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Abstract

Collinear laser spectroscopy enables the determination of nuclear ground-state charge radii
and electromagnetic moments for short-lived isotopes. Within this work, spectroscopy was
performed on neutron-deficient nickel isotopes in the region of the doubly magic 56Ni, and an
improved charge-exchange cell for spectroscopy of palladium isotopes was developed.
For numerous elements, laser spectroscopy is not possible from the ground state of the ion
due to a lack of suitable transitions. For this reason, charge-exchange cells are often used and
are typically operated with alkali metals. Spectroscopy on palladium would instead profit
from an exchange on magnesium since the desired meta-stable state could then be resonantly
populated. To make this possible, an advanced design of a charge-exchange cell for collinear
laser spectroscopy has been realized. Compared to previous cells, it allows higher temperatures
and operation at higher voltages. The new cell has been installed as part of the collinear
spectroscopy setup at Argonne National Lab in Chicago. During commissioning measurements,
the neutralization of a calcium-ion beam on magnesium vapor has been demonstrated and an
atomic calcium resonance was recorded.
Furthermore, neutron deficient and stable nickel isotopes have been investigated by collinear
laser spectroscopy in the BECOLA experiment at the National Superconducting Cyclotron
Laboratory in East Lansing. The spectra of 55,56,58,60Ni have been analyzed within this work.
A King-plot method yielded the differential mean squared charge radii compared to the
stable isotope 60Ni, and absolute nuclear charge radii were derived from these results. The
measurements reveal a “kink” in the slope of the charge radii at the doubly-magic N = Z = 28
shell closure. A comparison to nuclear theories shows good agreement for calculations using
the Fayans density functional theory. Predictions from ab initio calculations for the nuclear
charge radius of 56Ni could now, for the first time, be benchmarked to an experimental value.
The comparison of different nuclear interactions via the coupled-cluster method reveals a
significant scattering of the results and an incomplete uncertainty estimate complicates the
interpretation. The latter is significantly improved by a recent method for Bayesian treatment
of the uncertainties in the IMSRG framework, which yields results that are in good agreement
with the experiment though less precise. In addition to the charge radii, the nuclear magnetic
dipole moment of 55Ni was determined from the hyperfine structure. The result corrects the
previous experimental value from a β-NMR measurement and is in good agreement with theory
calculations that have proven reliable in other isotopes before.
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Zusammenfassung

Kollineare Laserspektroskopie ermöglicht die Bestimmung von Kernladungsradien und elektro-
magnetischen Momenten des Kerngrundzustandes kurzlebiger Isotope. In dieser Arbeit wurde
Spektroskopie an neutronenarmen Nickel-Isotopen in der Region des doppelt magischen 56Ni
durchgeführt und eine verbesserte Ladungsaustauschzelle für die Spektroskopie an Palladium-
Isotopen entwickelt.
Bei zahlreichen Elementen ist die Laserspektroskopie aus dem Grundzustand des Ions mangels
geeigneter Übergänge nicht möglich. Daher werden häufig Ladungsaustauschzellen eingesetzt,
die in der Regel mit Alkalimetallen betrieben werden. Für die Spektroskopie an Palladium
wäre jedoch der Austausch mit Magnesium vorteilhaft, da hierbei resonant der gewünschte
metastabile Zustand besetzt werden könnte. Um dies zu ermöglichen, wurde eine verbesserte
Ladungsaustauschzelle für die kollineare Laserspektroskopie entwickelt. Im Vergleich zu frühe-
ren Zellen erlaubt das neue Design höhere Temperaturen sowie den Betrieb unter höheren
Spannungen. Die neue Ladungsaustauschzelle wurde als Teil einer kollinearen Apparatur
am Argonne National Laboratory in Chicago aufgebaut. Bei der Inbetriebnahme wurde die
Neutralisierung von Calcium-Ionen an Magnesium-Dampf demonstriert und anschließend die
optische Resonanz der Calcium-Atome gemessen.
Des Weiteren wurden neutronenarme und stabile Nickel Isotope mittels kollinearer Laserspek-
troskopie an der BECOLA Apparatur am National Superconducting Cyclotron Laboratory in East
Lansing untersucht. Die Spektren von 55,56,58,60Ni wurden im Rahmen dieser Arbeit analysiert.
Dabei lieferte ein King-Plot Verfahren die Differenzen der quadrierten Ladungsradien relativ zu
60Ni, aus denen wiederum die absoluten Kernladungsradien abgeleitet wurden. Die Ergebnisse
zeigen einen „Knick“ in der Steigung der Ladungsradien am doppelt-magischen Schalenab-
schluss mit N = Z = 28. Der Vergleich mit Kerntheorien ergibt gute Übereinstimmungen für
Rechnungen auf Basis der Fayans Dichtefunktionaltheorie. Vorhersagen aus ab initio Rechnun-
gen für den Kernladungsradius von 56Ni konnten nun erstmals mit einem experimentellen
Bezugswert verglichen werden. Der Vergleich mehrerer Nukleonen-Wechselwirkungen mit-
tels der Coupled-Cluster Methode zeigt eine signifikante Streuung der Resultate und eine
unvollständige Fehlerabschätzung erschwert die Interpretation. Letzteres wird durch eine
Bayes’schen Behandlung der Unsicherheiten in aktuellen IMSRG Rechnungen deutlich verbes-
sert. Die resultierenden Werte sind mit dem Experiment gut verträglich jedoch weniger präzise.
Aus der Hyperfeinstruktur wurde außerdem das magnetische Kernmoment von 55Ni bestimmt.
Das Resultat korrigiert den bisherigen Wert aus einer β-NMR Messung, und stimmt gut mit
Kerntheorie-Rechnungen überein, die sich bereits für andere Isotope als zuverlässig erwiesen
haben.
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1 Motivation

Understanding Nuclear Structure

Scientists and philosophers throughout the centuries have striven for a fundamental under-
standing of the world around them. In this endeavor, physicists were remarkably successful in
dividing all they knew into smaller and smaller pieces. For a long time, the atom was believed
to be the indivisible building block of nature. But by the late 19th century, the observation of
spectral lines by Gustav Kirchhoff and Robert Bunsen already indicated some internal structure
of the atom. Soon thereafter, based on the observed scattering of α-particles on a gold foil,
Ernest Rutherford in 1911 formulated the idea of the atom being divided into a small, positively
charged nucleus, surrounded by a distribution of negatively charged electrons [Rut11]. This
concept laid the foundation for a century of rapid evolution in particle and nuclear physics
[Fer13]. It became clear that each nucleus is a composite of nucleons (neutrons and protons)
held together by the strong force. The number of protons determines the chemical element and
the number of neutrons distinguishes the isotopes of a given element. Since the early 1900s,
scientists have discovered approximately 3300 different isotopes, of which only 288 are stable
[ENS20]. Most isotopes disintegrate through β-decay, α-decay, or fission within a timescale
determined by their half-life.
The experimental exploration and theoretical description of this nuclear landscape is an ongoing
challenge. A significant intermediate step was the proposal of a nuclear shell model by Maria
Goeppert Mayer [May49] and, at the same time, Otto Haxel, Hans Jensen, and Hans Süß
[Hax49]. They explained striking experimental observations, like the particular stability of
certain nuclei, by introducing a simple structure of nuclear shells with sequentially increasing
energies. Although their simple mathematical model is insufficient for modern nuclear theories,
the concept of nuclear shells is still utilized.
Today, the fundamental understanding of the physical world has evolved beyond the level
of nucleons. The so-called standard model divides the elementary particles into fermions
(half-integer spin) and bosons (integer spin). While the fundamental building blocks of matter
are all fermions (quarks, leptons) all particles that mediate forces are bosons (e.g. γ, Z0, W±,
gluons)* [Pov06]. Protons and neutrons are composite particles and contain quarks and gluons.
The quark-gluon interaction is well understood in the theory of quantum chromodynamics
(QCD) [Mar78].
In principle, the theory of nuclear physics could therefore evolve directly from the quark-gluon
dynamics of QCD, but this approach is so far only possible for the most simple cases [Dür08;
Fod12]. Instead, effective field theories (EFTs) of the nuclear interactions can bridge the gap

*Composites of the fundamental particles can be fermions or bosons, like, e.g., the protons and neutrons are
made of 3 quarks and are fermions, while the deuteron with I = 1 is a boson.
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Figure 1.1: In the past decade, nuclear ab initio theories have rapidly evolved. While
in 2009 (insert), ab initio calculations were only possible for the lightest nuclei, they
already reached far into the medium-mass region in the year 2018 (illustration by Heiko
Hergert from [Heb21]). Additionally, datapoints from a successful set of ab initio charge
radius calculations [Hag16a] are shown. Grey stars indicate light-mass charge radii that
were used to optimize the nuclear interaction while the blue stars denote calculations
of experimentally known nuclear charge radii. The value for 56Ni (yellow star) is a
prediction and the experimental charge radius has been determined within this work.

between the elementary particles of the standard model and nuclear structure [Heb21]. They
rely on the fact that small details of the quark-gluon dynamics will not be resolved at the
nuclear level and can thus be encapsulated in effective interactions that are, however, still
constrained by the fundamental symmetries of QCD. The tremendous advance in computing
power enabled these effective interactions to be used in so-called ab initio many-body frame-
works to calculate nuclear observables. Those methods have made significant progress in the
past decade, advancing from light systems far into the medium-mass region of the nuclear
landscape (see Fig. 1.1). The reliability of these calculations can be assessed through principal
nuclear properties like the masses (expressed as binding energies) and the sizes (defined
through root-mean-square radii) of different nuclei. This is usually an interplay between theory
and experiment: While a good theory must correctly reproduce benchmark measurements,
it should also deliver predictions for unmeasured nuclear observables. Experiments will then
strive to confirm or disprove those predictions. For present ab initio theories, especially the
simultaneous and accurate calculation of nuclear observables in the medium-mass region is still
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very challenging [Bin14; Lap16]. It is, therefore, crucial to provide high precision experimental
benchmarks in that region, which can guide the systematic construction of accurate many-body
interactions in EFT.

Precision Measurements by Laser Spectroscopy

Such high-precision experiments can be performed with collinear laser spectroscopy (CLS)
[Kau76; Sch78; Cam16]. This technique probes the discrete energy spectrum of the electronic
system surrounding the nucleus. If light from a laser source matches one of the resonance
conditions of that quantum system, it can be absorbed, re-emitted, and finally measured as
a fluorescence signal. The exact resonance frequency that can be determined by such an
experiment depends not only on the electronic system but also on the structure of the nucleus
in its center. Between isotopes of the same element, a shift of the resonance frequency can be
observed due to their different nuclear masses m and charge radii Rc. In addition, the nuclear
spin I splits the spectral lines into multiple sub-levels and the spacing between those depends
on the nuclear magnetic dipole moment µ as well as the nuclear electric quadrupole moment
Q. These effects are summarized as the hyperfine structure and allow the extraction of the
respective nuclear properties from precise measurements of the electronic spectrum.
Of particular interest is the investigation of short-lived, radioactive isotopes by means of
laser spectroscopy. This requires a fast handling of the species of interest directly at on-line
facilities where the isotopes are produced. Collinear laser spectroscopy was invented for this
purpose at the TRIGA reactor in Mainz [Sch78] and soon thereafter implemented at the
ISOLDE facility at CERN [Mue83]. It allows for high precision measurements by superimposing
the radioactive beam and the laser beam in a collinear geometry. In the 1980’s, resonance
ionization spectroscopy was developed and became the second workhorse in this field, even
though often at lower resolution. These technologies provided a wealth of nuclear data through
the last decade [Cam16] with unsurpassed precision for charge radii and ground-state nuclear
moments.
Many technical developments have made the sensitivity and versatility of CLS possible [Nör14a].
Among these, the application of ion beam coolers and bunchers, as well as the collinear-
anticollinear approach to reduce uncertainties from the acceleration voltage are of particular
interest for this work. Bunching the beam of isotopes significantly increases the sensitivity of
the technique by up to a factor of 1000 [Nie02], thus facilitating the investigation of isotopes
that are difficult to produce in large quantities. An additional component that has been used in
CLS from the early days is the charge-exchange cell, which neutralizes a beam of ions through
collisions with vapor particles [Klo12]. Afterwards, spectroscopy can be performed on the
atomic system instead of the ionic one. Atomic transitions generally occur at lower wavelengths
and in many cases, no laser system is available to address the transitions in the ion. Within
this work, an advanced design of a charge-exchange cell has been realized that will help to
increase the neutralization efficiency for specific elements.
Not least because of these technical developments, collinear laser spectroscopy has evolved
into a highly regarded tool in nuclear structure experiments. Isotopes all across the nuclear
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chart have been investigated with laser spectroscopy* to provide precision measurements
of nuclear spins, nuclear charge radii, magnetic dipole moments, and electric quadrupole
moments. Different research facilities around the world can each produce radioactive isotopes
from different regions of the nuclear chart and continuous efforts are made to reach previously
unattained elements and isotopes. Part of this work (see Ch. 3) has contributed to establish
a CLS experiment at the CAlifornium Rare Isotope Breeder Upgrade (CARIBU, [Sav08]) at
Argonne National Laboratory in Chicago.

Isotopes of Nickel as a Benchmark for Nuclear Theories

Since laser spectroscopy is performed on the electronic shell, the measurements do not depend
on any input from nuclear theory. This makes them ideally suited for comparisons with calcu-
lations.
Especially the nuclear size, measured as the root-mean-square radius Rc =

√︁
⟨r2⟩, provides an

excellent benchmark for nuclear theories since it is readily accessible through most many-body
methods. In particular, the charge radii of oxygen (16O) and calcium (40, 48Ca) isotopes have
served as stringent benchmarks for ab initio nuclear theories [Hag16a]. These isotopes exhibit
a simple nuclear structure in which the neutrons and protons occupy all available energetic
levels in a so-called "doubly-magic" closed shell. Such configurations are comparably easy
to calculate in ab initio many-body methods and some methods are even solely possible for
nuclei with closed shells. The next-heavier of these simple nuclei is 56Ni and predictions for
its nuclear charge radius have already been published using various ab initio methods (e.g.
[Hag16a; Hüt20]). However, it has not yet been possible to experimentally determine the
charge radius of 56Ni before this work. But not only the absolute charge radii of doubly-magic
isotopes are interesting benchmarks for nuclear theory. It has also been observed that nuclear
charge radii along a chain of isotopes often exhibit a significant change in slope (also referred
to as a discontinuity or a "kink") at such shell closures (e.g. [Min16; Gor19]). These changes
can be challenging to reproduce for nuclear theories and, therefore, measurements of at least
one additional isotope with N < 28 are very insightful.
For this reason, an experimental campaign to measure neutron-deficient isotopes of nickel by
collinear laser spectroscopy has been conducted at the BEam COoler and LAser spectroscopy
(BECOLA) experiment, located at the National Superconducting Cyclotron Laboratory (NSCL)
in East Lansing, USA. The experiment and its analysis will be presented within this work and
the results will be discussed with respect to modern nuclear theories.
This includes a high precision measurement of the nuclear charge radius of 56Ni that can be
compared to the existing theory predictions. The new value will aid future attempts to connect
light nuclei, medium-mass nuclei, and nuclear matter in nuclear ab initio theories as motivated
above.
Two additional isotopes 54,55Ni were measured below the doubly-magic shell closure at
N = Z = 28. The neutron-deficient isotopes from this work are complemented by recent
measurements of neutron-rich nickel isotopes [Kau20; Mal22] by the COLLAPS collaboration

*A regularly updated overview of optical spectroscopy experiments on radioactive isotopes can be
found under https://www.ikp.tu-darmstadt.de/gruppen_ikp/ag_noertershaeuser/research_
wn/exotic_nuclei_wn/uebersicht_2/laserspectroscopy_survey.de.jsp
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at ISOLDE (CERN). Together, a long chain of nuclear charge radii in nickel (54-56Ni, 58-68Ni and
70Ni) is now available and provides a valuable insight to present and future theories. As an
example, phenomenological density-functional theories (DFTs) [Rei17] have had great success
in describing the evolution of charge radii along, e.g., the calcium and cadmium isotopic chains
[Ham18; Mil19]. The present results will enable a comparison of these successful functionals
with the experimental charge radii of nickel isotopes. Particular attention will be paid to the
evolution across the N = 28 shell closure.
Finally, the hyperfine spectrum measured within this work reveals electromagnetic moments
of 55Ni. These can contribute information on a proposed "softness" of the 56Ni nuclear core
that has been excessively discussed in the literature (e.g. [Ots98; Hon04; Ber09]). A so-called
"soft" nucleus can be easily deformed from its natural, spherical shape through quadrupole
excitations.
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2 Theory

2.1 Nuclear Theory

A crucial step towards the modern theory of the nucleus was made in 1932 when James
Chadwick discovered the neutron [Cha32]. It quickly became apparent, that these new neu-
tral particles could, together with the protons, be the constituents of every nucleus [Iva32].
Adopting this assumption, Werner Heisenberg concluded that nuclear physics would henceforth
be based on these two fundamental particles, called nucleons, and the interaction between
them [Hei32a; Hei32b; Hei33]. Since then, the theory of nuclear physics evolved around
the questions on how to describe the interaction between the nucleons and how to solve the
resulting quantum-mechanical many-body problem for the nucleus. Initially, this proved to be
a difficult challenge, since there was no deep understanding of the strong interaction between
nucleons and the complexity of the many-body physics was overwhelming. Instead, many
phenomenological approaches towards nuclear theory were employed, with probably the most
successful and intuitive being the liquid drop model and the nuclear shell model. While the
former can roughly reproduce experimentally observed macroscopic trends like masses or
radii across the nuclear chart, the latter is particularly suited to describe local effects like
the so-called magic numbers and, in particular, the behavior and trends of electromagnetic
moments and excitation energies of nuclei.
Today the strong interaction is best described based on the theory of quantum chromodynamics
(QCD). But due to its complicated structure and its non-perturbative behavior at low-energies,
it can currently not be used to directly describe nuclear physics. Instead, the nuclear systems
are modeled according to their low-energy degrees of freedom, which are the colorless hadrons
including neutrons, protons, and pions. Effective interactions between these particles can
be derived systematically from the symmetries and symmetry breaking patterns of QCD and
serve as input for quantum many-body methods. These so-called ab initio nuclear theories
are a quickly evolving field of research and many different approaches are being realized and
are applied with different mathematical many-body methods [Heb21]. While some methods,
like the Green’s Function Monte Carlo Method (GFMC) [Wir02] or the No-Core-Shell-Model
(NCSM) [Bar13], are limited to light nuclei due to a factorial scaling with the particle number,
other methods apply well-controlled approximations to reach heavier nuclei like Nickel or even
tin, e.g. the in-medium similarity renormalization group (IMSRG) [Her16].

