particular interest for their potential use in fundamental physics tests and

next-generation atomic clocks.

The goal of this work was to establish the experimental protocols for ion production,
trapping, calibration, and spectroscopic detection within an EBIT environment. The
methodology used to perform wavelength calibration and to identify spectral lines is
described in detail, followed by the presentation of the measured spectra and line as-
signments. Where available, the measurements are compared with previously reported
experimental results to assess consistency and accuracy. Finally, experimental limita-
tions along with potential avenues for improving current and future measurements are

discussed.

7.1 Analysis Procedure

The raw data acquired from the CCD camera are stored as a two-dimensional array
of pixel intensities (refer Section 3.3). One axis of the CCD image corresponds to the
wavelength-dispersed direction and is therefore related to wavelength, however, the
pixel positions along this axis are not inherently calibrated in wavelength. Therefore,
wavelength calibration is required to convert pixel positions into physical wavelength

values.

In this experiment, hollow cathode lamps were used as calibration source. Known

spectral lines from the corresponding lamp were identified in the CCD data, and their
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corresponding pixel positions were used to perform a polynomial fit, typically quadratic
or cubic. The resulting polynomial serves as the wavelength calibration, providing the

relationship between pixel position and wavelength across the detector.

Additional corrections are applied to account for instrumental and environmental ef-
fects that can influence the recorded spectrum. These include removal of cosmic rays
from the CCD images and correction of curvature and temperature-dependent shifts
introduced by optical components. Once the calibrated and corrected spectra were
obtained, Zeeman fitting models can be applied to extract parameters including the
transition wavelengths and Landé g factors. The individual steps of the calibration,

correction procedures, and analysis methods are described in the following sections.

7.1.1 Cosmic Removal

Cosmic rays are highly energetic particles originating from space. When they inter-
act with the Earth’s atmosphere, they produce secondary particles that can strike the
detector and result in unwanted bright spots in the camera images. Since the typical
exposure times of CCD images range from 20 minutes to 1 hour, these high-energy par-
ticles can cause isolated pixels with significantly higher intensities than the surrounding
background or signal. These cosmic ray hits are spatially localized and typically affect
only one or a few pixels, making them distinguishable from the broader spatial struc-
ture of the ion signal. To ensure accurate data analysis, such artifacts were removed

using histogram outlier detection, as described in previous works [115, 134].

The method works by dividing the CCD image into small sections (typically 32 x 8
pixels) and analyzing each section individually. For each section, a histogram of pixel
intensities is generated. The assumption is that real signal and background pixels
will form a continuous distribution in the lower intensity range, while cosmic ray hits
appear as outliers at much higher intensities. The algorithm searches the histogram for
a gap, i.e., a set of consecutive empty bins (intensity intervals where no pixels fall). If
such a gap exists and is statistically significant (e.g., longer than a certain multiple of
the histogram’s standard deviation), it is taken as a separation between normal signal
and cosmic outliers. All pixels with intensities above this threshold are flagged as
cosmic rays and replaced with NaN (not a number) values, ensuring they are ignored

in subsequent data analysis steps. This process is repeated across the entire image.
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7.1.2 Curvature and Temperature Corrections

The recorded spectral lines correspond to the image of the entrance slit formed on
the CCD camera. These lines exhibit a slight curvature caused by optical distortions
or geometric misalignments within the spectrometer. To correct for this curvature, a
two-dimensional Gaussian function was fitted to the brightest calibration lines. The
details of this procedure are described in previous work [115]; a brief explanation is

provided here.

The 2D Gaussian used for the fitting is given by:

I(z,y) = Aexp(_<l’ — (m(y — yo)* + by — yo) + c)) 3 (y - yo)2> +d

Oz Oz

where A is the amplitude representing the intensity of the spectral line, 1 is the vertical
center position of the Gaussian on the detector, o, and o, are the standard deviations
characterizing the line widths of the Gaussian profile along the horizontal and vertical

directions and d is the constant offset accounting for noise.

The curvature of the spectral line is described by the quadratic polynomial for the

center position in the x-direction as a function of y:

xcenter<y) - m(y - y0>2 + b(y - yO) +c

where m, b, and ¢ represents the curvature, tilt, and baseline position of the spectral

line, respectively.

Due to the extended acquisition times, thermal drift of the spectrometer optics causes
a gradual drift of the image position on the CCD over the course of a measurement set.
This drift was corrected following the procedure described in Ref. [115, 134]. Calibra-
tion images acquired throughout each set were used to track the positions of prominent
reference lines, which were extracted using Gaussian fits. The temporal evolution of
the line positions was fitted with a model selected according to the observed drift be-
havior, and the resulting interpolated shift was applied to all images to compensate for
thermal drift.
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7.1.3 Measurement Scheme

Spectroscopy measurements were carried out using the procedure followed by [115].
After introducing nickel atoms into the drift tube through the gas-injection setup de-
scribed earlier in Section 3.2, the electron beam was operated at a current of approxi-
mately 20 mA. This yields low ion temperatures and thus reduced Doppler broadening,

resulting in narrow Zeeman components in the recorded spectra.