2.1.1 The Nuclear Shell Model

The first proposal for a nuclear model was based on the observed saturation properties of the
nucleus, its low compressibility and the well-defined surface, and suggested that the nucleus
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Figure 2.1: The two-proton/neutron differences in the nuclear binding energy showcase
the emergence of a nuclear shell pattern. Nuclei with so-called magic numbers have a
significantly increased binding energy compared to their neighbors. Data fromAME2020
[Hua21].

could behave like a drop of liquid [Gam30]. This model explained many general trends of
nuclear properties such as their binding energies per nucleon, described by Weizsäcker in the
semi-empirical mass formula [Wei35] and refined by Bethe [Bet36]. However, the liquid-drop
model could not explain a reoccurring local effect in the nuclear chart: Nuclei with certain
neutron or proton-numbers appear to be particularly stable, just like noble gases are particularly
inert due to their full electron ’shells’. This is clearly visible in Fig. 2.1, where the nuclear
binding energies of all nuclei are compared to their N,Z ± 2 neighbors. Similar patterns are
observed for many other nuclear observables, such as the E(2+1 ) and E(4+1 ) energies [Ben16]
or the nuclear charge radii [Ang09].
The principal idea, that protons and neutrons in the nuclei could also be arranged in shells,
was already suggested early after the discovery of the neutron [Els33]. But it took until 1949
when Maria Goeppert Mayer at Argonne National Lab, as well as a German group around Hans
Jensen independently showed, that these aforementioned special numbers of nucleons could
be explained with a simple single-particle approach including spin-orbit coupling [May49;
Hax49].
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The Single Particle Oscillator

In the nuclear shell model, the nucleus is not treated as a collective of nucleons. Instead, the
interaction between nucleons is reduced to a medium single-particle potential, which every
nucleon is effectively subjected to by the presence of all other nucleons. This approach is
justified by the large mean free path of the nucleons, which is of the order of the nucleus itself.
The shape of the effective potential is purely phenomenological and described by Goeppert
Mayer as ’somewhat between that of a square well and a three-dimensional isotropic oscillator’
[May50]. It should of course contain the nuclear binding potential and, for protons, also the
coulomb-potential. In a first-order approach, the nuclear potential can be modeled through
square-well potentials for each nucleon with different reach and depth. The combination of
these is in turn crudely approximated as a parabolic potential. The Coulomb potential inside
the nucleus (r ≤ R0) is well known and, thus, an effective potential could be written as

Veff(r) = Vnuc(r) + Vcoul(r) = −Vn

(︃
1− r2

R2
0

)︃
+

(Z − 1)e2

4πϵ0R0

[︃
3

2
− r2

2R2
0

]︃
. (2.1)

With some re-arrangement of these terms, it becomes obvious, that this resembles a classic
harmonic oscillator potential of the form

V (r)HO =
mω2

2
· r2 − V0 (2.2)

The parameters of the oscillator potential can be chosen to match observations. For the neutron,
the contributions of the coulomb term vanish, making the potential deeper (Vn < V0) and
narrower. This oscillator approach is very convenient since the Schrödinger-equation for a single
nucleon in a harmonic oscillator can be solved. The corresponding single-particle Hamiltonian
comprises the effective potential and a potential energy term (see e.g. [Rot20])

ĥHO =
1

2m
p̂2 + Veff(r). (2.3)

Due to the spherical symmetry, its single particle eigenvalues can be expressed in terms of the
radial quantum number n = 1, 2, 3..., the angular momentum quantum numbers l = 0, 1, 2...
and ml = −l, ..., l, as well as the spin and isospin* quantum numbers s,ms and t,mt

|α⟩ = |nlm⟩ ⊗ |sms⟩ ⊗ |tmt⟩. (2.4)

The energy eigenvalues of the harmonic oscillator are analytically known. They are equally
spaced, according to the harmonic oscillator quantum number N = 2(n− 1) + l

EN = h̄ω

(︃
N +

3

2

)︃
− V0. (2.5)

This also shows that each of these energy levels is degenerated according to the possible
combinations of the three spherical quantum numbers n, l,ml as well as the spin ms. The
degeneracy D(N) of the eigenstates is found to be

D(N) = (N + 1)(N + 2). (2.6)
*Spin and isospin are s = t = 1/2 for protons and neutrons. The projection of the isospin quantum number

simply distinguishes protons (mt = + 1
2
) and neutrons (mt = − 1

2
).
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Figure 2.2: A nuclear shell structure that reproduces observed ’magic numbers’ arises
from the simple HO-model when spin-orbit coupling is introduced. In this thesis, the
N,Z = 28 shell-closures are of particular interest. The level spacings shown are not
to scale and can in fact shift within the nuclear chart, leading to the diminishing of
traditional magic numbers and the emergence of new ones (see [Ots20] for a recent
review).

Magic Numbers and Spin-Orbit Coupling

The sum of all degenerate energy levels up to a certain HO quantum number
∑︁Nmax

N=0 D(N) has
the values 2,8,20,40,70,... and defines the number of nucleons, that can occupy the eigenstates
of the oscillator up to Nmax. These were named ’magic numbers’ and the first three agree
with the aforementioned numbers of nucleons for particularly stable nuclei. However, above
20 nucleons these magic numbers do not match the observations anymore, and additional
interactions between the nucleons have to be included in the effective potential.
A breakthrough for the nuclear shell model was achieved by taking into account the spin-orbit
interaction. A coupling of the spin s and orbital angular momentum l of a particle to define a
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total angular momentum j had already been observed for the electrons in the atomic shell.
It was thus plausible to assume, that a similar effect could be relevant for nucleons. Such an
interaction can be modeled by an additional spin-orbit contribution to the potential:

Vls =
1

h̄2
VSO(r)

̂⃗
l · ̂⃗s. (2.7)

The expectation value of the scalar product can be calculated in terms of the quantum numbers
l, s = ±1/2 and j = l ± s and the potential thus reads:

Vls = VSO(r)
1

2

[︃
j(j + 1)− l(l + 1)− 3

4

]︃
=

{︄
+VSO(r) · l

2 for j = l + 1
2

−VSO(r) · l+1
2 for j = l − 1

2

(2.8)

This shows, that the additional potential lifts part of the degeneracy of the harmonic oscil-
lator eigenstates by splitting energy levels with l > 0. The splitting scales with the angular
momentum quantum number l and is asymmetric. The exact form of the potential VSO is again
a phenomenological choice, but observations reveal, that states, where l⃗ and s⃗ align should
be more tightly bound and, thus, VSO is chosen to be negative. The ls-splitting reduces the
degeneracy of the energy-eigenstates to D(j) = (2j +1) and the shifted levels can then indeed
explain the observed shell closures of N,Z = 2, 8, 20, 28, 50, 82 and N = 126 as visualized in
Fig. 2.2.
The shell model presented up to here is typically referred to as the ’naive’ shell model or the
independent-particle model (IPM). Other than the isotropic harmonic oscillator and the strong
spin-orbit term, a surface correction term Dl⃗2 is often introduced [Nil55], interpolating a more
realistic potential in between the HO and the square well:

V (r)IPM =
mω2

2
· r2 +Dl⃗2 + Cl⃗ · s⃗. (2.9)

The reproduction of the observed magic numbers with a simple phenomenological approach
was a remarkable success. Furthermore, in the vicinity of closed shells, the model can also
predict to some degree the electromagnetic moments (see Sec. 2.1.4). After the early success,
the shell model was continuously evolved: The rise of computational physics empowered
the advance beyond harmonic oscillator and square well, with the most prominent successor
being the Woods-Saxon potential [Woo54]. With this, the known charge densities inside
larger nuclei are reproduced much better, but the problem can only be solved numerically.
The shell model also proved particularly successful for so-called single-particle states around
closed shells. Additional particles or holes (missing particles) are then treated as valence
nucleons with respect to the doubly-magic ’core’. Experimentally, these states can directly be
studied through single-particle knockout or pickup reactions [Han03]. While the independent
particle model discussed above already explains many microscopic nuclear observations, it
has a few fundamental shortcomings. In particular, it is explicitly a phenomenological single-
particle approach, in contrast to a full systematic access to the nuclear many-body problem.
However, the IPM can pave the way to an interacting shell model by providing a basis of
Slater determinants and the concept of a restricted ’valence Space’ [Cau05]. The many-body
Hamiltonian can then be separated into a solvable IPM-part H0 and the residual interaction
Vres.
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2.1.2 Modern Nuclear Theory

Current theories of the nuclear structure include two very different approaches: Mean-field
models expand on the concept of an effective potential, which each single nucleon is exposed to
and that is generated by all other nucleons. The IPM introduced above is one such mean-field
approach. But instead of using phenomenological potentials like the Woods-Saxon potential,
modern variants strive to deduce the nuclear potential in a self-consistent iteration process.
On the other hand, ab initio nuclear models aim to derive the nucleon-nucleon interaction
directly from QCD, the modern theory of the strong force. Effective field theories that respect
the symmetries of QCD are typically employed with mathematical many-body methods.
While mean-field theories are widely applicable across the nuclear chart (e.g. [Erl12; Sto09]),
ab initio methods were used only for light nuclei for many years but have rapidly expanded to
medium-mass nuclei in the past decade (see Fig. 1.1).

Self-Consistent Mean-Field Theory

Self-consistent mean-field theories (SCMF) play a crucial role in modern-day nuclear modeling
initiatives. Extensive reviews can be found in [Ben03; Dug14]. Mean-field approaches to the
nuclear structure are based on the so-called variation principle [Row10; Rin04]. It can be
shown that the Schroedinger equation

Ĥ |Ψ⟩ = E |Ψ⟩ (2.10)

is equivalent to the identification of stationary states (minima and saddle points) of the energy
expectation value. This task can be accomplished through infinitesimal variations of the wave
function

0
!
= δE [|Ψ⟩] = E [|Ψ⟩+ |δΨ⟩]− E [|Ψ⟩] . (2.11)

Typically, a rough guess of trial wave functions |Ψt⟩ (often the eigenfunctions of a harmonic
oscillator) is employed to find a first set of stationary states. This yields a set of single-particle
energies but also a new set of wave functions that can be used as improved test-states to solve
the problem iteratively. A self-consistent solution has been found if the resulting wave functions
do not vary any more.
Since the realistic nucleon-nucleon interaction is not known analytically, all SCMF models
have to introduce some kind of effective interaction. One of the most widely used approaches
is the Skyrme-Hartree-Fock (SHF) model [Sky58]. It is modeled in terms of energy density
functionals E and expressed through a collection of densities and currents. The total binding
energy E is constituted as the sum of kinetic energy, the Skyrme energy functional (as a model
for the effective interaction between nucleons), the Coulomb energy, a pairing energy, and an
energy correction for center-of-mass motion [Sto07]

E = Ekin +

∫︂
d3r

(︁
ESkyrme + ECoulomb + Epair + Ecm

)︁
. (2.12)

The model is motivated by many-body theory and leaves about 6-12 free parameters, which
are determined by a fit to large samples of reliable input data. This typically includes nuclear
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Figure 2.3: Charge radii of calcium isotopes calculated from Skyrme and Fayans energy
functionals are compared to experimental values in this plot from reference [Mil19].
The Fayans functional clearly exceeds the Skyrme parametrization in reproducing the
extensive odd-even staggering of the experimental values as well as the general trend
along this chain. For the weakly bound nuclei, the full Hartree-Fock-Bogolyubov (HFB)
formalism has to be employed instead of the Barden-Cooper-Schrieffer (BCS) approxi-
mation, improving the agreement on the neutron-deficient as well as on the neutron-rich
side.

ground-state properties with the most decisive contributions being the binding energies and the
root-mean-square charge radii [Klü09]. The Skyrme energy functional is practically applicable
across the whole nuclear chart, as demonstrated with proton- and neutron-dripline calculations
[Erl12] or large-scale mass table calculations of several thousand (partly unknown) isotopes
[Sto09]. In general, the SHF is well understood and nuclear bulk properties can be described
with high quality throughout the known nuclear landscape from light nuclei to superheavy
elements. Systematic trend analysis in the Skyrme functional has helped to identify strong
correlations between nuclear charge radii and the saturation density of nuclear matter ρ0
and between the neutron-skin thickness and the slope of the symmetry energy L [Rei16b].
The reliability of extrapolations away from the input data of the model can be statistically
estimated, but a systematic error analysis is more difficult [Rei16a].
While the Skyrme functional is very suitable to describe smooth global trends, it is less capable
of reproducing specific features of nuclear ground-state properties. For example, the odd-
even staggering in nuclear charge radii is usually significantly underestimated [Gar16], and
kinks in the isotope shifts of charge radii are often not reproduced [Gor19]. To address these
shortcomings, the Fayans functional has been introduced [Fay98; Fay00], which includes a
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more complex dependence on particle densities. Its most relevant addition is a pairing gradient
term, which enables the reproduction of odd-even effects. The Fayans functional has been
tuned to data from differential charge radii in order to activate the gradient term [Rei17] and
it has since proven successful in describing (though sometimes overestimating) isotopic trends
and kinks in experimental charge radius data [Ham18; Gor19; Gro20]. Figure 2.3 visualizes
the descriptive power of the Fayans functional for the calcium isotopes. The overall agreement
is much better than that of the Skyrme functional SV-min and reproduces both the odd-even
staggering and the pronounced kink at A = 48. Additionally, the data shows that a commonly
used approximation of the quantum mechanical formulation, the Barden-Cooper-Schrieffer
(BCS) approximation, is not sufficient to reproduce the charge radii of weakly bound proton-
rich nuclei. Instead, the full Hartree-Fock-Bogolyubov (HBF) formalism is necessary, which
spatially localizes the nuclear densities [Mil19].

Ab Initio Nuclear Theory

A very different approach is realized by so-called ab initio theories. They are based on the
microscopic understanding of particle physics, the standard model, and aim to predict the
properties of complex nuclear compounds on that basis. According to the standard model
[Pov06], nucleons are composites of quarks and gluons and the interaction between these
sub-particles can be described by quantum chromodynamics (QCD), the modern theory of
the strong force. Instead of a direct calculation of nuclear structure from QCD (which is very
difficult), most modern ab initio methods utilize chiral effective field theory (EFT) to derive
nuclear low-energy interactions that respect the fundamental symmetries of QCD [Epe09]. The
fundamental degrees of freedom are then the neutrons, protons, and pions, instead of quarks
and gluons. EFT allows to systematically derive all contributions to the nuclear interaction
based on a simple expansion scheme that is shown in Fig. 2.4. The contributions are visualized
as Feynman diagrams and are organized from most important towards less important contribu-
tions depending on the number of particles involved, as well as a power counting with regard to
momentumQ and a chiral energy breaking scaleΛ. All interactions are parametrized in terms of
long-range pion exchange and short-range contact interactions and a comprehensive overview
of the different contributions can be found in [Mac16]. Leading order contributions (LO) are
independent of momentum (∼ Q0) and include only direct nucleon-nucleon (NN) coupling
and static one-pion exchange. The complexity of the contributions increases towards higher
orders, e.g., with two-pion exchanges introduced at next-to-leading order. While two-nucleon
forces have been applied successfully, for some aspects of nuclear structure three-nucleon forces
(3N) can not be neglected. A recent review by Kai Hebeler summarizes the progress made in
the application of three-nucleon forces in ab initio theories [Heb21].
The nuclear interactions derived from chiral EFT are used as input for ab initio many-body
frameworks. Each of the available methods has its own benefits and drawbacks regarding,
among others, the accessibility of nuclear observables, applicability to open- and closed-shell
systems, or the scaling behavior with respect to the nuclear mass number. For the investi-
gation of medium-mass nuclei, frameworks like the in-medium similarity renormalization
group (IMSRG) [Her16] or coupled-cluster (CC) calculations [Hag14] are particularly suited,
because they scale efficiently (polynomial with system size) into the medium-mass region.
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Figure 2.4:Contributions to the nuclear interaction can be sorted in an expansion scheme
of chiral effective field theory. In Feynman diagrams, the nucleons are visualized as
full lines, while pions are depicted as dashed lines. At leading-order (LO), only direct
nucleon-nucleon (NN) couplings and static one-pion exchange are relevant. At higher
orders, two- and three-pion exchanges must be considered. Three-nucleon contribu-
tions (3N) cancel exactly at NLO but start to become relevant at the following orders.
Schematic from [Heb11].

Both methods are formulated in terms of the second quantization, i.e., with creation and
annihilation operators â†, â. And both methods use a similarity transformation to decouple a
reference state from the particle-hole excitations.
CC theory implements a transformation H̄ = e−THeT of the Hamiltonian through an expo-
nentiated cluster operator T = T1 + T2 + T3 + ... + TA, where each operator Tn generates
particle-hole excitations with respect to some reference state. Through the transformation,
the excited states are being decoupled from the reference state. Often a truncation after the
second operator T = T1 + T2 is made to only allow 1p1h and 2p2h excitations in the so-called
coupled-cluster singles-doubles (CCSD) method. However, through product-states of the Taylor
expansion of eT , certain npnh excitations are included without requiring the computation of
additional coefficients.
While the CC transformation is non-unitarian, the IMSRG method achieves a unitary trans-
formation of the Hamiltonian H(s) = U(s)HU †(s) through “in-medium” flow equations that
accomplish a block-diagonalization of the many-body Hamiltonian. The 0p0h reference state
can be completely decoupled from the excitations, and a truncation is typically made beyond
the 2p2h level.
In their standard form, both the IMSRG and CC methods are limited to the description of nuclei
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at or around (sub-)shell closures. Additional effort has to be taken to reach open-shell nuclei,
for example in the valence-space IMSRG method (VS-IMSRG).

2.1.3 Nuclear Radii

One of the most obvious properties of a nucleus is its size, specifically the radius. If the nucleus
is described as a sphere with a constant density and a relatively sharp surface (liquid drop
model), the radius is directly related to the number of nucleons A

R = r0A
1/3 with r0 = 1.2 fm, (2.13)

where r0 is empirically determined. However, a definition of a nuclear ’radius’ is not as obvious
as it is for a solid sphere. First of all, it is necessary to distinguish between several nuclear
radii: a matter radius Rm related to the total mass distribution, a charge radius Rc related to
the charge (or proton) distribution, and a neutron radius Rn according to the distribution of
neutrons inside the nucleus. Heavy elements for example typically display a larger neutron-
than charge-radius, due to their neutron excess. This effect is referred to as a neutron skin. In
light elements, similar effects can be observed as so-called neutron- or proton-halos [Tan13].
Furthermore, the nuclear distributions have no sharp surface and are often deformed from the
spherical shape, making a radius definition even more difficult.

Root-Mean-Square Charge Radii

In the context of this work, the nuclear charge radius is of pronounced interest and will thus
be discussed in detail. A suitable measure for the size of the nuclear charge distribution ρ(r⃗) is
the root-mean-square (rms) charge radius

Rc,rms =
√︁
⟨r2⟩ =

√︄∫︁
r2ρ(r⃗)d3r∫︁
ρ(r⃗)d3r

. (2.14)

This definition of the nuclear charge radius is widely used because it can be linked to experi-
mental observations. The most direct way to measure a nuclear charge distribution is to use a
point-like, purely electromagnetic probe as is done in electron scattering experiments. This field
was pioneered by Robert Hofstadter who showed, that the rms charge radius can be extracted
from nuclear form factors independent of the distribution model [Hof56]. The form factor
F can be interpreted as a description of how the nucleus deviates from a point-like charge,
which also becomes obvious in that it is the Fourier transform of the charge distribution. The
form factor can be determined from elastic electron scattering experiments at low (< 1GeV)
energies as not to disintegrate the nucleus. The rms charge radius is then given by extrapolation
of the form factor to zero momentum transfer q as:

⟨r2⟩ =
[︃
−6

dF (q2)

dq2

]︃
q2=0

. (2.15)

A lot of experiments to examine the charge distributions of nuclei have been conducted using
this technique [Fri04b]. One major drawback however is the need for a stationary target,
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which limits the applicability of electron scattering experiments almost exclusively to stable
isotopes. To overcome this obstacle and perform electron scattering on exotic nuclei stored in
storage rings, efforts are underway at FAIR and RIKEN [Sud17].
On the other hand, a different experimental approach to determine charge radii changes
along a chain of isotopes is known for almost a century and is routinely applied for short-lived
isotopes: The change of nuclear mean square charge radii δ⟨r2⟩A,A′

= ⟨r2⟩A′ − ⟨r2⟩A between
two isotopes is accessible through laser spectroscopic measurements of the so-called isotope
shift and will be discussed in Sec. 2.2.2. Additional information can be obtained from muonic
atoms. The muon is bound much closer to the atomic nucleus due to its 207 times heavier mass,
and frequency shifts in x-rays, particularly in theKα lines, are much stronger than in the optical
regime. In this case, the probability density of the muon cannot be treated as being constant
inside the nucleus, and therefore a so-called Barret moment Rkα [Bar70] is extracted from
muonic x-ray spectroscopy. It can, however, be related to the rms charge radius as [Fri04b]

Rkα

V e
2

=
√︁
⟨r2⟩ (2.16)

using the so-called V -factors that are extracted from elastic electron scattering. All three
methods can then be combined to extract precise absolute charge radii also for radioactive
isotopes.
As noted before, nuclei are often not spherical but deformed. The deformation will lead to
an increase of the mean square charge radius compared to a spherical nucleus with the same
volume and density. An estimate for the increase can be made if a quadrupole-deformed
nucleus is assumed (see [Nör14b]). Compared to the mean square radius ⟨r2⟩sph of a respective
spherical nucleus, the deformed mean square radius can then be expressed in terms of the
deformation parameter β2 as:

⟨r2⟩ = ⟨r2⟩sph +
5

4π
⟨r2⟩sph · β2

2 . (2.17)

The differential charge radii δ⟨r2⟩ are very sensitive to changes in β2
2 and are thus a valuable

probe for nuclear deformations.