Rather than beginning with a wide spectral survey, the experiment first aimed to con-
firm the production of highly charged Ni ions. This was achieved by setting the cathode
voltage near 400 V, corresponding to an electron-beam energy slightly above the ion-
ization potential of Ni'*™ (384 eV [137]) and monitoring for characteristic emissions.
The detection of the line at 511 nm provided evidence that ionization to the relevant

charge states had been achieved.

After confirming the production of highly charged nickel ions, a wide energy scan was
conducted varying the cathode voltage from 200 V to 600 V to explore the broader
spectral region. For this, the spectrometer was configured to scan wavelengths from
260 nm to 660 nm. A 150 gr/mm grating was used due to its broad bandwidth of
approximately 90 nm per CCD exposure. The full wavelength range was therefore
recorded in multiple measurements by rotating the grating to successive central wave-

lengths, such that adjacent spectra overlapped.

7.2 Results

Raw CCD frames recorded during the scans contain only pixel information. These
pixel coordinates were translated into wavelengths using the grating equation for the
150 gr/mm grating together with the spectrometer geometry. In addition, calibration
lamp spectra recorded with the 150 gr/mm grating were used only as a rough consis-
tency check of the wavelength scale, without performing a detailed pixel-to-wavelength
calibration at this stage. This yields an uncalibrated wavelength scale that is sufficient
to track the appearance and evolution of spectral lines as a function of electron beam

energy.

The converted data for central wavelengths of 396 nm, 472 nm, and 548 nm are shown
together in the stacked spectra presented in figure 7.2.1. In this figure, one can observe

lines appearing at different values of the rough electron beam energy, as set by
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the applied cathode voltage. This is because when the beam energy is raised, sequential
population of different ionic charge states occurs in the trap. The points at which each
line emerges, reaches its strongest intensity, and eventually disappears are indicated
by horizontal guide lines marking the dominant charge states (Ni'!* Ni'>* Nil** and
Ni'®t) (see figure 7.2.1).

Using these features, along with the known ionization energies and FAC calculations,
the charge states can be identified and the observed spectral lines assigned accordingly.
No emission line from Ni'3* is observed in the spectra, which is consistent with the
fact that its ground state transition is an E2 transition with a very low transition rate
(see Table 6.1.2), making it too weak to be detected under the present experimental
conditions. In addition, the corresponding transition wavelength is about 264.7 nm,
which lies in the ultraviolet range and outside the spectral range accessible with the

grating and optical setup used here.

Once the relevant transitions were identified, high-resolution spectroscopy was per-
formed on each line using either the 1800 gr/mm or 3600 gr/mm grating, depending
on the wavelength region, over extended periods to resolve the Zeeman structure in-
duced by the 8 T magnetic field of the Heidelberg EBIT. This allowed for more precise
determination of both the transition wavelengths and the associated Landé g-factors.
The full measurement sequence included ion spectra (i), calibration spectra (c), and
dark images (d), recorded sequentially. The dark images serve as background frames
for subtraction during data processing. The acquisition pattern varied but generally
alternated among these types (e.g., cidcid, cicicid) to ensure accurate wavelength cal-
ibration and background correction. Each ion and dark spectrum was acquired over
approximately one hour, while calibration exposures required 10 to 15 minutes. In to-
tal, an average of 15 hours of ion spectroscopy data was accumulated for each spectral
line identified in the wavelength scans (see figure 7.2.1). As an example, the measure-

124

ment procedure for Ni'*™ at wavelength 511 nm is described here in detail.

7.2.1 Calibration

A hollow cathode lamp containing Fe and Ar was used as the calibration source. Figure
7.2.2 shows a typical raw calibration spectrum plotted as pixel number versus intensity
where the characteristic emission lines are clearly visible. These lines are essential
for establishing the pixel-wavelength mapping. Similarly, figure 7.2.3 presents the

corresponding raw ion spectrum obtained under identical detector settings.

To identify the calibration peaks, the measured line positions were compared with
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Figure 7.2.2: Example raw calibration spectrum from Fe-Ar lamp.
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Figure 7.2.3: Example raw ion spectrum. The wavelength axis (Pixel) matches that
of figure 7.2.2. The visible splitting of the spectral line arises from the
Zeeman effect in the 8 T magnetic field.
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Element | Wavelength (nm) in vacuum | Wavelength (nm) in air
Fe I 508.47551(8) 508.33382(8)
Ar I 509.19136(3) 509.04948(3)
Fe I 510.88705(8) 510.74471(8)
Fe I 510.90641(8) 510.76407(8)
Fe 511.18369(8) 511.04128(8)
Fe I 512.51473(8) 512.37196(8)
Ar I 512.71945(7) 512.57663(7)
Fe I 513.51185(8) 513.36882(8)
Fe I 514.08944(8) 513.94625(8)
Ar 11 514.32151(1) 514.17826(1)

Table 7.2.1: Table of Fe I and Ar II spectral lines from the NIST database [137]. Roman
numerals indicate the ionization state. The number in parentheses after
each wavelength represents the uncertainty in the last digits of the reported
value in nanometers.

reference data from the National Institute of Standards and Technology (NIST') Atomic
Spectra Database [137]. NIST provides wavelengths and transition data with high
accuracy, making it a standard reference for spectroscopic calibration. By matching
the observed peaks with the NIST wavelengths for Fe and Ar, each calibration line can
be clearly assigned to the correct atomic transition. Table 7.2.1 lists all the calibration
lines used, with a central wavelength of 511 nm. Figure 7.2.4 (top) shows the observed
calibration spectrum, now with each emission line identified by matching it to the

corresponding element in the NIST database.

7.2.2 Dispersion Function

The wavelengths obtained from the NIST database were then plotted against the cor-
responding pixel positions as shown in the middle panel of figure 7.2.4. The resulting
residuals are presented in the bottom panel. To improve the signal-to-noise ratio and
obtain a stable dispersion relation, all calibration lamp spectra recorded during a given
measurement run were first summed, and a single wavelength calibration was then
performed using this combined calibration spectrum. To convert pixel numbers into
physical wavelengths, a quadratic polynomial was fitted to this calibration data. A
quadratic fit is appropriate because the dispersion of the spectrometer is approximately
linear over small regions but exhibits slight curvature across the detector due to optical

aberrations and the grating geometry. The fitted polynomial function is given below:
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Az) = = 6.50(17) x 107922 (z — 819 px)?
L. (7.1)
+3.22710(9) x 10*35(:5 — 819 px) + 511.58649(8) nm

The dispersion function was determined using an orthogonal distance regression (ODR)
algorithm to account for uncertainties in both the wavelength and pixel position. In
this calibration, each coefficient of the polynomial corresponds to a specific physical
effect, and their magnitudes reveal the main contributors to the wavelength determi-
nation. The constant term is the wavelength evaluated directly at the line position
(x = 819 px) and carries the smallest relative uncertainty because the polynomial is
centered at this pixel. The dominant term is the linear coefficient which represents the
primary dispersion of the grating and therefore contributes most strongly to changes
in wavelength with pixel position. The quadratic coefficient accounts for the weak

residual curvature of the dispersion relation across the detector.

7.2.3 Zeeman Fitting

The 8 T magnetic field of the HD-EBIT causes splitting of the spectral lines according
to the Landé g-factor of the transition. To improve the signal-to-noise ratio, all dark-
subtracted ion spectra recorded during a given measurement run were summed for each
transition prior to further analysis. After calibrating the spectrometer and converting
the pixel positions into physical wavelengths, the high-resolution ion spectra were ana-
lyzed to extract the Zeeman structure. The analysis of the Zeeman structure required
expressing the spectral data in energy rather than wavelength, because Zeeman split-
tings are linear and symmetric in energy, so the nm values were converted to eV using

the following equation:

he

Avacuum (nm)

E(eV) = (7.2)

As the spectrometer was not under vacuum, the measured wavelengths were in air,

which were then converted to vacuum wavelengths with the equation [138]:

A

>\air — vacuuimm .

Nair (7 3)
2480990 17455.7
=1 ( 51 ) 108 4
" (800001 + T 52 T 39.30057 — 52 < 10 (7:4)
where 1000

g— 0 (7.5)

/\air (nm)
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Figure 7.2.5: Zeeman fit (orange) for Ni'>* line at 511 nm. The different colored vertical
lines show the individual components. The inset lists the central position
p in nm and the Landé g factors g; and gy.

The Zeeman effect produces multiple components (67,07, ) for each spectral line and
these were modeled by fitting a set of Gaussian functions to the individual Zeeman

components [115].

B(m;g; — 2
I = ZAAm CG(J;, Jp,mi, my) exp( — 1+ s (”21092 my9s)) ) +c (7.6)
i, f

Here, Aa,, is the amplitude of the Zeeman component where Am = 0,41, —1 for
m,0" and o~ respectively, u is the central wavelength offset, B is the magnetic field
in the EBIT, g; and gy are the Landé g factors of the initial and the final states, o is
the Gaussian width and c is the background offset. These are the parameters that can
be adjusted during the analysis. C'G is the Clebsch-Gordan coefficient which represent
the relative transition probability between the initial and final magnetic sublevels. To
factor in the intensities of the individual peaks, the C'G coefficients were multiplied by

the amplitude for each polarization component.

The fitted function is shown in figure 7.2.5. The line clearly exhibits a central peak
corresponding to the m (magenta) component and two symmetrically shifted o com-
ponents (red and cyan). From the fit, the final wavelength in air of the investigated

transition
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35?3p”° Py — * P,

of Ni'?* was measured to be

511.58224(10) nm.

The total uncertainty in the brackets was obtained by combining in quadrature the
statistical uncertainty of the Zeeman line fit (0.00003 nm), the wavelength-calibration

uncertainty (0.000077 nm) and the temperature correction uncertainty (0.000059 nm).

To check for consistency, the analysis was also performed using the vacuum wave-
lengths of the calibration lines from NIST instead of values in air (also listed in
Table 7.2.1), yielding Apocuuwm = 511.72481(10) nm. Using equation 7.3, the transi-
tion wavelength in air presented above can be converted to wavelength in vacuum,
Avacuum = D11.72477(10) nm, which agrees within the combined uncertainties. This
demonstrates that the conversion from air to vacuum wavelengths is accurate within
the experimental uncertainty and that the wavelength calibration is internally consis-

tent.