2.1.4 Nuclear Moments

The magnetic dipole moment and the electric quadrupole moment are two other fundamental
properties of the nucleus, which are accessible by various experimental approaches and often
compared to nuclear theory. A tabulation of known nuclear moments can be found in [Sto15]
with recent updates [Sto19; Sto20].

Magnetic Dipole Moment

In general, the magnetic moment of a nuclear state with spin I is given by µ⃗ = gIµN
I⃗
h̄ , where

gI is the nuclear gyromagnetic ratio and µN = eh̄/(2mp) the nuclear magneton. The magnetic
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moment of a nucleus arises from the orbiting charged particles and the spin-induced magnetic
fields of the nucleons [Neu06]. This leads to the dipole operator

̂⃗µ =

A∑︂
i=1

{︂
l⃗igl + s⃗igs

}︂
, (2.18)

where the orbital gyromagnetic ratio is gl = 1 for protons and zero for neutrons. The intrinsic
spin g-ratios are gs = +5.58 for protons and gs = −3.83 for neutrons. The magnetic dipole
moment µI is the expectation value of the z-component of the dipole operator. In the single-
particle shell-model picture of a valence nucleon around a doubly magic core, an expectation
value for the property l⃗gl + s⃗gs can be explicitly derived using the Wigner-Eckart theorem (see
[Hey90]). The resulting value for the single particle nuclear moment µ(I) is typically given in
units of µN as:

µI = g · I =

(︃
gl ±

gs − gl
2l + 1

)︃
· I for I = j = l ± 1

2
(2.19)

These single-particle moments are called the Schmidt moments, but they are only a good
approximation in light doubly-magic±1 nuclei. The magnetic moments gs will in reality be
influenced by the presence of other nucleons and effective g-factors can be used instead. In
the Nickel region, for example, the effective g-factors are fitted to be geff = 0.7gs [Hon09].

Electric Quadrupole Moments

Following the introduction in [Neu06], the electric quadrupole moment operator can be defined
as

Q̂ =
A∑︂

k=1

ek
(︁
3z2k − r2k

)︁
, (2.20)

with the electric charge ek and the position coordinates (zk, rk) of the k-th particle. This shows,
that the quadrupole moment is related to the deformation of the charge distribution of the
nucleus. The observable quantity is the expectation value of the z-component of the quadrupole
operator, often called the spectroscopic quadrupole moment Qs(I). Again, in the shell-model
picture of core and valence nucleons, an explicit value can be derived for the single-particle
quadrupole moment [Hey90]

Qs.p.(I = j) = −ej
2j − 1

2j + 2
⟨r2⟩. (2.21)

The quadrupole moment is determined by the orbital quantum number j of the unpaired
nucleon with effective charge ej and the mean-square radius of that configuration ⟨r2⟩. While
the free nucleon charges are en = 0 for the neutron and ep = +e for the proton, the unpaired
nucleons will interact with the core-nucleons and can polarize the core, leading to the effective
charges ej . A particle in orbit j will lead to an oblate shape (Qs.p. < 0), while a hole will
polarize the core to a prolate shape (Qs.p. > 0)*, as visualized in Fig. 2.5. Near the doubly

*Regarding the calculation of the single-particle moment, the distinction of particle and hole states is reflected
in a change of sign: ej(hole) = −ej(particle).
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Q<0 Q>0

z z

Figure 2.5: A non-vanishing nuclear quadrupole momentQ leads to a deformation of the
nucleus. This can be understood in the single-particle picture, where a valence particle
orbiting a spherical hole leads to an oblate shape (Qs.p. < 0, left), while a valence hole
deforms the nucleus into prolate shape (Qs.p. > 0, right).

magic nucleus 56Ni, effective charges of (ep, en) = (1.15e, 0.80e) have been determined [Rie04].
The spectroscopic quadrupole moment Qs(I) can be related to an intrinsic quadrupole moment
Q0 reflecting a strong spacial deformation β2 of the nucleus (introduced in Sec. 2.1.3) and the
thereby induced quadrupole moment. The intrinsic moment in terms of the deformation can
then be written as [Neu06]:

Q0 =
3√
5π

ZR2β2 (1 + 0.36β2) , (2.22)

where R is the radius of a spherical nucleus as defined in Eq. 2.13. If both the intrinsic
quadrupole moment and the differential charge radius are experimentally available, a compar-
ison of the extracted β2 and β2

2 can be used to distinguish static quadrupole deformations from
dynamic deformations due to collective vibrations [Che07].

2.2 Atomic Theory

Laser spectroscopy on atoms or ions is a valuable type of experiment for revealing detailed
information about the electronic system. But in addition, through the interaction of the
electronic ensemble with the finite-sized, charged nucleus in the center, the atomic spectrum
can also reflect some of the nuclear properties, if it is investigated at adequate resolution.

2.2.1 Atom Spectroscopy and the Fine Structure

The quantum mechanical problem of electrons orbiting a nucleus is well described through
a large set of discrete energy levels. A detailed introduction can be found in the educational
literature, e.g. [Her17]. Each energy level is characterized by quantum numbers. In first order,

19



a principal quantum number n = 1, 2, 3.. and the orbital angular momentum quantum number
0 < l < n − 1 arise from the dominant, attractive Coulomb potential of the nucleus. The
corresponding level-energies of the pure Coulomb potential for a single electron are however
only dependent on the principal quantum number, leading to a 2n2-fold degeneracy*. The
resulting electron shells are prominently visualized in the periodic table and are reflected in the
chemical properties of the elements. While the alkali metals are highly reactive, the closed-shell
noble gases are inert and have the highest ionization energies and the smallest radii. As noted
in the previous section, this is a remarkable similarity between the electronic and nuclear
quantum systems. Just as for nuclear systems, angular momenta li and spins si of the atomic
electrons can couple to the total angular momentum J . There are several possible coupling
schemes, depending on the dominant interaction (see e.g. [She97]). When the spin-orbit
interaction is small compared to the electrostatic interaction, the LS-coupling scheme is used,
where the total angular momentum L =

∑︁
i li and the total spin S =

∑︁
i si couple to the

total angular momentum J = L + S. This spin-orbit interaction, together with relativistic
corrections is referred to as the fine structure. The electronic level of an atom or ion is typically
defined by its configuration and the so-called “term” (see e.g. [Dra06]). The configuration
is denoted as (nili)

Ni with the occupation numbers Ni. The “term” includes the spin-orbit
coupling and the corresponding total momentum J . In case of the LS-coupling the common
nomenclature is 2S+1LJ , where 2S + 1 is called the multiplicity and the angular momentum is
typically given in a letter-notation S, P,D, F,G... for L = 0, 1, 2, 3, 4... respectively.
Electrons can change between the different levels, given that none of the participating levels is
already at level capacity (completed). A transition between two distinct levels is called a line
and several lines connecting the same two terms are referred to as a multiplet. When an optical
transition occurs, a photon has to be absorbed or emitted to account for the energy difference
between the levels. Between a pair of principal shells, this energy difference is often in the
order of a few eV. For the excitation of electrons, the photons can thus be provided through
laser systems. In turn, the photons that are emitted when electrons undergo a transition back
to the lower level (which is energetically favorable) can be observed. This process of absorption
and emission is the basic principle of laser spectroscopy. Whether an optical transition is at
all possible, depends on the quantum numbers of the participating orbits. The total angular
momentum and its projection must be preserved within the combined system of atom and
photon, and the photon only has two spin projectionsms = ±1. For single-electron systems, this
means that the angular momentummust change by∆l = ±1 (∆ml = 0,±1). For multi-electron
systems the total angular momentum between the two fine structure terms can only change by
∆J = 0,±1 and ∆mJ = 0,±1, with the exception of J = 0 ̸↔ J ′ = 0. For LS-coupling, since
the spin-orbit coupling is weak, the total spin cannot change (∆S = 0), and thus, the orbital
angular momentum change is restricted to ∆L = 0,±1, again with 0 ̸↔ 0. These selection
rules only apply for electric dipole transitions (a complete overview can be found in [Dra06]).

*This includes the two possible orientations ms = ±1/2 of the electron spin s
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Figure 2.6: Visualization of the level
scheme of the 55Ni atom. The up-
per and lower fine-structure levels of
the s → p transition used for spec-
troscopy in this work are shown on
the left. Due to the nuclear spin of
I = 7/2, hyperfine splitting occurs
with 7 components for the lower level
and 5 for the upper level. The hfs
splitting is not to scale with the fine-
structure levels in this graphic and
the electric quadrupole contributions
are neglected.

2.2.2 The Isotope Shift

In the previous section 2.2.1, the interaction between the electrons and the nucleus was reduced
to the Coulomb interaction of point-like particles. For a thorough description of the system,
the finite mass and size of the nucleus have to be considered as well (see e.g [Nör14b; Dra06].
Between a pair of isotopes of the same element with mass numbers A and A′, this leads to
small shifts of the spectral lines, despite the identical nuclear charge:

δνAA′
IS = δνAA′

MS + δνAA′
FS = νA

′ − νA. (2.23)

This frequency difference is called the isotope shift and it is composed of the nuclear-mass shift
(MS) and the nuclear volume or field shift (FS).

Mass Shift

The mass shift can be attributed to the difference in kinetic energy due to various neutron
numbers. The system of electrons and the nucleus is described in a center-of-mass frame, where
the nuclear momentum P⃗ 2

nuc must be exactly opposite to the sum of all electron momenta p⃗i.
The kinetic energy of the nucleus can then be written in a non-relativistic approach as [Nör14b]

Ekin,nuc =
P⃗ 2
nuc

2Mnuc
=

(
∑︁

p⃗i)
2

2Mnuc
=

1

2Mnuc

⎛⎝∑︂
i

p⃗ 2
i +

∑︂
i ̸=j

p⃗i · p⃗j

⎞⎠ . (2.24)

If the momentum of one electron changes due to a transition into a different orbit, the nucleus
must react accordingly. The corresponding change in kinetic energy of the nucleus can only
be balanced through the emitted or absorbed photon, leading to a nuclear mass dependent
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transition frequency. The energy change can be separated into a p⃗ 2-term of the active electron
and a p⃗i · p⃗j correlation term. The former is usually called the normal mass shift (NMS) and
easily calculated to be proportional to a factor KNMS = meν. The latter is called the specific
mass shift (SMS) and its proportionality factor KSMS can only be determined by elaborate
numerical calculations. For isotopes with different masses A and A′, the differential shift then
becomes

δνAA′
MS =

MA′ −MA

(MA +me) · (MA′ +me)
(KNMS +KSMS) = µA,A′

(KNMS +KSMS) , (2.25)

where µA,A′ is introduced as a mass-scaling factor. The mass scaling reveals, that the effect
should be high for small mass numbers but decreases quickly for heavy elements (∼ 1/A2).

Field Shift

The finite nuclear size (FNS) leads to a deviation from the pure Coulomb potential at the location
of the nucleus. Instead of being infinite at r = 0, the potential affects the energy of electrons
with a non-zero probability density inside the nuclear volume. This energy contribution to the
total binding energy is given by the electron density at the nucleus and the nuclear mean-square
charge radius as defined in Eq. 2.14. Thus, the nuclear charge radius becomes accessible
through the electronic transition frequencies, with

δνFNS =
Ze2

6hϵ0
⟨r2c ⟩∆ |Ψ(0)|2 = F · ⟨r2c ⟩ . (2.26)

The (largely) isotope-independent terms can be combined to the field shift factor F. The term
∆ |Ψ(0)|2 quantifies the difference of electron densities at the nucleus between the two levels
of the transition. This is a property of the electronic system and could in principle be calculated
in quantum mechanics taking into account QED. For anything but hydrogen-like atoms, this is
still a difficult task to be achieved with the required accuracy. Between two isotopes of the
same element, the volume effect differs through the change in nuclear mean square charge
radii of the isotopes*:

δνAA′
FNS = Fδ⟨r2c ⟩AA′

. (2.27)

Modified Isotope Shift and King Plot

With the field and mass shift quantified, the total isotope shift now reads

δνAA′
IS = µA,A′

(KNMS +KSMS) + Fδ⟨r2c ⟩AA′
. (2.28)

The isotope shift from laser spectroscopy experiments can thus be used to extract differential
mean square charge radii. The theoretical difficulties of calculatingKSMS and F can be avoided
through a so-called King fit if the pair of differential charge radius and isotope shift is known for
a suitable set of isotopes (see [Kin84]). For this plot, the isotope shift and differential charge

*Higher order contributions, which consider the shape of the electronic wave function inside the nucleus, can
be neglected for light and medium mass nuclei (see [Fri04b] and references within).
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radii in Eq. 2.28 are then divided by the mass-scaling factor µA,A′ to obtain the mass-scaled
quantities ˜︂δνAA′

IS = δνAA′
IS /µA,A′

and ˜︃δ⟨r2c ⟩AA′

= δ⟨r2c ⟩AA′
/µA,A′

. (2.29)

This reveals a linear equation for the modified isotope shift

˜︂δνAA′

IS = KMS + F ˜︃δ⟨r2c ⟩AA′

, (2.30)

where the normal and specific mass shift factors are combined. The field- and mass-shift factors
can then be extracted as the slope and y-axis intercept of the linear relation respectively*.

2.2.3 The Hyperfine Structure

If the nucleus has a non-zero spin I > 0, the nuclear spin couples with the total electric
angular momentum J of the atomic shell to a total angular momentum F⃗ = I⃗ + J⃗ of the
atom. This leads to an additional hyperfine structure (HFS) splitting of the fine structure
levels. The effect can be attributed to the interaction between the magnetic hyperfine field
He(0) and electric field gradient ϕJJ(0) of the electron cloud at the nucleus with the nuclear
magnetic moment µI and the nuclear electric quadrupole moment Qs (as introduced in Sec.
2.1.4), respectively. These nuclear moments can thus be determined from measurements of
the hyperfine structure splitting. It is convenient to introduce a magnetic interaction constant
A and an electric quadrupole interaction constant B as [Neu85]:

A = µI
He(0)

hIJ
and B =

QsϕJJ(0)

h
. (2.31)

The energy splitting of the hyperfine structure components with |J − I| ≤ F ≤ J + I is
determined by these interaction constants

∆EHFS = A · C
2
+B ·

3
4C(C + 1)− I(I + 1)J(J + 1)

2I(I − 1)J(2J − 1)
, (2.32)

where
C = F (F + 1)− I(I + 1)− J(J + 1). (2.33)

This shows that C and thus the splitting vanishes if I = 0 as mentioned before. Additionally,
the electric quadrupole interaction only applies when I > 1/2 and J > 1/2, which becomes
apparent from the denominator of Eq. 2.32. TheA- andB-factors can be determined empirically
or from theory. It is often useful to relate unknown factors of a given level from one isotope to
the known factors of another reference isotope Aref , since the electronic contributions in 2.31
cancel†:

A = Aref ·
Iref
I

· µI

µI,ref
and B = Bref ·

Qs

Qs,ref
. (2.34)

*In order to reduce correlations, the x-axis is often modified by a constant α, which also results in a modified
mass shift factor Kα[Ham18]

†The so-called hyperfine anomaly, including Bohr-Weisskopf and Breit-Rosenthal corrections, is neglected here
because it’s effect is small [Per13].
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From the same argument, it becomes clear that the ratios Au/Al or Bu/Bl of two distinct (e.g.
upper and lower) levels of a transition must be constant throughout all isotopes of the same
element.
Similar to the discussion for fine structure transitions, there are selection rules for transitions
between hyperfine components. The total atomic angular momentum projection can only
change by ∆F = 0,±1 with 0 ̸↔ 0. The intensities of transitions between the hyperfine
components of two levels depend on the projected angular momenta {F, F ′, J, J ′} and the
parent line-strength SJJ ′ of the corresponding fine structure transition [Axn04]:

SFF ′ = (2F + 1)(2F ′ + 1) ·W 2
6J · SJJ ′ , (2.35)

with the Wigner 6-J symbol

W6J =

{︃
F F ′ 1
J ′ J 1

}︃
. (2.36)

2.3 Collinear Laser Spectroscopy

The extraction of nuclear properties from atomic spectra requires both adequate precision
and resolution to resolve the hyperfine structure and the isotope shifts. One experimental
technique particularly suited for this purpose is collinear laser spectroscopy (CLS), which
takes advantage of in-flight particles. The lines observed in spectroscopy experiments are
always broadened and the leading contribution is often Doppler broadening due to thermal
velocity distributions of the particles [Dra06]. Spectroscopy on fast particle beams utilizes
the contraction of velocity differences to obtain high spectral resolution [Kau76]. When an
ensemble of ions* is accelerated by a fixed potential U , the velocity distribution of the ensemble
gets compressed due to the

√
U -dependence of the ion velocity. The effect is visualized in the

right upper corner of Fig. 2.7 and reduces the Doppler broadening by a factor of

δvU
δv0

=
1

2

√︃
kBT

eU
. (2.37)

For typical temperatures of T = 2000K in thermal sources, an acceleration energy in the range
of 10 keV to 30 keV leads to a 1000-fold compression, reducing the Doppler broadening to the
magnitude of the natural linewidth.
To make use of the narrow velocity distribution, the accelerated ensemble of ions is overlapped
in-flight with a laser beam, which excites a chosen electronic transition of the particles. Subse-
quently, the electronic system will de-excite in a fluorescence process and the emitted photons
can be detected as a prove of the laser-beam interaction. In the rest frame of the fast-moving
particles, the laser frequency is perceived Doppler-shifted and, thus, the operating frequency of
the laser must be tuned accordingly to match the transition frequency ν0. For a singly charged
ion of mass m, the required laser frequency calculates to

νc/a = ν0

√︄
1± β

1∓ β
with β =

v

c
=

√︄
1−

(︃
mc2

eU +mc2

)︃2

, (2.38)

*In the context of this work, singly charged ions are assumed and thus q = e is used in the equations.
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where the upper sign is valid for a collinear geometry (c) between the laser and particle beam,
and the lower sign holds for the anti-collinear case (a). The same principle allows to scan
the perceived laser frequency through small changes in the acceleration voltage and thereby
velocity of the particles (Doppler-tuning). This is often beneficial over directly scanning the
frequency of the laser system. For small changes in voltage, a linear relation between voltage
and frequency shift can be formulated, which is called the differential Doppler shift:

∂ν

∂U
=

2e

mc2

ν0ν
2
c/a

ν2c/a − ν20
≈ ν0e√

2eUmc2
. (2.39)

For acceleration voltages in the order of up to 30 kV, as used for the laser spectroscopic
measurements presented in this work, the non-relativistic approximation is typically correct
within a few 10 kHz. For the investigated Nickel transitions, the differential Doppler shift is of
the order of 15MHz/V, depending primarily on the mass number of the isotopes.
This technique of spectroscopy on in-flight particles not only leads to high resolution but
also naturally benefits the investigation of short-lived radioactive isotopes. Collinear laser
spectroscopy has therefore developed and proven to be an invaluable experimental tool at many
accelerator facilities [Nör14a; Neu17]. A notable refinement of the technique is the bunching
of ions in a radio-frequency cooler and buncher (RFQ), which can increase the signal-to-noise
ratio of the resonance signals by up to a factor of 104 [Nie02] (see also Ch. 4.3).
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Figure 2.7: Illustration of the key elements of the bunched-beam collinear laser spec-
troscopy technique. Bunches of ions from either an online- or offline-source are over-
lapped with a co- or counter-propagating laser beam. The ions are accelerated to a
few 10keV to compress their velocity distribution and therefore the Doppler-broadened
width of the resonance signals. The laser is typically brought into resonance with the
particles bymeans of a small scan voltage that Doppler-shifts the perceived transition fre-
quency. The resulting fluorescence photons are collected in the optical detection region.
Depending on the available transitions, spectroscopy can either be performed directly
on the ions or on atoms after neutralization in a charge-exchange cell. An advanced
charge-exchange cell has been developed in the context of this thesis (see Ch. 3).
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3 Charge Exchange

Collinear laser spectroscopy requires a suitable optical transition within the electronic con-
figuration that can be excited in the experiment. Typically those are s− p transitions with a
high transition probability and a transition frequency in the range of commercial laser systems.
Additionally, the beam particles need to be transported at a well-defined beam energy from
the source to the spectroscopy apparatus and, finally, the particle beam has to be overlapped
with the laser. This is only possible with charged particles, which respond to electrostatic
fields. However, in many cases, the ionized state of the element of interest does not provide a
suitable transition for CLS. Then, neutralization of the ions is often advantageous, since atomic
transitions occur generally at lower frequencies.
The typically employed method to neutralize charged particles in flight is a vapor-filled charge-
exchange cell (CEC), which is placed inline between the electrostatic beam manipulation
system and the fluorescence detection region. In the context of this work, singly charged nickel
isotopes were neutralized by collisions with a sodium vapor in a CEC, and laser spectroscopy
was performed on the atomic state of nickel. The efficiency of the ion beam neutralization
depends mainly on the choice of the vapor element and the vapor pressure, which is controlled
by the temperature of the charge-exchange cell. To assist in finding the best suitable exchange
partner, simulations of the charge-exchange process allow for estimates of the electronic level
distributions after the reaction. The model and simulation presented in the following sections
show that a very efficient population of the lower level chosen for spectroscopy on, e.g., calcium
or palladium is possible if magnesium is chosen as an exchange partner, whereas the commonly
employed alkali metals are less favorable. Therefore, an advanced charge-exchange cell design
has been realized within the scope of this work to enable the use of magnesium vapors for
future experiments.

3.1 Charge-Transfer Reactions

The simulation of the charge-exchange process is based on an interaction between the electron
shells of vapor atoms and beam ions. If the electron shells of a beam ion of element A and a
neutral partner of element B come into contact, the moving ion can pick up an electron from
the vapor atom in a charge-exchange reaction. This reaction can be formulated as:

A+(i) + B(j) → A(k) + B+(l) + ∆Ei,j,k,l, (3.1)

where the beam particles are underlined. The indices i, j, k, l denote the electronic states of
the atoms or ions, and ∆Ei,j,k,l quantifies the energy difference between the initial and final
electronic states of the reaction. In the case of collinear laser spectroscopy and typical vapor
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pressures, the initial particles, as well as the final vapor ion, can be assumed to be in their
respective ground states i, j, l = 0. The energy balance is then given by the difference between
ionization energies EI of the vapor atom and the beam-atom entry state

∆Ek = EI[B(0)]− EI[A(k)]. (3.2)

Positive ∆Ek is taken from the kinetic energy of the incident beam. Reactions with little or
no energy defect are called resonant (∆Ek ≈ 0) or semi-resonant (|∆Ek| ≤ 1eV). All other
reactions are referred to as non-resonant. When a beam of many ions passes a charge-exchange
cell, the electronic population of the resulting atoms is typically distributed across a multitude
of final states and, thus, a mix of resonant and non-resonant processes.

3.2 Simulation of the Population Distribution

The efficiency and final population distribution of a beam-vapor charge-exchange process
depend primarily on the elements in the beam and the vapor, the vapor pressure, as well as the
kinetic energy of the incident beam (see e.g. [Klo12]). While the absolute charge-exchange
efficiency has to be determined experimentally, predicting the population distribution, which
is crucial for chossing the vapor element, is done by analysing the reaction cross sections.
These calculations are based on a theoretical work of Rapp and Francis [Rap62] and are
valid for an “intermediate” velocity range, which extends from low velocities of approximately
v< ≈ 105/

√
µ cm/s (with reduced mass µ of the collision pair in amu) to high velocities in the

order of v> ≈ 108cm/s*, and, thus, covers the typical electrostatic ion beam energies used in
laser spectroscopy.
In this regime, the velocity-dependent charge-exchange cross section σ(v) is defined as

σ(v) = 2π

∫︂ ∞

0
P (b, v) b db , (3.3)

where P (b, v) is the probability for charge transfer in a collision with velocity v (in cm/s) and
the impact parameter b (in cm). The impact parameter is the perpendicular distance between
the projectile ion and the stationary vapor atom. Since a charge-exchange reaction is only
plausible when the electron shells of the reactants overlap, the integration can be truncated at
b = 10−7 cm, which is 10 times the scale of atoms.
For a symmetric (and thus resonant) charge-exchange process between beam and vapor

of the same element (A=B), the probability P0 of charge exchange is modeled with respect
to the collision complex A+

2 in first-order time-dependent perturbation theory. The effect of
perturbation will make the system oscillate between the two unperturbed states A+ + A and
A+ A+ as described in [Pau35]. With the assumption that the relative distance between the
two particles is large (R ≫ a0), the probability of charge exchange

P0(b, v) = sin2
(︃
2

√︃
2π

γa0

EI

h̄v
b
3
2

(︃
1 +

a0
γb

)︃
e

−γb
a0

)︃
(3.4)

*These definitions are rough estimates based on the validity of the applied approximations. At the lower end,
rigorous wave-mechanical treatment or curved classical orbits must be used, while at the high-velocity end the
Born-Oppenheimer separation of electronic and atomic motions is no longer possible [Rap62].
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Figure 3.1: As the simplest example and to showcase the charge-exchange simulation,
the symmetric and resonant charge-exchange reaction of a 107-cm/s proton impinging
on hydrogen vapor has been examined. The bare proton passes the hydrogen atom at a
perpendicular distance (impact parameter b) and may or may not pick up the electron in
the process. The probability of electron transfer modeled by first-order time-dependent
perturbation theory (Eq. 3.4) is shown in blue in dependence of the impact parameter
b. As an approximation, there is a 50% chance of the electron being transferred if the
distance between the two particles is below a critical value b1. This approximation is
visualized by the dashed blue line and was necessary at times when numerical integra-
tion was not possible yet [Rap62]. The secondary axis (red) shows the corresponding
charge-exchange cross section obtained through numerical integration (from 0 to bmax)
of the probability multiplied with the impact parameter (Eq. 3.3). The red dotted line
again shows the b1-approximation and the difference to the numerical value can be at-
tributed to the omission of the exponential tail of the probability function above b1.
Since the probability function approaches zero for large b, a truncation of the integral
around b = 10−7 cm is justified (red arrow). If the truncation is chosen reasonably,
the numerically computed cross-section converges to a constant value. Otherwise, if the
truncation is omitted or chosen too large, the numerical solution becomes unstable and
non-physical as shown by the oscillations above b = 3 × 10−7 cm.
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can be derived (see [Rap62] with a factor of 2 correction from [Dew73]), where a0 is the Bohr
radius and γ =

√︁
EI/13.6eV. This is a gross approximation, which correlates the size of the

(A+ + e−) one-electron orbital to the ionization potential of A. The charge-transfer probability,
together with its integration is depicted in Fig. 3.1 for the symmetric reaction p+ H → H+ p.
For large impact parameters the electron shells do not overlap and no charge exchange can
occur. Towards smaller b, the probability for charge transfer increases exponentially before
rapidly oscillating at even smaller distances. This oscillation can effectively be approximated
and understood as a 50% probability of charge exchange as soon as the interaction parameter
falls below a critical value b1. The charge-exchange cross section (Eq. 3.3) then significantly
simplifies to σ(v) = π/2 · b21(v). However, modern-day computing power allows to skip this
approximation and compute the cross section through numerical computation of Eq. 3.4 with
the aforementioned truncation at b = 10−7 cm.
In general, the charge-exchange reaction in collinear laser spectroscopy experiments will be
asymmetric and non-resonant like the Ni+ + Na → Ni+ Na+ reaction of a nickel beam with
sodium vapor. For such charge-exchange collisions, the probability P0 is modified by the
square of a secant function involving the energy difference ∆Ek. The ionization energy is
replaced by the average ionization energy of the two reaction partners EI = (EI,A+EI,B)/2. The
charge-exchange cross sections for all electronic levels of the beam species can then again be
determined through numeric integration according to Eq. 3.3 depending on ∆Ek. Additionally,
for each level, a statistical factor or phase factor f has to be considered in the simulation of the
charge-exchange process. It implements preservation of spin and angular momentum in the
reaction and comprises a spin factor fs and an angular momentum factor fl with f = fs · fl.
The total cross section over all levels is then normalized to one so that the results reflect the
population distribution for all levels immediately after charge exchange.
From this initial distribution, the population will decay according to the lifetime of the levels.
While the population will stay constant or even increase for metastable states, the majority
of levels will depopulate through a cascade of transitions in less than a microsecond. For
collinear laser spectroscopy, it is usually desirable to know the population distribution at the
location of the detection region, i.e., after a short flight time of a few 100ns. In Fig. 3.2 the
initial population for the charge-exchange reaction of a 30 keV nickel beam on a sodium vapor
is compared to the decayed population after a flight distance of 40 cm, which matches the
conditions of the experiment presented in Ch. 4. Even though electrons are initially transferred
to excited electronic states in the range of 2 eV to 5 eV, the subsequent decay cascades bring
the major share of population into the lower spectroscopy level at 0.025 eV (indicated by the
orange arrow in the figure). In the process, the upper spectroscopy level at 3.54 eV (purple
arrow) is completely depopulated before the atoms reach the first optical detection unit.
In Tab. 3.1, the simulated population of the lower spectroscopy level after charge exchange
on various vapor elements is compared for nickel, calcium, and palladium. While for nickel
any alkali metal as well as magnesium are reasonable choices, the lower spectroscopy level of
the 422.7 nm calcium transition is poorly populated after charge exchange with alkali metals
but holds an exceptionally high fraction of the population if magnesium is used as a charge-
exchange vapor. For spectroscopy on palladium atoms, magnesium is a suitable vapor element
as well. It yields a similar population in the spectroscopy level as potassium, rubidium, or
cesium, but, in contrast to the alkali metals, the population is transferred near-resonantly to the
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Figure 3.2: Simulated initial (blue) and final (green) population distribution in nickel
atoms after charge exchange with a sodium vapor. Each dot represents the population
of one electronic level, identified through its level energy in eV. The initial distribution
results from the bare level cross sections (red) and the statistical factors, which imple-
ment the preservation of spin and angular-momentum and, in many cases, reduce the
initial population compared to the bare level cross section. The initial distribution de-
cays into the final population according to the lifetimes of the optical transitions [Kra99;
Kur95]. The 0.025 eV lower level of the spectroscopic scheme (indicated by the orange
arrow) that was used in the presented nickel experiments is initially only populated by
∼0.3% of all atoms. However, due to its metastable nature, it accumulates a major
share of ∼15% through decays from higher energetic levels. These simulations agree
well with the calculations published in [Ryd15].

Element: Ni Ca Pd
λ: 352.4 nm 422.7 nm 340.7 nm

Low.Lvl: 3d94s 3D3 3p64s2 1S0 4d95s 2[5/2]3

Li 13.6% 18.8% 12.6%
Na 14.5% 8.0% 15.3%
K 16.9% 1.8% 29.7%

Rb 17.3% 2.0% 29.7%
Cs 18.0% 2.9% 26.5%
Mg 14.2% 59.1% 27.8%

Table 3.1: The population share
of the lower spectroscopy states
for atomic transitions in nickel,
calcium and palladium has been
simulated after charge exchange
on various vapor elements. For
the latter two, magnesium vapor
presents an excellent alternative
to the commonly used alkali met-
als.
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lower spectroscopy level. In fact, over 98% of all atoms are transferred directly into metastable
states during charge exchange, compared to only 22% if potassium is used as a vapor element.
This significantly reduces afterglow photons from the decay cascades, which otherwise hinder
the efficiency of the fluorescence detection as so-called beam-induced background events.

3.3 Design of an Advanced Charge-Exchange Chamber

As presented in the previous section, magnesium is a valuable addition to the list of possible
vapor elements in charge-exchange cells. Its higher ionization energy enables a direct popula-
tion of the lower spectroscopy level in many elements. This also reduces the beam-induced
background events in experiments with fluorescence detection and therefore can increase the
spectroscopy efficiency. However, the current CEC designs are not suited to produce magnesium
vapor: It is either not possible to achieve the required reservoir temperatures, or the magnesium
vapor can not efficiently be confined inside the interaction region. In the following section, an
advanced design will be presented that addresses these challenges.

3.3.1 Motivation: The Palladium Isotopic Chain

One particularly experimental program that would greatly benefit from a magnesium CEC is
the spectroscopy of palladium (Z = 46). Palladium is in close proximity of the magic Z = 50
tin isotopes. As introduced in Ch. 2.1.1, nuclei close to the shell closure are expected to exhibit
a structure that can be largely described by few-particles/holes configurations. A previous
laser spectroscopy experiment at ISOLDE [Yor13] measured a long chain of cadmium isotopes
100−130Cd. In this chain, a surprisingly simple behavior has been observed: The quadrupole
moments of the 11/2-isomers of odd-mass 111m−129mCd exhibit a remarkably linear increase
along the chain. This is a direct consequence of the naive shell model. The extension of Eq.
2.21 to an odd number λ of unpaired protons leads to the relation

Q (λ) = −⟨r2⟩2j − 1

2j + 1

(︃
1− 2 (λ− 1))

2j − 1

)︃
. (3.5)

This represents a linearly increasing quadrupole moment starting with negative values, reach-
ing zero for a half-filled shell and being positive for a more than half-filled shell. Surprisingly,
the linear behavior was observed to extend across 10 odd isotopes – many more than the six
expected odd-mass isotopes for filling exclusively the h11/2 shell. This was the first demon-
stration that the linear behavior can persist even beyond a single subshell. Moreover, the high
experimental precision achieved provides a rigorous benchmark for theories. The linearly
increasing quadrupole moments were recently reproduced in covariant functional density
theory [Zha14] but a deeper understanding is still missing. Through laser spectroscopy on
palladium isotopes, which have two protons less than Cd, the Z-dependence of the quadrupole
moments could be further investigated.
To enable the spectroscopy of palladium atoms after charge exchange on magnesium vapor, a
new charge-exchange cell has been designed. It extends a proven design to allow higher cell
temperatures, which are required to generate the magnesium vapor (see Tab. 3.2). Another
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Table 3.2: Properties with relevance for the charge-exchange process are compared for
the different alkali metals as well as magnesium. The latter has a significantly higher
ionization potential, but its high melting point temperature prohibits a recycling charge-
exchange cell design. 1 Pa is a typical operating pressure for charge-exchange cells
[Krä10]. Data from [Hay13].

Ionization Potential Temperature for 1 Pa vapor pressure Melting point

Li 5.39eV 524◦C 181◦C
Na 5.13eV 280◦C 98◦C
K 4.34eV 200◦C 63◦C
Rb 4.18eV 161◦C 40◦C
Cs 3.89eV 145◦C 29◦C
Mg 7.65eV 428◦C 650◦C

requirement for the new CEC was the stability at higher voltages. CEC’s used in collinear laser
spectroscopy so far are operated at typical voltages of 10 kV at maximum*. The aim here was
to operate the CEC for voltages up to 20 kV. This will allow for low beam transport energies
and final acceleration into the cell, as it will be used, e.g., in the future at LASPEC@FAIR
[Rod10].

3.3.2 Principal Design and Vapor-Pressure Confinement

The prime technical challenge of a charge-exchange cell is the creation and confinement of the
vapor pressure inside the cell. While the ion beam travels through a vacuum of the order of
10−7mbar, typical vapor pressures for charge exchange are five orders of magnitude denser
(10−2mbar = 1Pa, [Krä10]) and must not significantly compromise the vacuum outside the
cell. This can be achieved by a temperature gradient between the hot interaction region
and a cold condensation region as depicted in Fig. 3.3. For alkali metals this even enables a
recycling mechanism: The center of the cell contains a reservoir of the alkali metal, which
is heated to generate a vapor above the molten metal. In contrast, the open entrance and
exit holes of the cell are maintained at a low temperature just above the melting point of the
vapor element. The vapor condenses at the cold ends and can be recycled towards the hot
center using capillary action. This design was first proposed in [Bac74] and is widely used in
collinear laser spectroscopy. It reaches maximal efficiency at lower temperatures compared to
alternate geometries like the one used in the nickel experiment at BECOLA [Klo12; Lev14].
However, a much higher reservoir temperature is necessary to reach the required vapor pressure
for magnesium, and its high melting point disallows the recycling mechanism. Instead, the
entrance and exit holes must be kept at a lower temperature of about 100 ◦C, to decrease the
vapor pressure to basically zero.

*An exception is a charge-exchange cell for state-selective charge exchange [Ver92; Gar17]

33



Ions Ions AtomsVapor

Figure 3.3: The fundamental challenge of any charge-exchange cell is the confinement
of a 1-Pa vapor pressure inside a surrounding vacuum vessel. The vapor is generated
by heating a reservoir and then diffuses along the cell. By reducing the cell diameter at
the ends and cooling them, a condensation of the vapor is achieved before it can escape
into the surrounding vacuum. If the condensation temperature for alkali metals is kept
above the melting point, capillary action along a fine mesh installed along the chamber
walls can transport the vapor material back into the hot center of the cell where it can
contribute to the vapor pressure again.

3.3.3 Advanced Cell Design

The addition of magnesium to the possible vapor elements of a charge-exchange cell presented
a few challenges. As discussed before, the cell must easily achieve reservoir temperatures
above 430 ◦C to generate sufficient vapor pressure. The recycling of the magnesium vapor
is not possible, which makes the consumption of magnesium an important consideration. If
magnesium is transported out of the cell at a high rate and/or condensates at colder parts,
frequent refills become necessary, which can have a significant impact during time-constrained
experiments. Thus, the loss of magnesium must be minimized in the design and at the same
time, the cell should be readily accessible for quick refills. Additionally, an internal isolation of
up to 20 kV was aspired for the advanced design. This allows extensive manipulation of the
beam energy directly in front of the neutralization cell, e.g. to reduce the velocity spread of
the spectroscopy particles through re-acceleration.

Mechanical and Thermal Design

A technical drawing of the advanced design is detailed in Fig. 3.4. The core of the charge-
exchange cell closely resembles an existing design shown in Fig. 3.3. The central part,
including the reservoir, is resistively heated and its temperature can be monitored by an
attached thermocouple. The cooling of the cell-ends is realized through a liquid system filled
with silicon based coolant. The cell can be operated in a recycling configuration for alkali
metals or with a reduced tube diameter for use with magnesium vapors. The transport of
magnesium away from the center of the CEC can be estimated depending on the temperature
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Figure 3.4: The core of the new charge-exchange cell is based on a proven design: A
reservoir containing the vapor element in the center of the cell is resistively heated to
temperatures of several hundred degrees Celsius. This generates a vapor that spreads
along the central stainless steel tube. The ends of the tube are cooled by a cooling liquid
so that the vapor condensates. The whole charge-exchange section is surrounded by
an aluminum shield and electrically isolated up to 20kV. The aluminum shield helps to
contain the heat inside the cell and provides a smooth shape to reduce high electric field
gradients that could lead to discharges.
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in the cell, the molecular flow pipe conductance Cpipe,mol as

Cpipe,mol =

(︃
c̄πd3

12l

)︃
, where c̄ =

√︃
8kT

πm0
, (3.6)

with the mean thermal velocity c̄, length l and diameter d of the pipe, the mass m0 of a gas
particle and the temperature T . For the used pipe with a length of 10 cm, diameter of 2.5 cm
and 700K temperature, this yields a conductance of over 3 l s−1 which would deplete the
magnesium reservoir quickly by an estimated 47 g h−1. Since the conductance depends on
the diameter of the tube by a power of three, this is the best parameter to reduce Magnesium
depletion. Thus, for the presented commissioning measurements, tube inserts with 5mm
diameter were used, reducing the calculated depletion by a factor of ∼ 100.
The charge-exchange cell is surrounded by an aluminum shield that is shaped to avoid high
electric field gradients and helps to thermally isolate the system. The shield is electrically
isolated against the surrounding vacuum chamber on ground potential and the charge-exchange
module inside can be assembled and disassembled through the top port of the vacuum vessel
without removing the shield.