7.2.4 Discussion

The measured value of the Ni'2* 3523p? 3P, — 3P, transition is also in agreement with
the measurement by the PTB, Germany, who reported 511.724603(10) nm [139] in vac-
uum. The difference between the two values corresponds to about 1.7 standard devia-
tions. PTB determined this value using an off-resonant optical dipole force technique,
which allows precise determination of the transition frequency without populating the
electronically excited state. The agreement between the EBIT emission measurement
and the PTB optical measurement, within the combined experimental uncertainties,
with an absolute difference of 1.7 x 10~* nm which corresponds to a relative difference

of 3.3 x 1077, confirms the reliability of our result.

The Landé g factors can be computed using AMBIT (see 6.1.2) and can also be obtained
from the experiment for well-resolved spectral lines. The inset of figure 7.2.5 presents
the experimentally determined Landé g factors for both the initial and final states. A

quantitative comparison with the AMBIT results is given in the Section 7.4.

Initially in this measurement campaign, the calibration was performed by a Cu-Fe-

Mn-Ne lamp. In the latter part of the campaign, some additional measurements of
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certain lines were performed using a Fe-Ar lamp for cross-checking. For the Ni'?* line
at 511 nm, data were taken with both lamps, and during the later data analysis it was
recognized that the Fe-Ar lamp likely provided a more reliable calibration. This may be
because in the Cu-Fe-Mn-Ne lamp spectra, the usable calibration lines were not well
distributed across the spectral range. Most strong lines were concentrated near the
center of the detector, while only a couple of lines appeared toward the edges. Many
other lines were too weak to reliably identify, limiting the number of usable calibration
points. This uneven distribution may have caused the polynomial calibration model
to poorly represent the wavelength scale, leading to systematic errors. Other possible
contributing factors include misidentified lines or unresolved line blends, although the
exact cause cannot be established. As a result, the wavelength obtained from the
Cu-Fe-Mn-Ne calibration differed by several standard deviations from the PTB value,

whereas the calibration using the Fe-Ar lamp yielded comparatively good agreement.

7.3 Additional Highly Charged Nickel Lines

In the following, additional spectral lines of highly charged nickel ions, measured in
the same way as described above, will be discussed. For these charge states, only the
total angular momentum quantum number J is available; therefore, the transitions are
represented as J-only transitions. This is because the atomic structure calculations used
here (FAC and AMBIT) provide reliable level energies and J values, but do not uniquely
assign LS-term labels for these complex open-shell configurations. Consequently, a
spectroscopic notation of the form 3s23p? 3P, — 3P,, as used for Ni'?*, is not available

for the other charge states.

The Zeeman fit for Ni''* line at 423.1 nm is shown in figure 7.3.1. Ni''* has five
electrons in its p shell and for the transition
3p°:J=1/2 = J=3/2

the wavelength was measured to be 423.10189(67)nm. This line was measured using

the Cu-Fe-Mn-Ne lamp with the 1800 grooves/mm grating.

For Ni'**, which has two electrons in the p shell, the transition

3p? i J=2—=J=2

was measured in both first and second diffraction order. The first-order spectrum
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Figure 7.3.1: Zeeman fit for Ni''* line at 423.1 nm using Cu-Fe-Mn-Ne as a calibration
lamp and 1800 grooves/mm grating.
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Figure 7.3.2: Zeeman fit (orange) for Ni'** line at 281.8 nm using 3600 grooves/mm
grating and Fe-Ar calibration.
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Figure 7.3.3: Zeeman fit (orange) for Ni'T line at second order 563.6 nm using Cu-Fe-
Mn lamp and 1800 grooves/mm grating,.

25 A n ﬁ
Transition (3p':J=1/2)> (J=3/2)
) 201 Charge state Ni XVI
o e A 360.10559(84)nm
-g U g 0,657(5)
g 10 - g 1,319(4)
3
c
= .

) IT 1[

359.8 359.9 360.0 360.1 360.2 360.3 3604 3605 360.6
Wavelength in nm

Figure 7.3.4: Zeeman fit (orange) for Ni'** line at 360.1 nm using 3600 grooves/mm
grating and Fe-Ar calibration.
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was calibrated using the Fe-Ar lamp, whereas the second order spectrum was cali-
brated using the Cu-Fe-Mn-Ne lamp. The first-order wavelength was determined to
be 281.82015(70) nm and the second order wavelength to be 563.64307(29) nm. Mul-
tiplying the first-order wavelength by 2 yields 563.64210(70) nm, which agrees with
the directly measured second-order value within the combined uncertainties. How-
ever, despite this agreement in wavelength, the extracted Landé g-factors from the
two datasets do not agree within their respective uncertainties. For the first-order

spectrum, calibrated using the Fe-Ar lamp, we obtain

gi = 1.086(15), g; = 1.428(12)

For the second-order spectrum, calibrated using the Cu-Fe-Mn-Ne lamp, the corre-
sponding values are
g; = 1.041(26), gr = 1.390(17)

Recording the spectrum with different gratings results in different dispersions and res-
olutions, which may have affected the detailed Zeeman line profile without significantly
shifting the line centroid. Additionally, there is a possibility that one of the calibrations

includes a small, unnoticed systematic effect at this wavelength.