High Voltage Isolation

Effective high-voltage isolation depends on the gas pressure in the vacuum gap as well as the
materials and surfaces of the structural isolators. The breakdown voltage Vb between two
electrodes is empirically described in the Paschen curve [Hus82]

Vb(pd) =
B · pd

log pd+ k
. (3.7)

It describes, at which voltage a discharge across a gap develops, depending on the product of
pressure p and distance d. The parameters B and k depend on the gas between the electrodes
and k is defined piecewise for certain ranges of pd. In the charge-exchange cell design, the
distances across air in the voltage gap are of the order of cm and the lowest discharge voltage
is therefore expected to be a few hundred volts at a pressure of around 1mbar. This estimate
was confirmed during the commissioning tests of the presented assembly, where a minimum
voltage stability was recorded at approximately 400V and ∼1mbar. For lower pressures, the
curve rises steeply and far surpasses the design voltage at the operational vacuum pressure.
However, the Paschen curve is measured for the homogeneous field between two charged
plates and strong deviations can occur when point-like electrodes create an extreme electric
field localization. This can for example be observed at sharp edges or when the isolation of a
Kapton-shielded wire is damaged and the conductor is locally exposed. While sharp edges were
avoided by design, the integrity of cables needs to be assured through careful handling and
installation. At lower pressures, surface discharges typically become the leading contribution to
high-voltage instabilities, especially if increased temperatures are involved [Haw68; Li17]. For
this assembly, the high temperature voltage stability of ceramic and PEEK stand-off isolators
have been investigated. While the commercial ceramic insulators proved not suitable for the
conditions in the charge-exchange cell, presumably due to material defects, the improvised
PEEK option maintained a 20kV high voltage potential under vacuum conditions with 100◦C
coolant temperature for at least 25 hours at a time.
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Figure 3.5: Simulations of the ion beam transport into the charge-exchange cell using
SimIon 8.0. Positive (green) and negative (red) equipotential lines are drawn into the
simulations and the radial beam cross sections are enlarged by a factor of 25 in the outer
panels. Two different scenarios are compared, each with the goal of a collimated 30keV
beam after the charge-exchange cell. If the beam energy is high compared to the accel-
eration potential (left), the best results are achievable by a smooth acceleration across
a chain of electrodes. In this case, the beam divergence will not change significantly. If
instead, the beam is comparably slow (right), it is advisable to focus the beam in front of
the acceleration region and accelerate across a small acceleration gap. In this example,
a positive voltage was applied to the first electrode, in order to move the focal point into
the graphic.

Electrostatic Design

The assembly is designed to allow for extensive manipulations of the particle energy of the
incoming ion beam. A low voltage (typically below 1 keV) can be applied in order to Doppler-
tune the resonance condition of the ion-laser interaction as described in Ch. 2.3. If the ions
are significantly accelerated into the charge-exchange cell, care has to be taken to achieve
a properly collimated ion beam through and after the cell. Therefore, various scenarios and
electrode designs have been investigated using the ion optics simulator SimIon 8.0 (see Fig.
3.5). The ideal setup for achieving a collimated beam depends strongly on both the initial ion
beam energy and the voltage applied to the charge-exchange cell. If the applied voltage is low
compared to the beam energy (e.g. acceleration of a 23 keV beam though a 7 keV potential),
it is advisable to provide a smooth acceleration to reduce any focusing effect to the already
collimated beam. This can be realized through a long acceleration region, containing multiple,
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equidistant electrode rings. The consecutively lower potentials of the electrodes can be defined
by a resistor chain attached to the charge-exchange cell on one side and the chamber potential
(typically ground) on the other end. In contrast, if the acceleration voltage is high or in the
same range as the beam energy (e.g. a 10 keV beam, accelerated by a 20 keV potential), strong
focusing effects are to be expected. It is then favorable to define a focal point in front of the
charge-exchange cell using an einzellens, and then accelerate the diverging beam across a
potential gap into the cell. Adjusting the position of the focus according to the cell voltage and
the properties of the acceleration gap results in a collimated beam behind the charge-exchange
cell.

3.4 Commissioning of the new Charge-Exchange Cell

At Argonne National Laboratory (ANL) in Chicago, a collinear laser spectroscopy setup is
being established to measure radioactive palladium isotopes produced in the CAlifornium Rare
Isotope Beam Upgrade (CARIBU) [Sav08]. The redesigned charge-exchange cell has been
installed at the new collinear beamline and the mechanical assembly works as intended. Special
care should, however, be taken when installing the fluid system, since a contamination of the
chamber with the silicon-based coolant is intricate to clean. Testing the vacuum tightness of
the fluid system first can help to verify the integrity of the assembly.
The charge-exchange process on magnesium vapor was tested using calcium ions from a simple
laser ablation source [Ren20]. The ions were extracted from the source at 10 keV beam energy
and passed the charge-exchange cell in bunches. Calcium has well known, laser-accessible
transitions in both the ion (e.g. at 393.3 nm and 396.8 nm) as well as the atom (422.7 nm)
[Kra20] and can be easily produced in both thermal and ablation sources. The atomic 422-nm
transition is a transition from the ground state and, based on the simulation presented in Tab.
3.1, it is expected to be at least three times more efficiently populated through charge exchange
on Magnesium than with the alkali metals.
For fluorescence spectroscopy, a scan voltage was applied to the charge-exchange cell to

modify the beam velocity and to bring the laser in resonance with the atomic transition.
The voltage was defined directly by the experiment scan-control program through an 18-bit
digital-to-analog converter (DAC). Its output range of −10V to 10V was amplified by a bipolar
high-voltage linear power source (Kepco BOP 500M) to an ultra-low noise and ultra-low ripple
output of ±500V. The scan voltage is applied to a floating platform on which the control
electronics for the charge-exchange cell were installed and from there to the charge-exchange
cell. This setup can be extended by a secondary offset high-voltage to accelerate the beam into
the cell. A sketch of the full electronic design is depicted in Fig. 3.6.

The reservoir of the charge-exchange cell was filled with approximately 1 cm3 of magnesium
grains and was heated with a maximum power of 139W, reaching up to 540 ◦C. Both ends of
the cell were thermalized to 100 ◦C. Two stainless steel tubes were inserted into the charge-
exchange tube to reduce its diameter down to 5mm and thereby, according to Eq. 3.6, minimize
the depletion of vapor away from the center of the cell by a factor of ∼ 100.
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Figure 3.6: Schematic of the electrical setup of the charge-exchange cell for laser spec-
troscopy. The cell is electrically isolated in the vacuum vessel of the experiment. The
heating power supply, as well as the readout electronics of a thermo-couple sensor, are
placed on a high voltage platform inside a protective cage. The platform can either
be directly floated on the scan voltage defined by the Kepco power supply or with an
additional high voltage offset if a significant velocity manipulation of the ions into the
charge-exchange cell is desired.

3.4.1 Neutralization Efficiency

The neutralization efficiency of the charge-exchange cell was determined by applying a Faraday
cup and an electrostatic deflector behind the cell. The procedure consisted of three different
measurements which were combined to yield the neutralization efficiency.
To determine the atom current, a 1 kV voltage at the deflector was used to remove any remaining
ions from the beam-axis. The Faraday cup with a secondary electron repeller was placed at
the end of the straight flight path and the current I at the cup was measured with a pico-
amperemeter. Impinging atoms released an average number n of electrons from the material
of the cup, resulting in a positive current. The repeller of the cup was set to 50V in this case
to make sure all released electrons were removed from the cup. The measured current was
therefore proportional to the number of impinging atoms per second ηatom

Iatom = ηatom · ne . (3.8)

Afterwards, the deflector was deactivated so that also the ions impinged on the cup. Besides
the release of secondary electrons, these deposited their own charge on the cup, leading to
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Figure 3.7: The neutralization ef-
ficiency for calcium ions imping-
ing on a magnesium vapor in de-
pendence of the temperature of
the charge-exchange cell has been
measured and is depicted by the
red dots. The temperature de-
pendence of the neutralization ef-
ficiency was extrapolated towards
higher pressure (see text for de-
tails) and the resulting curve with
a 3-sigma uncertainty is shown in
blue. It suggests, that a neutraliza-
tion efficiency above 50% could be
reached at temperatures of 600 ◦C
to 650 ◦C.

an additional positive current. The total measured current thus increased with the rate of
impinging (singly-positive) ions ηion to

Itot = ηatom · ne+ ηion · (ne+ e). (3.9)

The current from the ions only was determined by reversing the repeller potential to −50V.
Any released electrons were then forced back onto the cup, suppressing their current

Iion = ηion · e . (3.10)

From the measurements of these three currents, in a first step, the number of electrons released
per particle was calculated. This quantity depends on the kinetic energy of the particles and
the material of the cup and therefore was expected to be constant throughout a series of
measurements

n =
Itot − Iion − Iatom

Iion
. (3.11)

During the charge-exchange tests on calcium, the secondary electron number was determined
to be approximately 3 electrons per particle. The neutralization efficiency was then determined
as the fraction of atoms in the total particles

ϵneutral =
ηatom

ηatom + ηion
=

Iatom
Iatom + Iion · n

. (3.12)

The experimentally determined neutralization efficiency of calcium ions on magnesium vapor is
depicted in Fig. 3.7 in dependence of the measured cell temperature. Amaximum neutralization
efficiency of 15% was determined at approximately 540◦C. This corresponds to the maximum
heating current possible with the power supply currently in use. The data can be extrapolated to
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higher temperatures using an attenuation model of a particle beam moving through magnesium
vapor [Klo12] which models the efficiency as

ϵneutral = (1− e−p(T )·a) (3.13)

where p(t) is the temperature dependant magnesium vapor pressure and a is a constant that
includes the cross section of the neutralization process and the effective interaction length of
the cell. The magnesium vapor pressure can be modeled through the Antoine equation as

p(T ) = 105.006+A+BT−1+C log(T ) (3.14)

with coefficients A, B, and C from literature [Hay13]. The attenuation model with free
parameter a was fitted to the measured data, and, even though the data set is small, the model
suggests that neutralization efficiencies above 50% could be reached at temperatures around
600◦C if more heating power is applied.

3.4.2 Spectroscopy on Neutralized Calcium Atoms

A reliable confirmation that the neutralized particles were indeed calcium atoms, was obtained
through laser spectroscopy on an atomic calcium transition. As discussed before (see Tab.
3.1), almost 60% population of the atomic calcium ground state was expected after charge
exchange on magnesium and, thus, the 4s2 1S0 → 4s4p 1P1 transition at 422.7 nm was probed
for the laser spectroscopic verification. The measurements were performed at the ANL collinear
laser spectroscopy beamline, which is described in [Maa20a]. The laser setup consisted of a
532nm solid-state laser (Spectra Physics Millenia) whose 12-W output was used to directly
pump a Titanium:Sapphire (Ti:Sa) laser (Spectra Physics Matisse) tuned to a frequency of
11 834.82(1) cm−1 with the help of a wavelength meter. The output of about 2.9W was then
frequency doubled using a nonlinear crystal in an external cavity (Sirah Wavetrain). The
resulting light was transported through the beamline in collinear geometry with an average
power of ∼100µW.
A resonance signal for atomic calcium is shown in Fig. 3.8a. Due to a low wave-meter precision
of only 0.01 cm−1 and no absolute calibration, the absolute transition frequency could only
be determined within 1GHz. However, since there are no ionic Calcium transitions within
even 1THz around the measured feature, the resonance can nonetheless unambiguously be
attributed to neutralized Calcium atoms, confirming the charge exchange. The weak signal can
in part be attributed to a low charge-exchange efficiency as well as a high background count rate.
The signal shows a heavily distorted time- and energy-distribution which is a known downside
of the used laser ablation source (see [Ren20]). The source-design was still in prototype stage
and at the time of this measurement could not deliver reproducible, well defined ion bunches.
Similar observations have been documented during reference measurements of the 397-nm
transition of the calcium ions and are depicted in the time-resolved spectrum in Fig. 3.8b.
A narrow and consistent transition frequency can only be determined within a tail of slower
(thermalized) ions. The signal-to-noise ratio in this tail is however very weak so that the “slow”
peak could not be observed in the overall weaker atom resonance.
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(a)Atomic calcium spectrummeasured at 422.7 nm and 10keV beam energy. Because of the weak
SNR, no low energy thermalized tail is visible in the spectrum.

(b) Resonance of calcium ions measured at 396.8 nm and 10keV beam energy. After the strong
resonance, a clear tail of thermalized ions is visible and indicated by the arrow.

Figure 3.8: Laser spectroscopic resonances of both the calcium ion and atom were mea-
sured at the new collinear setup at ANL. Due to different trigger settings, the time-axes
are not directly comparable. The atomic resonance is very broad, which reflects the
properties of the laser ablation source. It has been observed that thermalized ions with
a low energy spread get released from the ablation source at later times. This feature is
clearly visible in the ionic resonance, but cannot be identified in the atomic one.

42



3.4.3 Outlook

It has been demonstrated, that the developed design of the charge-exchange cell enables
the use of magnesium as a vapor element. The increased ionization potential of magnesium
compared to the traditional alkali metals can significantly increase the population distribution
in the lower spectroscopy level of, for example, the 422.7-nm transition in atomic calcium.
Temperatures above 500 ◦C were achieved through resistive heating while maintaining the cell
extremities at a condensation temperature of 100 ◦C. The internal high voltage isolation of the
assembly has been demonstrated for up to 20 kV.
To further characterize the charge-exchange cell, the following upgrades and measurements
should be performed:

• The laser ablation ion source must be improved to deliver a more reliable ion beam.
An ion optics simulation of the extraction properties of the ablation source has already
been conducted. Design changes to better constrain the electric potentials have been
implemented and should help to increase the yield as well as the velocity profile of the
extracted ions for future tests. Additionally, the laser spectroscopy setup at ANL will soon
be moved to a new experimental area, where it will be placed behind a radio frequency
beam cooler and buncher (RFQ). This will significantly improve beam properties as the
laser ablation source will be located before the RFQ.

• The inserts placed inside the charge-exchange tube to reduce its diameter did not prove
to be an ideal solution. Due to a bad thermal conductivity between these tubes and the
hot center of the cell, a substantial amount of magnesium condensated on the colder
surfaces of the inserts. A coating of magnesium was visible after operation of the cell
and no solid chunks of magnesium were left in the tube after a day of operation. Instead
of using the inlets, the whole charge-exchange tube should be replaced with a lower
diameter alternative. Different geometries could be compared in terms of the depletion
of magnesium and the efficiency of the charge-exchange process.

• The heating power supply should be replaced by a more powerful unit and measurements
of the neutralization efficiency should be extended beyond 600 ◦C cell temperature. In
other CE-based laser spectroscopy experiments, typically, a neutralization rate of ∼50%
has proven to be a good compromise between efficiency and distortion of the lineshape.

• Laser spectroscopy should be performed at different cell temperatures to investigate
the influence of the vapor pressure on the count rates, as well as the lineshape of the
resonances.

• The signal strength of different optical transitions probed by laser spectroscopy under
the same conditions could reveal the relative population of the according levels. These
can be compared to the simulations from Fig. 3.2.

• For a traditional operation, the charge-exchange cell should be filled with a suitable alkali
metal (e.g. sodium). The measured neutralization efficiencies in this cell can then be
compared to data of other cells to get a better understanding of the thermal conditions
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inside the cell. Laser spectroscopic count rates after charge exchange on magnesium
and alkali metals could be directly compared to the predicted population fractions of the
lower spectroscopy level of Tab. 3.1. At the same time, the beam-induced background
events of both operation modes can be compared.

These optimizations will contribute towards laser spectroscopy of the Pd isotopic chain, provided
by the CARIBU source at ANL. The simulations in this chapter have shown that this experimental
program can greatly benefit from charge exchange on a magnesium vapor. Once installed at
the CARIBU source, the new charge-exchange cell can be used to quantify this advantage in
terms of population distribution and beam induced background, compared to the traditionally
used alkali metals.
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4 Nickel Experiment

Figure 4.1: Nickel is located in the region of transition metals. It lies on the Z = 28
proton-shell closure and its isotopes extend across three neutron-shell closures at N =
20, 28 and 50. An additional harmonic oscillator sub-shell closure at N = 40 is heavily
discussed. Radioactive isotopes that have been measured by laser spectroscopy are col-
ored and annotated, with neutron-deficient isotopes in red and neutron-rich isotopes in
blue. Stable isotopes are depicted in black. At BECOLA, the radioactive isotopes 54,55,56Ni
as well as the even-even stable isotopes 58,60,62,64Ni have been measured by collinear
laser spectroscopy. This range is enlarged with the life-times or natural abundances
denoted respectively. Neutron-rich isotopes of nickel have been measured at ISOLDE,
CERN.

4.1 Nuclear Physics along the Nickel Isotopic Chain

Nickel is a textbook element for the nuclear shell model: It lies on the Z = 28 proton shell
closure and spans three neutron shell closures at N = 20, N = 28 and N = 50, resulting in the
three doubly-magic nuclei 48Ni, 56Ni and 78Ni. The latter has recently, for the first time directly,
been confirmed to maintain its doubly-magic character despite being extremely neutron-rich
and far away from the line of β-stability [Tan19]. The self-conjugate N = Z = 28 isotope 56Ni
on the other hand is a neutron deficient nucleus located on the opposite side of the stability line.
It is the first doubly-magic nucleus whose f7/2 closed shell arises purely from spin-orbit coupling
as explained in Ch. 2.1.1. Previous measurements have sparked high interest since the nuclear
properties at and around this nucleus do not reflect a clear picture on its shell-closure properties.
As depicted in Fig. 4.2, the energy of the first excited 2+ state is significantly higher for the
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Figure 4.2: Experimental level energies and quadrupole transition probabilities B(E2) for
the first excited 2+ states for even-even Nickel isotopes as well as neighboring singly-
and doubly-magic even-even nuclei. The shell model predicts steep increases for the
E(2+) energies together with very low B(E2) values at the double shell closures. These
shell signatures are well visible in the experimental data. however, for 56Ni, the B(E2)
value surprisingly high. This hints towards a ’soft’ nature of 56Ni, meaning a proximity
of other fp orbits. Data from [Pri16; Tan19]

doubly-magic nuclei 56Ni and 78Ni, as well as for the sub-shell closure at N = 40, compared
to their even-even singly-magic neighbors. This is predicted by the shell model as a clear
manifestation of a double shell closure (see e.g. [Row10]). Correspondingly, an exceptionally
low electric quadrupole transition probability B(E2; 0+ → 2+) should be observed according
to the shell model, due to the spherical nature of doubly-magic nuclei. While this effect is
apparent at the harmonic oscillator sub shell closure at N = 40 as well as for doubly-magic
calcium isotopes in the Z = 20 shell, the B(E2) for 56Ni is surprisingly unchanged compared
to its neighbors. This experimentally observed behavior has been explained by shell-model
calculations including the full fp-shell [Ots98] with only a 49% contribution attributed to the
doubly-magic f7/2 wave function component. A similar result is obtained, when looking at
the magnetic moments of the neighboring isotopes 55Ni [Ber09], 55Co [Cal73], 57Cu [Coc09]
and 57Ni [Oht96] which can be well reproduced by full fp-shell calculations with a 60%
contribution of the doubly-magic configuration [Hon04]. The significant admixture of higher
energetic states to the ground state configuration of 56Ni suggests that the nucleus could be
readily excited across the shell gap, or, in other words, could be more easily deformed than the
strict shell-model picture allows. Such a core is called soft in contrast to a hard, undeformable
pure closed-shell core.
The Nickel region is furthermore known for other interesting physical phenomena: For 68Ni
shape coexistence between a spherical ground state and an oblate first excited 0+ state have
been explored [Suc14; Cri16; Gad16] and even for 78Ni a low-lying prolate band of excitations
has been discussed [Now16]. The phenomenon of shape coexistence occurs near closed-shell
nuclei, when the energy necessary for promoting particles across the shell gap is balanced by
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the energy gained from nucleon correlations. Naively, an excitation across the shell gap should
correspond to high excitation energies. But residual proton-neutron interactions can stabilize
these excitations, showcasing the importance of nuclear correlations. Shape coexistence is a
portal to the so-called islands of inversion, where the deformed n-particle n-hole states (then
called “intruders”) actually become the ground state instead of the spherical configurations.
Collinear laser spectroscopy can contribute to the picture of correlations in the region through
model-independent access to nuclear charge radii and electromagnetic moments. The shape
coexistence in 68Ni completes the picture of this effect appearing at all proton-closed shells
midway between neutron shell closures. This could, for example, have an impact on the
astrophysical prediction of nuclear abundance in explosive stellar processes. 154Sn is a nucleus
far away from stability but on the closed proton shell Z = 50 and right between the closed
neutron shells of N = 82 and N = 126 and in the suspected path of the r-process of rapid
neutron capture. Shape coexistence would significantly affect half-lives in this region and thus
the prediction of abundances.
An additional field of interest for nickel isotopes is also related to nuclear astrophysics. The
difference of nuclear charge radii ∆Rch between mirror nuclei (a pair of nuclei with inverted
proton and neutron numbers) can be used to constrain the slope of the symmetry energy L
at nuclear saturation density [Bro17; Bro20]. L is a crucial parameter for extrapolating the
neutron equation of state (EOS) to lower and higher densities and therefore the understanding
of neutron stars. And while it cannot be measured directly, L is known to be closely correlated
to the neutron-skin thickness ∆Rnp. Assuming perfect charge symmetry, the neutron radius of
a given nucleus is equal to the proton radius of its mirror nucleus and, thus, ∆Rnp = ∆Rch.
In reality, the charge symmetry is distorted by Coulomb interaction but in a way that can be
calculated. It was found that both ∆Rch and ∆Rnp are correlated with |N − Z|× L, but the
neutron skin is additionally dependent on the symmetry energy Esym(0.10) at a density of
0.10 nucleons/fm. However, for large |N − Z| the L dependence dominates and information
on mirror charge radii could constrain the slope of the symmetry energy. The nickel isotopic
chain offers several candidates for measurements of mirror nuclei. The ideal case would be
48Ni and its mirror nucleus 48Ca with |N − Z| = 8 but 48Ni is rarely produced and has a very
short lifetime of only 2.1ms. 54Ni on the other hand can be produced at NSCL and the charge
radius of its mirror nucleus 54Fe is well known [Woh80]. Fig. 4.3 shows calculations of the
neutron skin of 54Fe as well as the difference of the charge radii between the mirror nuclei 54Ni
and 54Fe as a function of the slope of the symmetry energy. Laser-spectroscopic measurements
of the charge radius of 68Ni have already been used to constrain L [Kau20] by combining it
with the dipole polarizability extracted from the pygmy and the giant dipole resonances.