Nil®* has one electron remaining in the p shell and the transition

3pt:J=3/2—J=1/2

was measured to be at 360.10559(84)nm. This line was calibrated with the Fe-Ar lamp

and there was no data taken with any other lamp for comparison.

7.4 Comparison of Measured and Calculated
Transitions in Ni

The measured wavelengths and Landé g factors for the observed nickel charge states are
listed in Table 7.4.1. The corresponding wavelengths calculated with FAC and AMBIiT
are given in Table 6.1.2. For easier readability, the calculated wavelengths from both
codes as well as the Landé ¢ factors obtained from AMBIT for the relevant transitions
are included in Table 7.4.1. For all observed lines, a clear match can be made between

experiment and theory using both the wavelength and the Landé g factors.




Ton Transition Ameas g factor AFAC Aavsit | g factoranmir | Type
Ni'lF [ 3p°: J=1/2 — J = 3/2 | 423.10189(67) nm | 0.661(1), 1.3247(5) | 418.1 nm | 4195 nm | 0.67, 1.33 | M1
Nilz+ 3523p7 3P, — 3P, 511.58224(10) nm | 1.521(8), 1.468(3) |511.2nm | 5124 nm | 15,147 | Ml
NIl T 3p2:J=2—J=2 | 281.82015(70) nm | 1.086(15), 1.428(12) | 258.9 nm | 267.2 nm | 1.068 , 1.432 | MI
Nig'o 3p? =2 J=2 563.64307(29) nm | 1.041(26), 1.390(17) | 517.8 nm | 534.4 nm | 1.068 , 1.432 | M1
N5t [ 3pt:J=1/2— J=23/2 360.10559(84) 0.657(5), 1.319(4) 354 nm | 353.6 nm | 0.67,1.33 M1

Table 7.4.1: Measured transitions and Landé g factors for observed Ni charge states, together with corresponding FAC and

AMBIT calculations.

IN NI SNOILISNVYL d31VINDITVI ANV d34NSYIIN 40 NOSIMVAINOD  v'L
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For Nil'* Ni'?*t and Ni'®*, the agreement between measured and calculated wave-
lengths is similar. The measured wavelengths differ from FAC and AMBIT values by
about (0.1-1.8%), corresponding to absolute differences of roughly 0.4-6.5 nm. For
Ni''*| the line at 423.10189(67) nm is about 5.0 nm (1.2%) higher than the FAC value
and 3.6 nm (0.9%) higher than the AMBIT value. For Ni'?* | the measured wavelength
of 511.58224(10) nm differs from FAC and AMBIT by 0.38 nm (0.07%) and 0.82 nm
(0.16%), respectively. For Ni'®*_ the line at 360.10559(84) nm is about 6.1 nm (1.7%)
higher than FAC value and 6.5 nm (1.8%) higher than the AMBIT value. For all
three charge states, the measured Landé g factors differ from the calculated values by

approximately 1-2% for both the initial and final levels.

For Ni'4*, larger wavelength differences are observed. The same J = 2 — 2 tran-
sitions was measured in first and second diffraction order at 281.82105(70) nm and
563.64307(29) nm, respectively. FAC and AMBIT predict this transition at 258.9 nm
and 267.2 nm. These values are lower than the measured wavelength by about 22.9
(8.1%) for FAC and 14.6 nm (5.2%) for AMBIT. Despite the larger wavelength offsets,

14+ otill agree with the theoretical calculation. For the first

the Landé ¢ factors for Ni
order line, the measured values differ from the calculated values by about 2% and for

the second order line the deviation is about 3%.

In summary, the level of agreement between the experiment and theory for the wave-
lengths and Landé ¢ factors is consistent with earlier results for optical transitions in
HCIs as reported by [115]. FAC and AMBIT are used here in a complementary way:
FAC is mainly useful for predicting strong lines and their intensities, while AMBIiT
usually gives wavelengths closer to the measured values and provides reliable Landé g

factors for the energy levels.

The same experimental procedures and calibration methods developed and tested with
nickel are planned to be used for future californium spectroscopy measurements. In
particular, the wavelength calibration based on reference lines from NIST and the use
of Zeeman splitting to extract Landé g factors will follow the same approach. Since
these methods give consistent and good results for several nickel charge states, a similar

level of precision is expected for californium.




123

8 Conclusion and QOutlook

The goal of this thesis was to move forward in the investigation of variation in fine-
structure constant a. The fine-structure constant plays a fundamental role in atomic
structure, determining the strength of the electromagnetic interaction and influencing
atomic energy levels and transition frequencies. Any measurable temporal or spatial
variation of a would have profound implications for our understanding of fundamental
physics, potentially pointing toward physics beyond the Standard Model [12]. High-
precision atomic clocks provide one of the most sensitive tools for probing such varia-
tions, as even extremely small changes in « can lead to detectable shifts in transition

frequencies [1].