4.2 Laser Spectroscopy of Nickel

As introduced in Ch. 2.1.3, the nuclear mean square charge radius is a good measure for
nuclear size and deformation. The radii along an isotopic chain typically increase steeply above
a closed shell before saturating or even decreasing towards the next magic number [Ang09;
Ang13]. This behaviour manifests through discontinuities in the slope at magic numbered
isotopes, also referred to as a kink at the shell closure (e.g. [Gor19]). The heavily discussed
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Figure 4.3: Calculations of the neu-
tron skin of 54Fe (top) and the dif-
ference of charge radii between
the mirror nuclei 54Ni and 54Fe
(bottom) as a function of the
slope L of the symmetry energy.
The colored dots denote Skyrme
EDF calculations modified to give
different specific values for the
presently unknown neutron skin
of 208Pb. Laser spectroscopic mea-
surements of the nuclear charge
radius of 54Ni could be used to
constrain L, which is a crucial
parameter for extending the neu-
tron equation of state (EOS) to
densities relevant in neutron stars.
Graphic from [Bro17].

harmonic oscillator neutron sub-shell closure at N = 40 [Bro95; Sor02; Lan03; Pau10] has
already been investigated using laser spectroscopic experiments. Measurements of stable and
neutron-rich nickel isotopes at the COLLAPS experiment at CERN determined the isotope shifts
and thereby the radii across the 68Ni nucleus [Kau20; Kau19]. For neutron deficient nickel
isotopes, however, no laser spectroscopic measurements were available before this work. The
National Superconducting Cyclotron Laboratory (NSCL) offers access to these isotopes and a
well established collinear laser spectroscopy setup (BECOLA) is available at the low-energy
experimental area [Min13]. It was therefore intriguing to study the evolution of rms charge
radii also across the doubly-magic shell closure at N = Z = 28, and investigate, whether the
suggested softness of the core manifests itself in the charge radii of 55Ni and 56Ni. Subsequent
measurements on 54Ni could reinforce the trend across the shell closure and be used together
with the charge radius of its mirror nucleus 54Fe to constrain the neutron equation of state.
Spectroscopy on Nickel isotopes has to be performed on atomic transitions, due to the lack
of laser-accessible transitions in the ion. Several conditions limit the choice of spectroscopy
transitions: While the lower level must be a stable or long-lived metastable state and provide a
significant electronic population after charge exchange, the upper state should directly decay
back into the lower state with a relatively large Einstein coefficient and a strong branching
ratio. The atomic 3d8(3F )4s2 3F4 ground state does not offer any transitions matching these
criteria but the low lying 3d9(2D)4s states present well suited lower levels. Four possible
transitions with frequencies accessible by the BECOLA laser systems have been compared
in [Ryd15] and their properties are summarized in Tab. 4.1. Based on these findings, the
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Table 4.1: Overview of atomic transitions accessible for laser spectroscopy in nickel iso-
topes that have been compared in [Ryd15]. Energy and term of both the lower (l) and
upper (u) level of each transition are given along with the wavelength λ, the Einstein
A coefficient, the branching ratio β and the expected population share Pl of the lower
level after charge-exchange of a 30 keV nickel beam on sodium vapor and a 50 cm flight.

El(cm−1) Term l Eu(cm−1) Term u λ(nm) A(108 /s) β(%) Pl(%)

204.787 3d94s 3D3 28569.203 3d94p 3P2 352.5 1.0 91 14.7
879.816 3d94s 3D2 29320.762 3d94p 3F3 351.5 0.4 58 14.6
1713.087 3d94s 3D1 30192.251 3d94p 1P2 351.0 1.2 99 7.5
3409.937 3d94s 1D2 31441.635 3d94p 1D2 356.7 0.6 89 4.2

3d9(2D)4s3D3 → 3d9(2D)4p3P2 atomic transition at 352.4 nmwas chosen due to its combination
of a large transition rate, the high branching ratio, and a sufficient population share after
charge exchange. Moreover, and as important, it is an s → p transition which has a sufficiently
large field shift coefficient to be sensitive to the charge radius.

4.3 Experimental Setup

4.3.1 Online Production and Beam Transport

At the National Superconducting Cyclotron Laboratory (NSCL) in Michigan, a wide range of
radioactive isotopes can be produced through in-flight fragmentation of a primary beam on
a thin target. A schematic overview of the experimental facility is shown in Fig. 4.4. The
employed production mechanism is particularly suited for the production of neutron-deficient
nuclei since the peripheral collision with the target-nucleus only removes a few nucleons from
the projectile nucleus [Maz20]. In order to produce the neutron-deficient nickel isotopes
55,56Ni, a primary beam of stable 58Ni can thus be used. The stable nickel ions are produced in
an electron cyclotron resonance (ECR) ion source and accelerated by two coupled cyclotrons,
the K500 and K1200 [Sto13]. This provides a high energy 58Ni-beam of 160MeV/u with an
intensity of about 20 pnA. The primary beam is fragmented at a 610mg/cm2 beryllium target
and the desired nickel isotopes are separated from the rest of the projectile fragments at the
A1900 fragment separator [Mor03]. The combination of in-flight fragmentation and separation
provides a significant temporal advantage in the production of short-lived isotopes, compared
to the long extraction times of thick-target ISOL techniques [Mor04; Dup06]. Furthermore,
the high momentum of the projectile makes the reaction independent of chemical reactions,
which might occur during a prolonged interaction inside the target. The resulting rare isotope
beam maintains a large fraction of the initial kinetic energy of the projectiles. This enables
high-energy physics experiments without reacceleration, but, together with a broad momentum
distribution, forbids the direct use in low-energy experiments. Therefore, the fast isotope beam
is transported further to a gas cell [Coo14], where the ions are stopped and thermalized in a
helium buffer gas. Because of the high ionization potential of the helium atoms, the ions remain
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Figure 4.4: Schematic layout of the experimental infrastructure at the National Super-
conducting Cyclotron Laboratory in East Lansing. Ions from the ECR ion source are
accelerated to energies of up to 170MeV/u at the coupled cyclotrons K500 and K1200.
The highly energetic particles then pass a thin target where a few nucleons get stripped
from the projectiles and the fragments of the reaction are separated by mass-to-charge
ratio in the A1900 separator. The desired isotope species can then be transported to var-
ious experimental areas. For use in thermalized beam experiments, the beam is stopped
in a gas cell and reextracted at a much lower energy of 300keV. Schematic from [Sto13].

ionized and can be electrostatically extracted at 30 keV/q towards the low-energy experiments.

4.3.2 Beam Cooler and Buncher

In the BEam COoler and LAser spectroscopy (BECOLA) facility, the beam is guided into a
radio-frequency quadrupole cooler and buncher (RFQ) [Bar14]. It is designed to accumulate
the ions, cool them into a homogeneous ensemble, and release them as bunches with low
energy spread into the laser spectroscopy beamline. This is a well-established technique to
improve the signal-to-noise ratio of the fluorescence measurement by up to a factor of 1000
[Nie02; Nör14a].
When entering the RFQ, the continuous low energy beam is decelerated through the high
voltage potential of the RFQ platform and focused into the buffer-gas-filled section, where the
ions are thermalized and confined by the oscillating electric quadrupole field. A weak axial field
guides them into a linear Paul trap where the ions are collected. After an accumulation time tacc
of typically a few hundred milliseconds*, the voltage of the last electrode is pulsed from 20V to
−15V to open the trap for a release time of w = 50µs, and the bunch of ions is reaccelerated by

*for this experiment tacc = 360ms for radioactive beam and tacc = 30ms for stable isotopes
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Figure 4.5: Technical schematic
of the penning sputter ionization
gauge used as an offline source at
the BECOLA experiment. The Cop-
per coil creates a strong magnetic
field that confines a discharge
plasma between the anode and the
two cathodes. Cathode material
is ionized in the plasma and can
escape the source along the extrac-
tion field through the cathode hole.
Graphic from [Ryd15].

the RFQ-platform potential of 29 850V. The time-width of this ion bunch is of the order of 3µs
depending on the total number of accumulated ions. The energy spread of the released ions is
of the order of a few eV, enabling the experiment to reach sufficient spectroscopic resolution
through Doppler compression (see Ch. 2.3). The RFQ also decouples the ion-laser overlap in
the laser spectroscopy beamline from the ion-production section. This is especially important
when the isotope shift between a radioactive isotope from the cyclotron facility and a stable
isotope from a local offline source is investigated. Finally, the most important benefit of the
buncher is the significant background suppression. All ions accumulated within tacc are now
measured during the short time-width w of the ion bunch as opposed to being spread into a
continuous beam. Therefore, the beam-independent background events (mostly laser photons
scattered within the beamline) are reduced by a factor of tacc/w = 360ms/50µs = 7200.

4.3.3 Offline Ion Source

As described in Sec. 2.3, in collinear laser spectroscopy experiments stable isotopes must be
measured alongside the rare isotopes in order to extract differential charge radii. Nickel has
five stable isotopes (shown as black squares in Fig. 4.1) of which 58Ni and 60Ni make up almost
95% of the natural abundance. Since it takes the accelerator at least 1 h to change between
two isotopes, an offline source for the production of stable isotope beams is installed at a
diverter before the RFQ cooler and buncher. This allows to quickly switch the injection into the
buncher between the radioactive isotope of interest and the stable reference isotopes. At the
BECOLA facility, a Penning sputter ionization gauge (PIG) ion source [Nou10] produces the
stable isotope beams. The design is depicted in Fig. 4.5. It consists of a linear arrangement
of two cathode discs and a hollow anode ring in between. An axial magnetic field confines
discharge electrons to a spiral path in the axial potential where they ionize buffer-gas particles
that in turn are accelerated towards the cathodes. In our case, an argon buffer-gas was used
and both cathodes were made of natural nickel. On impact, the Ar+ ions sputter material
from the cathodes which is ionized by the fast electrons. This enables a self-sustaining plasma
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Figure 4.6: Schematic of the BECOLA collinear laser spectroscopy setup. Ion bunches
from the RFQ cooler and buncher are overlapped with the laser beam in the switchyard
and co-propagate through the beamline. At two diagnosis stations, the properties of the
laser and ion beam are monitored and their overlap is determined. Ions are neutralized
in the charge-exchange cell and the fluorescence light from laser-atom interactions is
detected by three photomultiplier tubes in the detection regions.

with relatively low anode-cathode voltages and hence, produces predominantly ions of single
charge. Both the ionized cathode material and discharge gas ions are extracted by an electric
field through a hole in one of the cathodes. The PIG source is thus particularly suited for the
production of metal ions, which are often hard to produce in thermal ion sources due to the
required high temperatures.

4.3.4 Collinear Beamline

After being extracted from the RFQ cooler and buncher, the ions from either the cyclotron
facility or the offline source are guided into the laser spectroscopy beamline. A full schematic
of the BECOLA experimental setup is depicted in Fig. 4.6. At a 2-way switchyard, the bunches
are electrostatically deflected onto the laser beam axis. During the online experiment and most
of the reference measurements on stable nickel, the laser entered the vacuum setup through a
window in the switchyard and co-propagated with the ion bunches through the beamline. To
deduce the rest-frame frequencies of 58,60Ni, which were used to calibrate the beam energy
(see Sec. 5.2.3), collinear and anticollinear spectroscopy was performed by irradiating the laser
light through a second window at the end of the beamline. The alignment of the ion beam to
the laser-light trajectory was optimized with quadrupole doublets and electrostatic steerers in
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the first sections of the vacuum vessel. Apertures with a diameter of 3mm can be inserted into
the beam path 2.1m apart from each other and are used to verify the quality of the ion-laser
overlap. Furthermore, at these beam diagnostic stations, Faraday cups can determine the
impinging particle current and silicon detectors can count the radioactive ions. Between the
diagnostic stations, a sodium-filled charge-exchange cell [Klo12; Ryd15] is installed that is
heated to 420 ◦C to generate a sodium vapor. As discussed in the previous Ch. 3, the Nickel
ions get neutralized in a charge-exchange reaction with the alkaline gas. The temperature of
420 ◦C is chosen for sodium to achieve a ∼ 50% neutralization efficiency. Higher neutralization
efficiency is possible at higher temperatures (higher sodium pressure) but comes at the cost of
severe line-shape distortion. The neutralization is necessary for the spectroscopic investigation
of nickel isotopes because laser-accessible transitions are only available in the nickel atom and
not the ion. The simulations in Fig. 3.2 show that the resulting nickel atoms initially populate
many excited states but quickly decay into lower energetic states. About 15% of the atoms are
expected to populate the lower level of the spectroscopy scheme when passing the interaction
region. This has been verified by relative population measurements at the BECOLA setup
[Ryd15]. The upper spectroscopy level should in contrast be fully depopulated at this time.
After the charge-exchange cell, the neutralized beam passes three mirror based fluorescence
detection units. The first unit [Min15] is installed approximately 40 cm from the center of
the charge-exchange region. Fluorescence light is collected with an ellipsoidal reflector and
detected by a photomultiplier tube (PMT)[Krä10]. A second detection region is placed behind
this first one and includes two identical units [Maa20b], with a distance of 30 cm and 41 cm
from the first unit respectively. The units in the second region feature elliptical reflectors
inside the vacuum and additionally employ compound parabolic concentrators (CPC) in front
of the PMTs. The concentrators are designed to favorably transmit photons that originated
at the beam axis and thereby suppress off-axis stray light. This increases the signal-to-noise
ratio and has proven crucial for measurements where only very few ions are available [Mil19].
The trade-off is a decrease in overall photon collection efficiency as compared to the first
detection setup. The readout of all photomultiplier tubes (from now on referred to as PMT0,
PMT1 and PMT2) is connected to a field-programmable gate array (FPGA), which allows for a
time-resolved recording of the events [Ros14].
The charge-exchange cell as well as the detection regions can be operated on a variable potential
compared to the rest of the beamline. This allows to re-accelerate the ions into this region,
and thereby scan the beam energy across a 100 eV range. This small velocity variation leads,
through the Doppler shift to a change of the laser frequency observed by the atoms. When the
perceived laser frequency matches the excitation energy of the atomic transition, photons will
be absorbed by the beam atoms and spontaneously reemitted, leading to a resonance signal
in the fluorescence detection units. In principle, all investigated isotopes could be measured
at the same fixed laser frequency by adjusting the range of the scan voltage. However, this
requires drastic changes in the scan voltage of up to a few kilovolt, which in turn was observed
to introduce deflections of the ion beam. Furthermore, uncertainties in the MHz regime can
be introduced when measuring these voltages, even with a relative measurement precision of
10−4. Thus, the beam energy for all isotopes is kept constant within the few 10 eV range, and
instead the laser frequency is adjusted accordingly for each isotope.
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Figure 4.7: Photograph of the laser system used in the Nickel experiment at BECOLA. The
Ti:sapphire laser is pumped by a Nd:YAG solid-state laser and its output is frequency-
doubled before being coupled into the optical fiber for transport to the experiment. The
laser system is stabilized using a reference cavity, a wavelength meter and a frequency
stabilized Helium-Neon reference laser.

4.3.5 Laser System

The corresponding laser setup used for this experiment was based on a continuous-wave
Ti:sapphire laser (Matisse TS, Sirah Lasertechnik) tuned to a principal wavelength of 704 nm
and pumped by a frequency-doubled Nd:YAG solid-state laser (Millenia eV, Spectra Physics).
The Ti:sapphire laser was stabilized to a reference cavity and the length of the cavity was in turn
corrected according to measurements of the output beam by a wavelength meter (WSU30, High
Finesse). The wavelength meter itself was calibrated to a frequency stabilized He-Ne reference
laser (SL03, SIOS Meßtechnik) once a minute to reduce frequency drifts. The absolute and
relative uncertainties of wavelength meter devices, including the type used in this experiment,
have recently been examined in detail [Ver20; Kön20]. Local variations of the frequency offset
of the devices within the free spectral range (FSR, typically a few GHz) were observed to be
±3MHz (3σ). This is a significant decrease in uncertainty compared to the absolute frequency
uncertainty of ±30MHz (3σ) and served as an error estimate for the frequencies used in the
nickel experiment. In order to generate the near-UV spectroscopy light, the laser beam from
the Ti:Sapphire laser was coupled into the cavity of a frequency doubling unit (Wavetrain,
Spectra Physics). The resulting 352 nm light was transported to the experimental area via an
optical fiber and aligned into the beamline through an anti-reflection coated laser window
using piezo-controlled mirrors.
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4.4 Data-Taking and Beamtime

The first online laser spectroscopy experiment on Nickel isotopes at BECOLA was carried
out during 10 days in April of 2018. While the initial day was dedicated to tuning the ra-
dioactive beam from the cyclotron to the experimental area, the data for this work has been
collected between April 13th and 22nd. During the first two days, 56Ni was investigated and
the remaining days were spent measuring 55Ni, which was much more challenging due to the
hyperfine splitting into 15 peaks that reduced the signal strength. Both radioactive isotopes
were delivered into the BECOLA experimental area at a rate of typically 1500 ions per second,
which reduced to a few hundred atoms in the interaction region due to transport losses and
the charge-exchange process. Typically every 6-12 hours 58,60Ni reference measurements
were performed. Ion and atom current measurements throughout the experimental campaign
documented a charge-exchange efficiency of typically 30 to 50%.
The experiment was challenged by comparatively high laser-induced background count rates
of up to a million counts per second and PMT, which was more than a factor of 10 higher
than achieved in the beamtime preparation. For this reason, repeated attempts were made
throughout the experiment to reduce these numbers using the piezo-controlled laser mirrors.
Furthermore, the scan-voltage power supply recurrently exhibited an irregular deviation from
the set value towards the end of the beamtime. In these cases, the scan had to be stopped and
the power supply was reset by applying a large negative voltage, which solved the problem
for some time. It turned out that a sodium coating of the insulators of the charge-exchange
cell was responsible for this behavior. After cleaning the insulators in preparation for the 54Ni
beamtime, a reliable operation was restored.
Following up on the experiment, and in preparation of the consecutive investigation of 54Ni,
additional measurements of the stable Nickel isotopes 58,60,62,64Ni were performed at BECOLA
in 2020. The conclusions from these measurements have been published in two separate papers
[Kön21a; Kön21b] and were utilized in the analysis presented in the next chapter.
Finally, in July 2020, the second measurement campaign on radioactive Nickel isotopes was
conducted at the BECOLA facility. During this beamtime, the isotope shift of 54Ni was deter-
mined and helps to illustrate the trend of nuclear charge radii across the N=28 shell closure
for neutron deficient Nickel isotopes. The detailed analysis of this second experiment as well
as the discussion in terms of the mirror charge radii are not part of this thesis.
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5 Nickel Data Analysis

5.1 Analysis Framework

During the 10 days of beamtime at the BECOLA facility in April 2018, over 300 single data
runs have been recorded. These comprise the four measured isotopes of nickel with 55Ni and
56Ni being the neutron-deficient isotopes of scientific interest and 58Ni and 60Ni the stable
reference isotopes. The individual measurements furthermore differ in the settings used or
experimental conditions at that point in time. Some contain significant data while others
might have faulty settings or are runs that were used to tune experimental parameters. It was
therefore crucial to categorize the runs, sort out invalid data and implement a framework that
organized the single files and made them available for analysis. In the LaserSpHERe group,
there is a well-established, python-based software set for data acquisition and analysis. It
contains the programs TILDA and PolliFit [Kau19] and uses an .xml file format for both human
and machine readable storage of single data runs. These .xml-files contain the time- and
voltage-dependent count rates of all photomultiplier tubes as well as all crucial experimental
parameters like the specific isotope, the laser frequency, and the time and date of the run.
Since this software is routinely used in the LaserSpHERe group and offers predefined analysis
tools, it was chosen to be used for this analysis of the 2018 BECOLA nickel data.