Highly charged ions are particularly attractive candidates for these investigations [54].
Due to their strong relativistic effects and enhanced sensitivity to electronic structure
changes, certain transitions in HCIs exhibit large sensitivity coefficients with respect
to variations in . Among these candidates, Cf'®* and Cf'"* have been proposed
as especially promising systems because of their exceptionally high sensitivity factor
towards « [73].

The realization of such a clock requires precise knowledge of the relevant atomic tran-
sitions. Current theoretical predictions of the proposed clock transitions do not yet
provide sufficient accuracy to directly implement a clock scheme. Experimental inves-
tigation is therefore essential to determine transition wavelengths, confirm level struc-
tures, and validate theoretical models. Optical emission spectroscopy of highly charged
californium ions represents a crucial step toward this goal. EBITs provide an ideal en-
vironment for such measurements. In the trap center, HCIs are confined in a strong
magnetic field, leading to Zeeman splitting of atomic levels. This splitting allows the
extraction of Landé g factors from measured spectra and provides additional informa-
tion about the underlying atomic structure. Moreover, relative wavelength accuracies
on the order of 107® to 1077 are achievable in EBIT-based spectroscopy [115, 134].
By combining precise spectroscopic measurements with theoretical calculations, it be-
comes possible to establish reliable level schemes for Cf'>* and Cf'"™" and to identify

transitions suitable for clock operation. These investigations form the experimental
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basis for implementing highly charged californium ions in a precision optical clock and,
ultimately, for performing competitive tests of possible variations of the fine-structure

constant.

8.1 Injection system for Radioactive Elements

Owing to the radioactive nature of californium, a dedicated injection system was im-
plemented in the Heidelberg EBIT where the optical spectroscopy of highly charged
californium ions will be conducted in the future. The system is based on an adaptation
of the laser desorption technique described in [64] for use in the HD-EBIT.

On account of the complexity of the HD-EBIT, arising from the presence of heat shields
and the overall size, the laser-based injection system was divided into two parts: the
target system and the optical setup. The target system consists of a target holder and
additional rods which are attached to a manipulator. The rod assembly passes through
the heat shields and extends into the trap region. The development of the injection
system, including the successful insertion of the target holder into the center of the
trap and the preliminary optical setup used to deliver laser beam to the target holder,
is detailed in this thesis.

While the mechanical components of the injection system have been successfully im-
plemented, the optical system remains under development. The current configuration
establishes the technical feasibility of laser-based injection into the HD-EBIT, but fur-
ther refinement of the beam delivery and imaging system is required. The completion
of this optical setup will represent the final step toward enabling controlled injection
of californium and subsequent spectroscopic investigations. Prior to introducing cali-
fornium, it would be advantageous to test the injection system with well-characterized
elements like lead or osmium. For this, Pb or Os can be mixed with polylactic acid on
the target holder [140] which can then be used for testing.

8.2 Atomic structure calculations

Atomic structure calculations were performed using FAC and AMBIT to predict transi-
tion wavelengths, transition probabilities, and Landé g factors for highly charged nickel

and californium ions. For nickel charge states ranging from Ni'!'* to Ni'®*, the cal-
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culated wavelengths from both methods show overall consistent predictions, typically
agreeing within a few nanometers. This agreement confirms the reliability of the com-
putational approach and supports its use for interpreting the experimentally measured

nickel spectra.

The same methods were applied to californium charge states from Cf?* to Cf9* to
identify optical transitions relevant for future spectroscopy and clock development. In
particular, the magnetic dipole transitions in Cf'** and Cf'"* were identified in the
optical range, which are promising candidates for laser cooling and state detection [73].
The calculated wavelengths are overall in good agreement with previously published
theoretical results, with differences on the order of a few nanometers. The calculated
Landé g factors provide an important reference for comparison with experimentally

measured Zeeman splittings, enabling clear identification of observed spectral lines.

8.3 Nickel Spectroscopy

In this work, optical emission spectroscopy of highly charged nickel ions was conducted
as proof-of-principle for the planned californium measurements. The main focus was
Ni'2* due to its M1 transition 3s23p? 3P, — 3P, which can be used as a logic transition
for state detection of the E2 clock transition in the same charge state. The wave-
length of the M1 transition was determined to be 511.58224 nm in air, corresponding
to 511.72477 nm in vacuum, with an absolute uncertainty of 1.0 x 10~* nm, which
corresponds to a relative precision of about 2 x 10~7. The result agrees, within the
combined experimental uncertainties, with the PTB value obtained using a completely
different technique. The data analysis of this transition can be further improved, as
discrepancies in the measured wavelength were found when two different calibration
lamps were used. It indicates a possible error in the analysis pipeline, most likely a
misidentification of calibration lines within the dense spectrum produced by Cu-Fe-
Mn-Ne lamp. Three other optical transitions in different charge states of nickel were
also measured. For the second order transition in Ni'4*, the extracted Landé g factors
deviate by up to approximately 3% from the calculated values, which is slightly larger

than the deviations observed for the other transitions (up to about 2%).

The accuracy of the wavelength measurements was limited by the calibration proce-
dure. Different calibration lamps (Fe-Ar and Cu-Fe-Mn-Ne) were used for different
measurements preventing a direct cross-comparison of the wavelength. Moreover, two

diffraction gratings with different grooves/mm (1800 and 3600) were used, depending
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on the wavelength range accessible with each grating. As a result, it was not possi-
ble to fully assess the absolute accuracy of the measured wavelengths. Furthermore,
other transitions at 670.2 nm and 802.5 nm have been measured. However, the data
analysis for these transitions still remains to be carried out. Further improvements
can be achieved by re-measuring nickel in HD-EBIT using multiple calibration lamps
for the same transition for cross-reference. The same calibration and cross-referencing
techniques will be applied to the californium measurements in order to improve their

absolute wavelength accuracy.

15+ shows

A comparison between the measured and calculated transitions in Ni''* to Ni
that the observed wavelengths are largely consistent with the predicted values, with
differences of a few nanometers for most transitions. For Ni'4*, larger deviations of
approximately 15-23 nm were observed between the measured and calculated wave-
lengths. The measured Landé g factors are also consistent with the calculated values
within a few percent. The combined agreement of wavelength and Landé ¢ factor sup-

ports the identification of the observed transitions.

8.4 Prospects for Spectroscopy of Cf ions

In addition to the planned optical spectroscopy of highly charged californium in HD-
EBIT, EUV and VUV transitions (as discussed in Section 6.2.4) need to be measured
to finally determine the clock transition. For the experimental investigation of the
predicted EUV transitions which was shown in figures 6.2.1 and 6.2.2, a beamtime is
planned at the Berliner Elektronenspeicherring-Gesellschaft fiir Synchrotronstrahlung
(BESSY) II synchrotron facility. BESSY’s advanced spectroscopic capabilities will
allow for high-resolution measurements in the extreme ultraviolet range, providing
critical data to validate theoretical predictions and support the identification of clock

transitions in Cf17+,

Atomic structure calculations of Cf!5* and Cf'"* for EUV transitions can be carried
out in FAC and AMBIT, providing valuable support for the planned measurements
at BESSY. In the longer term, there are plans to equip the HD-EBIT with an EUV
spectrometer following the optical M1 transition campaign. This upgrade would enable
in-house detection of EUV transitions in highly charged ions, expanding the experi-

mental reach of the setup for future clock-relevant studies.

A successful spectroscopy of highly charged californium ions provides a promising path-
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way towards investigations of other radioactive elements with enhanced sensitivity to

variations in the fine-structure constant o such as Es'%* [34].

8.5 Highly Charged Cf lon Clock

An overview of the planned clock setup was shown in Chapter 4. In an EBIT environ-
ment, the plasma temperatures are coronal which makes it difficult to do precision clock
measurements. Owing to this, mini-EBITs are used as source of highly charged ion
sources, which are subsequently extracted and transported to a Paul trap via a beam
line. In the Paul trap, the ions are confined and cooled to millikelvin temperatures
through sympathetic cooling with a co-trapped ion species. Such a system enables
quantum logic spectroscopy where the internal state of the highly charged ion can be

read out via its coupling to the co-trapped ion [125].

The mini-EBIT and beamline built in Heidelberg have been installed in Birmingham,
where they are combined with a Paul trap provided by PTB, Germany. Highly charged
ions have already been successfully retrapped in the Paul trap [120], confirming that
the entire process from HCI production to trapping works as intended. This establishes
the technical foundation for future clock measurements with highly charged Cf ions.
A similar system is currently being prepared for Deutsches Elektronen-Synchrotron
(DESY), Zeuthen. While this setup is still under construction, it follows the same
concept and will provide a second location for clock experiments with highly charged

ions.

In the long term, the Birmingham clock will be connected to other precision clocks in
the UK network, and the DESY system will allow comparisons with optical clocks in
Berlin via fiber links. Such frequency comparisons are essential for testing possible vari-
ations of the fine-structure constant and for advancing precision studies of fundamental
physics.
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A Appendix

A.1 FAC Input Configurations for Ni and Cf

This section lists the specific configurations used in the FAC calculations for Nil'* to

Nil5+

Charge state Ground state Excited states

Nitl+ Config('gQ’, ’"3p5") Config(’'el’, ’'3p4 3dl’)
Config('e2’, ’"3p3 3d2")
Config(’e3’, ’"3p2 3d3")
Config('ed4’, ’'"3pl 3d4')

Nil3+ Config(’g0’, ’3p3’) Config(’el’, ’3p2 3dl’)

Config(’e2’, ’3pl 3d2’)
Nil4+ Config(’g0’, ’3p2’) Config(’el’, ’3pl 3dl’)
Njlo+ Config(’g0’, ’3s2 3pl’)  Config(’el’, ’3sl 3p2’)

Config('e2’, ’'3sl 3d2’")
Config("e3’, '3s2 3dl’)
Config(’ed’, ’"3sl 3pl 3d1’)

Table A.1.1: The closed-shell configuration from Ni''* to Ni'** is Closed (’1s’,
r2s’, "2p’, ’"3s’). However, the 3s shell is opened in the case of
Nil5+.