5.1.1 File Preparation and Conversion

One measurement for this experiment typically consisted of a few 10 to hundred scans (repeti-
tions), of which each contained a set of voltage steps, e.g., 60 steps of 1 V step size representing
a scanning range of 900MHz and step width of about 15MHz. At every step, counts from
three photomultiplier tubes were recorded in 1024 time-resolved bins with a 48 ns resolution.
In order to use the LaserSpHERe software framework, the original data had to be converted.
At the BECOLA experiment, raw data is stored in .mda files which contain in detail the experi-
mental data as it is recorded during the run. These files can be extracted into human readable
.ascii files with different complexity options. In the context of this work, the option to include
headers was used, which adds comment lines to the data and also includes file creation time
and date. The extracted .ascii files had a size of typically a few 100 megabytes and contained
information on a much more detailed level than what was needed for the analysis. For this
work, a conversion script was implemented that read the .ascii files line-by-line and extracted all
relevant information. The script prepared a three-dimensional data array where the measured
counts were sorted by photomultiplier, time bin, and step number and summed up a total
count number for each of these 3D-data points. In parallel to this sorting, the measured scan
voltage was compared to the set value of the power supply in dependence of the scan number
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Figure 5.1: Comparison of the measured scan voltage to the set value of the digital to
analog converter (DAC) that controls the power supply for a typical measurement. A
plane was fitted to the data and its slope and offset were used as correction parameters
for the DAC voltage in the analysis. The deviation exhibits an oscillating component in
scan number direction (i.e. time) which is characteristic and has been observed for all
files. This oscillation was not corrected since it does not shift the resonance spectra but
broadens them by less than 1MHz.

and voltage step. This revealed an overall offset of approximately 100mV and a difference
of the slope of ∼0.8%. Additionally, the voltage oscillated with a period of typically 30min
and an amplitude of 50mV. This behavior is exemplarily depicted in Fig. 5.1 and is likely
caused by temperature fluctuations. A plane was fitted to the read values in order to extract
the start voltage and voltage per step parameters of the scan. In comparison to using the set
voltages, this procedure reduced the voltage standard deviation relative to the read values by
up to an order of magnitude (e.g. from 197mV to 23mV in run 6502). In this analysis, the
time-dependent deviations were not corrected since they affect all steps equally and thus only
broaden but do not shift the resonance spectra systematically.
Further metadata on each run was automatically extracted from an Excel worksheet, which has
been maintained during the experiment. In particular, this includes the isotope and laser fre-
quency of each run and also helped to identify faulty runs through the included comments. The
extracted data array in combination with the voltage correction and the scan metadata, were
finally combined to a PolliFit-compatible .xml file which also reduced the file size compared to
the .ascii by a factor of 100.
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5.2 Analysis of the Data Structure

In order to extract, e.g., the transition frequency from the measured resonance curve, a function
must be fitted to the data. This fit function contains free parameters to describe the unknown
hyperfine structure of the transition, which can be very complex for odd isotopes like the
measured 55Ni. For the even nickel isotopes, the free parameters reduce to the center frequency
and width of the single peak since they do not exhibit a hyperfine-splitting. In addition to
the just mentioned parameters, which are intrinsic properties of the measured transition and
isotope, the shape of the resonance profile is also determined by experimental conditions: Stray
light in the beamline will introduce a background rate on the photomultiplier tubes that has to
be accounted for as an offset in the fit function. The number of atoms and their interaction rate
with the laser beam define the peak height of the signal. Various broadening mechanisms can
influence the linewidth and collisions with the charge-exchange gas can lead to asymmetric
resonance features. The settings in the radio-frequency cooler and buncher (RFQ) define the
temporal shape of the data. In the following subsections, these effects and their influence on
the data are examined and discussed.

5.2.1 Lineshapes

In a simplified picture, the transition between two distinct electronic states in atoms should
lead to a mono-energetic resonance in spectroscopy with zero linewidth. However, even in
an ideal experiment the finite lifetimes τk,i of the upper (k) and lower (i) electronic states
lead to an energy uncertainty as an intrinsic property of the quantum state [Dem11] and
thus to a natural width ∆ωki = 1/τi + 1/τk of the observed line. When the lower level has a
much longer lifetime, e.g. a meta-stable state, the lifetime of the upper state determines the
natural linewidth. If several transitions from the upper level are possible, the lifetime decreases,
and thus, the natural linewidth increases accordingly. In terms of frequency and Einstein
coefficients Aki (which are typically tabulated, e.g. [Kur95; Kra99]) the natural linewidth for
the observed nickel transition becomes:

∆νk =

∑︁
iAki

2π
=

Ak

2π
= 17.4MHz. (5.1)

The width of a line is typically defined as the full width of the frequency distribution at half
maximum (FWHM). Under experimental conditions, the observed linewidth will be further
increased by pressure-, Doppler- and saturation-broadening [Dem11]. The line broadening
effects are categorized as homogeneous or inhomogeneous broadening, depending on whether
the probability for absorption and emission on a certain transition is equal for all particles
or depends on their external degrees of freedom, e.g., their velocity. Homogeneous effects
include the natural-, pressure- and saturation-broadening and lead to a Lorentzian lineshape.
For the beam particles in collinear laser spectroscopy, pressure broadening does not play any
significant role due to the practical absence of intra-beam collisions. Saturation broadening on
the other hand is predominantly determined by the laser intensity I compared to the saturation
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density Isat of the transition. The natural linewidth is then broadened by [Foo11]

∆νL = ∆νk ·
√︃

1 +
I

Isat
, where Isat =

πhcAk

3λ3
0

. (5.2)

With the wavelength λ0 = 352.4 nm of the transition and a typical laser intensity of 35mW/cm2,
the expected saturation broadening factor for the nickel transition becomes 1.3 and the satura-
tion broadened Lorentzian FWHM is ∆νL = 23MHz.
Doppler-broadening is an inhomogeneous broadening mechanism since the probability of
absorption and emission depends on the velocity of the particle. The resulting lineshape is
a Gaussian profile. As already introduced in Ch. 2.3, collinear laser spectroscopy utilizes
the velocity bunching effect of electrostatic acceleration to significantly reduce the Doppler
broadening of an ion ensemble. After the RFQ cooler and buncher, the main cause of a velocity
spread in the ions is expected to be small local or temporal deviations of the extraction potential.
We can express the velocity compression R in Eq. 2.37 in terms of a potential variation δU
by replacing kBT with eδU . Following the argumentation in [Kau76], the expected linewidth
contribution when probing with a collinear laser beam (z-direction) is given by

∆νz ≈ ν0 ·
v0
c

·R, (5.3)

where ν0 is the transition frequency and v0 is the velocity variation in the beam before accelera-
tion. The BECOLA cooler buncher has a reported typical energy FWHM of 5 eV [Bar14], which
translates to a linewidth contribution of the order of ∆νz ≈ 77MHz. Considering the also
reported typical transverse emittance of 3πmmmrad for the buncher should not drastically
increase this value.
In summary, both homogeneous and inhomogeneous broadening can be expected to occur in
the observed line, the resulting lineshape is then a convolution of Lorentz and Gauss shape,
called the Voigt profile. The FWHM of the Voigt profile is given by [Dem11]

∆ν = 0.535 ·∆νL +
√︂
0.2166 ·∆ν2L +∆ν2G, (5.4)

with the Lorentzian FWHM∆νL = 2γ and the Gaussian FWHM∆νG =
√︁
8 ln(2)·σ. Here γ and

σ are the Lorentzian and Gaussian width parameters respectively of the explicit implementation
of the Voigt function in this analysis.
The observed lineshape is further affected by the charge-exchange process. As described in
Ch. 3, elastic and inelastic collisions occur between the beam and the charge-exchange gas,
leading to an energy loss of the beam particles. This causes an asymmetric lineshape due to a
shifted resonance frequency of the slower particles and thus an asymmetry in the lineshape.
This can be modeled through the inclusion of one or several additional Voigt peaks representing
the atoms that underwent non-resonant charge-exchange processes [Klo12]. This approach is
physically meaningful if the charge-exchange process is dominated by transfer to only a few
well-isolated electronic levels. The energy of the side peaks relative to the main feature is then
equal to the difference in ionization energies ∆Ek of the non-resonant channels and the vapor
atom ground state. If, like for nickel atoms, a multitude of closely spaced levels is relevant for
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Figure 5.2: An exemplary dataset of 58Ni in the 3d9(2D)4s 3D3 → 3d9(2D)4p 3P2 transi-
tion fitted with three different lineshapes. The residuals, meaning the deviation between
the fit function and the data points are plotted below the resonance. The Voigt profile
fails to reproduce the asymmetry of the data, underestimating the tail at lower frequen-
cies and overestimating data points for higher frequencies. Both asymmetric lineshapes
reproduce the data much better.

the process, an effective value for the asymmetry can still be determined from the observed
asymmetry. In an alternative, phenomenological approach, the lineshape can be described
through an asymmetric Voigt profile [Klo13]. For this, the linewidth of the profile is varied
exponentially from the centroid.
For an investigation of the lineshape, all recorded resonances have been fitted to the three line
profiles described above: The standard Voigt profile, a Voigt profile with an additional satellite
peak (SatVoigt), and finally a Voigt function with exponentially varied linewidth (ExpVoigt).
In Fig. 5.2, the three approaches are depicted for an exemplary 58Ni spectrum with good
statistics. The deviation of each data point from the fitted line profile is described by the
so-called residuals and helps to illustrate systematic shortcomings of the models. The model
quality can be estimated using the reduced χ2 value, calculated as

χ2
red =

χ2

n
=
∑︂
x

[Nx − f(x)]2

[∆Nx]2
· 1
n
, (5.5)

where [Nx − f(x)] are the residuals between data and fit at each point of the measurement,
∆Nx is the statistical uncertainty of the data and n the number of degrees of freedom. The
closer this value is to one, the better is the agreement between data and model. Values below
one hint at an overdetermination, meaning the data is not sufficiently detailed to determine all
model parameters, or the uncertainties of the data are overestimated. For a determination of
the best line profile, it can therefore be advantageous to maximize the statistics by adding all
measurements of a single isotope (for details see Sec. 5.3.1). As expected, the asymmetric
shapes reproduce the data far better, compared to the symmetric Voigt function, resulting in a
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Table 5.1: Centroid parameters ν0 and isotope shift δν for fits of exemplary data sets of
58Ni and 60Ni using different lineshapes. While the centroid frequencies depend on the
lineshapes, the effect vanishes below the statistical uncertainty for the relative isotope
shift.

Voigt SatVoigt ExpVoigt

ν580 −505.9(3)MHz −504.1(5)MHz −505.5(3)MHz

ν600 −2.0(5)MHz −0.7(7)MHz −1.8(5)MHz

δν58,60 −503.9(6)MHz −503.4(9)MHz −503.7(6)MHz

significantly lower reduced χ2. The difference between the two asymmetric models is small
and either is a valid choice. It should be noted, that the lineshape influences the centroid
parameter and, thus, has to be treated as a systematic uncertainty in this context. However, the
effect is reduced below the statistical uncertainty when investigating relative isotope shifts (see
Tab. 5.1), because both isotopes exhibit similar lineshapes. For the scope of this analysis, the
Voigt profile with one additional satellite peak has been chosen. The statistics of the individual
measurements, especially for 55Ni, were often not sufficient to determine all model parameters.
Therefore, the parameters of the lineshape were fixed to the mean values of a first set of fits
that used free parameters. The mean Lorentzian and Gaussian widths were determined to
be ∆νL = 2γ = 24MHz and ∆νG =

√︁
8 ln(2) · σ = 80MHz respectively, and are in good

agreement with the values estimated above. Since conditions of the laser, as well as the RFQ
cooler and buncher, are not suspected to drastically change during the experiment, fixing these
values is well justified. The satellite peak shares the same width parameters as the main peak
and the mean values of its position and intensity relative to the main peak were determined
as ∆E = −6.2 eV and I/I0 = 0.057 respectively. These parameters depend mainly on the
conditions inside the charge-exchange cell, which have been monitored to be fairly stable
throughout the experiment.

5.2.2 Time Gates

The events registered in the photo-multiplier tubes were recorded with a time-resolution of
48 ns. These 48-ns time windows are referred to as ’bins’ from here on and for each bin, multiple
events per photomultiplier could be registered. In Fig. 5.3, an example of the time-resolved
data for one measurement and a single PMT is shown along with projections of the data onto
the time and voltage axes. A constant background of counts was detected most of the time,
mainly caused by laser stray light. When the bunched ensemble of atoms passed the PMT the
number of registered counts increased significantly independent of the applied voltage due to
background photons induced by the bunch particles. If additionally, the scan voltage matched
the resonance condition, a steep increase in counts evidenced the fluorescence of nickel atoms
after excitation through the laser photons. In order to maximize the gain of sensitivity provided
by the bunched-beam technique, the detected counts were gated onto the time window of the
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Figure 5.3: Example of the time-resolved data recorded in PMT0 during one 58Ni refer-
ence measurement. The number or counts is color-coded in the voltage (horizontal) vs.
time (vertical) plane and only an excerpt of the time-axis is shown. The projection of
the counts onto the time-axis is depicted on the right and the projection of the counts
onto the voltage axis is displayed on top. For the voltage projection, only data within
the time gates denoted by the horizontal red lines was included in order to reduce the
laser-induced background.

passing atom bunch.
The choice of gate parameters, i.e. the size of the time gate and its center on the time axis
proved to be crucial for the data analysis. As can be seen exemplary for a high statistic
measurement of 58Ni in Fig. 5.4, the fitted centroid of the atomic resonance depended heavily
on the time gate. The best signal-to-noise ratio (SNR) was achieved when the gate size was
chosen to be around 23 bins. But if the gate center does not exactly match the average atom
bunch time-of-flight (ToF), the fit centroid was shifted by up to a few MHz which is much
larger than the fit uncertainty. This effect vanished if the time gate was chosen wide enough to
comprise the full atom bunch but the downside was a decrease in signal-to-noise ratio. A good
compromise between reliable fit results and a strong SNR was achieved when the time gates
were chosen with a size of ±2σ around the center of the atom bunch. This required a precise
characterization of the time-of-flight properties of the atom bunch.
The easiest method to estimate the position and width of the atom bunch was fitting an

appropriate function (e.g. a Gaussian) to the time-projection of the data and extract the
centroid parameter and the 1σ-width from the fit. This approach proved reliable for bunches
containing a single isotope, as is the case for mass-separated radioactive beams from the NSCL
facility. The stable isotopes from the PIG source were, however, not mass-separated and all
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Figure 5.4: Variation of the fit centroid depending on the gate width and center parame-
ters. With increasing width of the time gate, the influence of the center gate parameter
decreases and finally is within the statistic uncertainty of the centroid values. On the
secondary y-axis, in red, the SNR values for the gate center 0 bin fits are depicted. At the
maximum of the SNR values, the gate width parameters still heavily impact the centroid
of the fit with shifts up to a few MHz. For the analysis, the gate parameters were thus
chosen as a compromise (vertical dashed line) between reliable centroid fits and high
SNR values.

naturally abundant isotopes were present in the bunches during the offline measurements.
Thus, due to the non-resonant, beam-induced background, the time gates extracted from
the projection were typically dominated by the most abundant 58Ni isotope. This is clearly
evidenced in Fig. 5.5 where the extracted average ToF parameters for all nickel isotopes
measured at the BECOLA facility are compared. The time-of-flight is expected to increase
proportionally to the square root of the masses of the isotopes. While this is reflected in
the figure for the radioactive bunches, the center of the ToF for the stable isotopes is almost
constant, even declining slightly for the heaviest 64Ni.
An alternative method for extracting the gate parameters is a signal-to-noise analysis. Contrary
to the simple time projection of the data, it is very sensitive to the isotope-specific fluorescence
signal. The signal-to-noise ratio (SNR) in this context is defined as the maximum number
of counts above background in the peak (fit parameter ’Int0’), divided by the square root of
the average background counts (fit parameter ’offset’). The SNR is directly related to the
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Figure 5.5:Values for the average time-of-flight (ToF) of each isotope have been extracted
by two different methods. The blue values are determined by projecting the data onto
the time-axis and fitting a Gaussian to the distribution. Since this includes the beam-
induced background signal, the values for the stable isotopes are dominated by the most
abundant 58Ni, leading to constant ToF values. The second method (purple) is based on
the signal-to-noise ratio of the fluorescence signal. It yields reliable average ToF values
that agree well with the expected dependence on the square root of the isotope mass
(fitted in red).

parameters of the time gate since both the resonance signal and the background depend on the
choice of the time gate. Assuming a Gaussian time-structure of the atom bunch and a uniform
background*, the SNR can be written as

SNR =
Int0√
offset

= SNRmax ·
1

2.10177σ

∫︁ t0+b
t0−a exp

[︁
−1

2(
t−t0
σ )2)

]︁
dt√︁

(a+ b)/(2.8σ)
, (5.6)

where t0 and σ define the center and width of the Gaussian, and a and b describe the chosen
time-gate. This model produces a maximum SNR for a gate centered (a = b) around the
middle time-of-flight t0 and a size of a+ b ≈ 2.8 · σ. In order to find the parameters t0 and σ
of the atom bunch, different time gate properties within a reasonable interval were analyzed
in a brute-force approach. The center of the gate was varied between ±5 bins around the
expected center of the atom bunch and the size of the gate was set to 35 values between 6 and
64 bins. For each set, the gated data was fitted and the SNR was determined from the ’Int0’
and ’offset’ parameters of the fit. For a single measurement, the resulting SNR values of this
approach are color-coded in Fig. 5.6. The model described in Eq. 5.6 was fitted to this data
and thereby t0 and σ were determined for this measurement. This analysis was repeated for all
measurements of all isotopes and separate for each photomultiplier. A weighted average over

*This proved to be a good assumption for the radioactive isotopes where the beam-induced background was low
compared to the constant laser background. For the stable isotopes, additional Gaussian background contributions
were included to account for the significant beam-induced stray light from 58Ni and 60Ni atoms. For the sake of
clarity these contributions are not included in Eq. 5.6.
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Figure 5.6: Result of the signal-to-noise ratio analysis for a single 58Ni measurement. The
SNR values are color-coded versus the gate parameters (center and size) used for their
extraction. The data was fitted with a 2-Dmodel linking the SNR and the bunch structure
(see text for details) and the contours of the model are plotted in white. The fitted center
of the 58Ni atom bunch is indicated by the white dashed line. It does not coincide with
the maximum SNR values due to the presence of beam-induced background from 60Ni
particles.

all measurements yielded a center and size gate parameter for each isotope, and the center
parameters are compared to the ones extracted with the projection method in Fig. 5.5. The
values from the SNR analysis exhibit the expected linear dependence from the mass number
also throughout the stable isotopes. For the three different PMTs, the gate center parameters
are shifted according to their position along the beam path. Again, this shift is dependent on
the isotope mass and for 58Ni, the delay with respect to the first detection unit is 19.4 bins
(0.931µs) for the second PMT and 26.7 bins (1.282µs) for the third PMT. The ratio of 0.727
between the two delays exactly matches the ratio of the distances to the first detection unit,
thus validating the extracted numbers.
The gate parameters in the final analysis were chosen based on the SNR analysis results.
The extracted Gaussian width σ of the time-structure varied significantly between the single
measurements from σ = 4 − 12 bins with lower statistic runs typically exhibiting a lower
value for σ. The width of the bunches is expected to scale with the number of ions in the RFQ
cooler and buncher. Since the production- and transport-efficiencies can vary during a 10-day
experimental campaign, the gate parameters were adapted for each measurement with a size
of ±2σ around the extracted center of the time structure. These time gates thus contained
∼95.4% of all ions in the bunch and the centroid parameters of the fits stayed well within
their own uncertainty for small variations of the gate parameters. This individual approach
particularly benefited the measurements with low atom yields since the gate was always only as
wide as necessary to yield reliable results while keeping the SNR values close to their optimum.
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5.2.3 Beam-Energy Calibration

The total beam energy in the experiment was determined by the buncher potential plus the
scan voltage applied to the charge-exchange cell.