Table A.1.2 lists the electronic configurations associated with the ground and selected

excited states of Cf12+ to Cf19F.
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Charge state

Ground state

Excited states

Cf12+
Cf13+

Cf14+

Cf15+

Cf16+

Cf17+

Cf18+

Cf19+

Config(’g0’, ’'6pd4 5f£27)

Config(’g0’, ’'6p3 5f2')

Config(’g0’, ’'5f2 6p2’)

Config(’g0’, ’6p2 S5f17)

Config(’g0’, ’'6s2 6pl 5f17)

Config(’g0’, ’'6s2 5f1")

Config(’g0’,

Config(’g0’,

"6s2")

"6s1’)

Config(’el’, ’'6p4 o6dl 5f17)
Config(’e2’, "6p4d 7sl 5f1')
Config(’el’, ’"6p3 6d1 5f1')
Config(’e2’, ’'6p3 7sl 5f17)

Config(’e3’, '5f2 6pl 6dl’)
Config(’ed’, '5f2 o6pl 7sl’)
Config(’el’, ’'6pl 5[f,gl2")

Config(’ed’, '6[p,d,£,913")

Config(’el’, ’'6s2 6pl 5gl’)
Config(’e2’, ’"6s2 6[p,d,f,g,h]2")
Config(’e3’, ’'6s2 o6pl 7sl’)
Config(’ed4’, "6s2 5[f,gl2")
Config(’e5’, '6s2 7[s,p,d,f,9,h,1]12")
Config(’el’, ’"6s2 6[p,d,f,g,h]l")

Config(’e3’, ’'6s2 T7[s,p,d,£]1")
Config(’ed’, ’'6s2 8[s,pll’)
Config(’e5’, ’"6sl 6[p,d,f,g,h]2")
Config(’e6’, ’'6sl1 5[f,gl2")
Config(’e7’, ’'6sl 7[s,p,d,f,g,hl12")
Config(’e8’, ’'6sl 8[s,p,d,f,g,h]12")
Config(’e9’, ’'6sl 6pl 5f17)
Config(’el0’, ’'6sl 6pl 7sl’)
Config(’ell’, ’'6sl 5f1 7sl’)
Config(’el2’, ’'6sl 7sl 8sl’)

Config(’e2’, ’'6[p,d,f,g,h]2")
Config(’e3’, "7[s,p,d,f,g,h,i12")
Config(’ed4’, "6sl 5[f,gll’)
Config(’e5’, ’"6sl 6[p,d,f,g,h]l")
Config(’e6’, ’"6sl 7[s,p,d,f,g9,h,1]11")

Config(’e2’, '6[p,d,£f,9,h]1l")
Config(’e3’, '7[s,p,d,£f,9,h,1]11")

Config(’el’, ’'5f3 6dl1")
Config(’e2’, ’'5f3 6pl’)

Config(’e2’, ’'6p2 5gl’)
Config(’e3’, ’'6p3’)

Config(’e5’, ’"6p2 7x1")
Config(’e6’, ’'6p2 8x1")

Config(’e2’, '6s2 5[gll’)

Config(’el’, '5[f,gl2")

Config('el’, '5[f,qgll")

Table A.1.2: Overview of the electronic configurations corresponding to the ground
and selected excited states of Cf12* to Cf'% ions. Excited configurations
highlight possible transitions involving 6p, 5f, 6d, 7s, and higher orbitals.
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A.2 AMBIT Ni'?* Input File

Below is the AMBIT input file used for the calculation:

ID = NiXIIT
7 = 28
-s123

[Lattice]

NumPoints = 1000
StartPoint = 1.0e-6
EndPoint = 20.0

[HF]
——breit

N = 16
Configuration = '1s2 2s2 2p6 3s2: 3pl.33 3p+2.67’

[Basis]
—-bspline-basis
BSpline/N = 40
BSpline/K = 9
ValenceBasis = 6spdfgh
IncludeValence = 3s

[CI]
LeadingConfigurations =
ElectronExcitations = 2
EvenParityTwod = 0, 2, 4, 6, 8, 10, 12’
OddParityTwod = 0, 2, 4, 6, 8, 10, 12’
NumSolutions = 8

4 3p4l

[MBPT]
Basis = 30spdfgh

[Transitions]

M1/AllBelow = —-0.2
M2/Al1Below = -0.2
E2/AllBelow = -0.2
E1/AllBelow = -0.2

The valence-shell configurations employed in the AMBIT calculations for californium

ions in charge states Cf'2* to Cf'** are listed in Table A.2.1.
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Charge state

Valence configuration

Cf12+
Cf13+
Cf14+
Cf15+
Cf16+
Cf17+
Cf18+
Cf19+

6p2
6pl.67
6pl.33
6pl
6r0.67
6r0.33

6pt+4

6p+3.
6p+2.

bpt2

op+1.
6p+0.

6s2
6sl

33
67

33
67

Table A.2.1: Valence shell configurations used in AMBIT calculations for californium
ions in charge states Cf'2T to Cf!%*. Fractional occupation numbers are
taken from relativistic shell calculations.
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B Appendix

B.1 HD-EBIT pictures

Different views of the CAD model of the HD-EBIT injection system are shown here.

Figure B.1.1: Cross sectional view of the manipulator-target system
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Figure B.1.2: Cross sectional view of the lens assembly in the HD-EBIT
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Figure B.1.3: HD-EBIT with the laser injection system
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