Ekin = eU = eUbunch + eUscan (5.7)

Through the Doppler shift, the acceleration voltage directly affects the measured resonance
frequency through a locally linear correlation of ∼15MHz/V (differential Doppler shift, eq.
2.39). The magnitude of the differential Doppler shift slightly differs between isotopes, mainly
due to their masses. Thus, it does not fully cancel for the extracted isotope shifts and still
has an influence of ∼0.12MHz/V/∆A. While the scan voltages of the measurements were
known to very good precision (∼0.05V), the buncher potential was not measured and an
absolute uncertainty of 10V had to be assumed for the output of the high voltage power supply.
Accordingly, this translated to an uncertainty of 150MHz in the absolute transition frequencies
and 1.2MHz/∆A for the isotope shifts, thus being a major uncertainty contribution in the final
results. This uncertainty contribution can in principle be reduced through comparison with
reliable literature values for either the isotope shift between the two reference isotopes or for
the absolute transition frequency of one or both reference isotopes. These literature values can
then be used to calibrate the total beam energy.

Calibration based on the Isotope Shift

For previous measurements at the BECOLA facility, high precision measurements of the isotope
shift have successfully been used to calibrate the total potential [Mil19]. The corrected value
for the buncher potential was calculated through the deviation from the literature isotope shift,
divided by the difference of the differential Doppler shifts for the two isotopes:

Ubunch,cor = Ubunch,0 +
δνAA′

meas − δνAA′
lit

∂νA
∂U − ∂νA′

∂U

. (5.8)

As detailed above the isotope shift is not very sensitive to the beam energy and therefore
this calibration approach requires high precision literature values to yield reliable results. For
nickel, two literature values are available for the isotope shift between 58Ni and 60Ni. The first
value is from 1980 and measured by Steudel et al. with δν58,60Steudel = −506.9(10)MHz [Ste80]
and a more recent measurement was published in 2020 by the COLLAPS collaboration with
δν58,60Collaps = −509.1(67)MHz [Kau20]. The uncertainty of the literature values translate to
calibration uncertainties of 4 V and 28V respectively, meaning that a calibration based on the
isotope shift could not reduce the beam energy uncertainty significantly. Additionally, when
the COLLAPS value was used, the absolute correction of 20V was outside the uncertainty of
the power supply, making the calibration value itself unrealistic.

Calibration based on the Absolute Transition Frequency

A higher sensitivity can be obtained through a calibration to the absolute transition frequency
of one of the reference isotopes. This approach has been newly established during the analysis
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of the nickel isotopes at the BECOLA facility and is described in detail in a separate publication
[Kön21a].
The calibration is based on measurements of the 58Ni and 60Ni transition frequencies at BECOLA
in both collinear and anti-collinear geometry. The rest-frame transition frequency has then
been calculated from the two respective laser frequencies on resonance. This calculation is
independent of the beam energy, which immediately becomes clear using Eq. 2.38 to obtain

νc · νa = ν20

√︄
(1 + β)(1− β)

(1− β)(1 + β)
= ν20 . (5.9)

Since Doppler tuning was used to find the resonance instead of scanning the laser frequency,
one of the laser frequencies had to be corrected to account for the slight difference in beam
energies. The absolute transition frequency was then calculated as

ν0 =

√︄(︃
νc −

∂νc
∂U

·∆Uscan

)︃
· νa , (5.10)

where ∆Uscan is the difference in scanning potential between the collinear and anticollinear
resonance condition. The uncertainty of the extracted absolute transition frequency thus mainly
depends on the accuracy of the measured laser frequencies. Very high precision can be reached
through measurements with an optical frequency comb. Such devices are, however, expensive
and none was available at the BECOLA laboratory. Instead, the laser frequency was measured
with a calibrated wavemeter as described in Sec. 4.3. The resulting restframe transition fre-
quencies are ν0(

58Ni) = 850 343 678(20)MHz and ν0(
60Ni) = 850 344 183(20)MHz [Kön21a].

A thorough uncertainty analysis is published with the results, but the leading contribution to
the uncertainty of the absolute transition frequency is the frequency offset δν of the wavemeter,
which is known to be of the order of several 10MHz [Kön20; Ver20].
The corrected kinetic beam energy for the online experiment was finally extracted by comparing
this rest-frame transition frequency ν0 to the collinear measurements performed during the
online experiment.

Ekin,cor =
mc2

2

(ν0 − νc/a)
2

ν0νc/a
. (5.11)

Since the absolute transition frequency ν0 and the (anti-) collinear laser frequency νc/a were
measured with the same setup, any wavemeter-offset contribution to the two frequencies in
the nominator of Eq. 5.11 cancels and the final value is practically independent (below the
10−7 level) of the frequency offset δν of the wavelength meter.
For this analysis, the buncher acceleration potential was calibrated using the above method
for the 60Ni reference isotope. The result is depicted in Fig. 5.7 for all measurements during
the experiment. The resulting total uncertainty of the buncher potential is of the order of
±0.5V and, thus, a factor of 20 reduced as compared to the uncalibrated value. The calibrated
value was determined to be approximately 7V below the set value of the power supply and its
fluctuation remained below 2V throughout the whole experiment. Both numbers compare well
with the assumed 10V uncertainty of the power supply. In between the reference measurements,
the value for the buncher potential was linearly interpolated on the time-axis. For comparison,
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Figure 5.7: Calibration of the beam energy to the absolute transition frequency of 60Ni
(blue) and 58Ni (black) obtained from collinear and anti-collinear measurements at the
same setup [Kön21a]. The beam energy values extracted from both isotopes are practi-
cally equal. The uncertainty of the calibrated beam energy is of the order of 10−5 and an
improvement by a factor of 20 compared to the uncalibrated value. For the analysis, 60Ni
was chosen as the reference measurement both in terms of calibration and isotope shift.
Calibrated beam energies for the other isotopes were linearly interpolated according to
the measurement time, as indicated by the dotted line and exemplary depicted for 56Ni
(green). The error-band includes the statistical uncertainty from the collinear reference
measurement during the beamtime as well as the systematic uncertainty caused by the
uncertainty of the absolute transition frequency value.

the calibration has also been performed using the 58Ni absolute transition frequency. The
resulting values are practically equal to the ones obtained from 60Ni.
The calibration is meant to determine the particle energy during the interaction with the laser.
Since the ions were neutralized before the interaction region, their energy was expected not
to change afterwards and in particular not in between the PMTs, even if there were contact
potentials between the different detection regions. Thus, it would be natural, to use one
calibration for all PMTs. However, more consistent results are achieved when each PMT is
calibrated on its own. One reason for this could be that the laser interacted with different parts
of the beam cross-section in the different sections and the beam-energies were not constant
throughout the beam profile.

5.3 Nickel Isotope Shifts

The analysis was performed in a standardized python script in order to compare results with
different analysis parameters. The most important parameters were the lineshape, the time
gates, and the beam-energy calibration and their influences have been discussed above. In order
to perform the calibration, all measurements of the reference isotope were first fitted with the set
voltage of the cooler and buncher power supply. The resulting resonance voltages were used to
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calculate calibrated buncher potentials according to Eq. 5.11 for each reference measurement.
Through interpolation, calibrated values for the buncher potential were assigned to all other
measurements of the experiment as well. The calibrated measurements were then fitted again
to verify the calibration. As expected, the centroid parameters of all 60Ni measurements agreed
perfectly with the absolute transition frequency that was the input for the calibration. For all
fits, the Voigtian lineshape with one satellite peak was used and the time gates were set to ±2σ
around the center of the time structure as described above.
The resonance frequency and subsequently the isotope shift with respect to the reference
isotope 60Ni for each measurement were extracted separately for the three PMTs first and then
combined through a weighted average. This order was chosen to cancel any (hypothetical)
systematic effects that depend on the properties of the individual photomultiplier and their
positions in the experiment. The uncertainty of the resulting isotope shifts was chosen to be the
largest value out of the standard deviation, the error of the weighted average, and the statistical
uncertainty when data from all three PMTs were summed before fitting. Additional uncertainty
contributions from short-term drifts of the He:Ne calibration laser, laser-ion overlap, and time
gate determination were added in quadrature (for details see Sec. 5.3.3). Finally, the weighted
average of the isotope shift from all individual measurements was calculated. Its statistical
uncertainty was determined as the standard deviation of the mean of the 11 measurements for
56Ni and of 24 measurements for 58Ni. Systematic uncertainty contributions from wavemeter
non-linearities and an observed discrepancy between bunch and dc measurements were added
in quadrature. For the radioactive isotope 56Ni all extracted isotope shifts are visualized in Fig.
5.8 together with the value of the weighted average.

5.3.1 Summed-Data Analysis

The measurements on 55Ni could not be analyzed as described above. Due to its non-zero Spin,
the resonance for this isotope is split into 15 hyperfine components. The strongest of these is
expected to carry about 25% of the total intensity. All things equal, this already translates to a
16-fold increase in measurement time, in order to obtain the same SNR for this component as
for the 56Ni resonance. Additionally, the position of the peaks was harder to predict beforehand,
due to the unknown hyperfine constants. A determination of the hyperfine A constants together
with the centroid of the resonance required at least three peaks of the hyperfine structure to
be recorded and identified. For both reasons, it was required to significantly increase the scan
range in search for the resonance signals as compared to the even isotopes. In total, a range of
300V, translating to over 4GHz was scanned during the experiment in search of resonance
features of the 55Ni hyperfine structure. The recorded counts for all these scans are displayed
in Fig. 5.9 and illustrate the challenge of identifying the peaks. Only around −60V, a clear
peak signature is visible in multiple of the single measurements.

Creation of Summed Data Files

In order to identify more resonances, the counts of all individual measurements needed to be
normalized and summed in the analysis. Since the single measurements were conducted with
different step sizes of 1 V or 3V, an empty array with 3-V bins was created as a common x-axis.
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Figure 5.8: Isotope shift of 56Ni with respect to 60Ni for all measurements from the ex-
perimental campaign. The results for each photomultiplier (PMT) along with their sta-
tistical errors are displayed as color-coded data points. The points for PMT0 and PMT2
are shifted on the time axis by −10min and +10min respectively for better visibility
of the error bars. A weighted average of the individual PMT results and its statistical
uncertainty for each measurement is indicated by the green band. The weighted aver-
age over all measurements is shown as a red line with a dark shaded area spanning the
standard deviation of the mean of the 11 measurements and a light shaded area for the
total uncertainty of the final value.

One after the other, the individual measurements were then imported and their counts sorted
into the array (Nsum) according to their respective scan voltage, timestamp, and photomultiplier.
A beam energy correction as described above and, when necessary, a correction due to different
laser frequencies were applied to the scan voltage before the binning process. For each voltage
bin, a record of the number of contributing scans was kept, and an average over all exact
scan voltages, weighted by the respective number of scans, was calculated. A secondary array
(Nbg) was filled in parallel, which instead of the recorded counts contained an average number
of counts recorded during the individual measurements when no atomic beam was present.
These average values thus increased with the number of scans spent on each voltage bin, but
were additionally affected by the laser-induced background at the time of measurement. This
is important since different laser backgrounds change the overall number of counts during
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Figure 5.9: An overview of all measurements conducted in search for the 55Ni hyperfine
resonances. Each measurement is displayed according to its scan range and the counts
recorded. Around −60V, the strongest evidence of a resonance feature is visible in
some of the measurements. Other resonance features can not clearly be identified in
these single measurements.

the atom bunch as well. If this were not considered in the normalization process, temporal
changes in laser background could, in the worst case, create false or conceal real resonance
signatures. After all measurements were included in the summed data, the voltage axis was
fitted to the averaged scan voltages for each step. Where significant jumps in the scan voltage
were detected between two bins, the axis was split into two (or more) parts in order to keep
the deviation from the real averaged scan voltages below 50mV. The summed data for each
photomultiplier was then normalized by division with the background array. Since the pollifit
framework requires integer numbers on the counts axis, the result was again multiplied by the
global average background of each scaler:

Nnorm(p, u, t) =
Nsum(p, u, t)

Nbg(p, u)
· N̄bg(p, u) , (5.12)

where (p, u, t) denotes the dependence on scaler number p, voltage bin u and time bin t. Errors
for the normalized counts could not be calculated as the square roots of the counts as they
would be for real counts. Instead, a proper error propagation was necessary, leading to:

∆Nnorm =

⌜⃓⃓⎷(︃√
Nsum

Nbg

)︃2

+

(︄
Nsum

N2
bg

·
√︁
Nbg

)︄2

· N̄bg . (5.13)

For readability, the dependencies are omitted in this formula. The integer operation for Nnorm

and ∆Nnorm is omitted as well. The normalized arrays were finally written into a new .xml file
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and could then be handled by the pollifit analysis routines like any other measurement.

Consistency of the Summed Data

The data summation was not only performed for the measurements of 55Ni, but also for the
other isotopes measured during the experimental campaign. The resulting summed data sets
were fitted with the same lineshape and time gate parameters that were used for the individual
analysis before. The resulting centroid parameters and isotope shifts as well as the residuals
served as a consistency check for the summation procedure. For the even isotopes, the fit
parameters of the summed files and the mean values from the individual analysis are compared
in Tab. 5.2. With the lineshape parameters fixed to the values of the individual analysis, the
centroids of the summed data for 60Ni and 58Ni agree exceptionally well with the weighted
averages of the individual analysis. The agreement between values for 56Ni is still good, and the
2.4MHz relative deviation of the summed value from the weighted average of the individual
files could be explained by a slightly reduced weight of the three low statistic measurements
6211, 6213 and 6214. When the lineshape parameters were left free, the deviation of centroids
is slightly increased, as can be expected due to even small changes in the other parameters.
The resulting lineshape width and asymmetry parameters for the summed data are however
again in very good agreement with the weighted averages from the individual analysis.

5.3.2 The 55Ni Hyperfine Spectrum

The summed data spectrum of 55Ni is shown in Fig. 5.10 and exhibits a very plausible shape:
The baseline of the spectrum is constant within error bars and no indication of sudden jumps
are visible. Five resonance signatures were identified and, visually, their width agrees well with
the fixed lineshape. With an appropriate set of start parameters, the fitting routine was able to
determine the centroid, the upper and lower A parameters as well as the lower B-parameter
of the hyperfine spectrum. These fit parameters are provided in the table next to Fig. 5.10.
The ratio of upper and lower A parameters was obtained to be Aup/Alo = 0.389(17). For

Table 5.2: Comparison of fit parameters between the summed-data analysis and the in-
dividual analysis. The tabulated value is the deviation of the summed analysis value
from the weighted average of all individual measurements. The centroid deviation was
determined with the other fit parameters fixed to their values from the individual analy-
sis. The parameters for all isotopes agree well within uncertainties except the linewidth
parameters for 56Ni. Here, the fitting routine assigns zero for the Lorentzian width of
the summed data and instead increases the Gaussian width.

Centroid/MHz Sigma/MHz Gamma/MHz AsyPos /eV AsyInt
60Ni -0.0(2.4) +0.3(1.3) -0.4(1.9) +0.3(6) +0.002(14)
58Ni -0.5(2.3) +0.6(0.8) +1.2(1.2) +0.1(3) +0.001(06)
56Ni +2.4(2.5) +6.6(2.6) -11.2(4.4) +0.5(8) +0.026(21)
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Figure 5.10: The summed spectrum of all 55Ni measurements with a hyperfine structure
fitted to the data. The B-ratio was fixed to the literature value of Bup/Blo = 0.499
[Kau19] since the resolution of the spectrum was not sufficient to determine both B-
parameters.

the same transition, this ratio should be constant throughout all isotopes as discussed in Ch.
2.2.3. It can thus be compared to the A ratio of 61Ni measured with high precision by the
COLLAPS collaboration at ISOLDE, CERN [Kau19]. The values show excellent agreement,
which affirms the plausibility of the 55Ni summed-data analysis. Furthermore, literature values
for the magnetic moments of the two odd isotopes µ55,61 [Sto15] together with their respective
nuclear spins were used to predict absolute A parameters for 55Ni from their 61Ni counterparts
according to Eq. 2.34. The predicted values of Alo = −255(7) and Aup = 99(7) are similar to
the values extracted from our analysis but not strictly compatible with the recorded hyperfine
spectrum. The disagreement could be rooted in an underestimated uncertainty of the literature
µ55 measurement [Ber09] as hinted by one of the authors in a conversation on the topic.
While both A factors were determined with good precision, the information contained in
the spectrum was not adequate to obtain reliable B parameters. A value for the lower B
parameter was determined, but its uncertainty is significant. The upper B parameter had to
be fixed according to the known B-ratio from the COLLAPS experiment. A prediction of the B
parameters based on literature electric quadrupole moments was not possible since no value
for 55Ni has been reported so far.

Investigation of Relative Peak Intensities

The expected relative peak intensities SFF ′ of the 55Ni hyperfine components were calculated
according to Eq. 2.35. If the intensities were instead treated as free parameters during the
fitting procedure, slight deviations from the expected relations were observed. In particular,
the resonance of the F = 11/2 → F ′ = 11/2 component was significantly increased with
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Figure 5.11: Simulation of the lower state population in dependence of the number of
excitations of the corresponding transition. All values are relative to the strongest
hfs-component. The simulations show that significant deviations from the pure line
strengths can occur within a realistic number of excitations.

respect to the calculated intensity. The F = 9/2 → F ′ = 7/2 component was slightly weaker
and the F = 9/2 → F ′ = 9/2 component slightly stronger compared to the calculations but
the deviations were within fit-uncertainties. These differences were suspected to be linked
to population transfer and dark pumping during the atom-laser interaction: When electrons
were excited from the lower to the upper state of the transition they may not decay back
into the same lower hyperfine level. Instead, there is a probability of population transfer into
neighboring lower states with F = F ′, F ′ ± 1. Furthermore, some of the decays could have
occurred through a generally different fine-structure transition sharing the same upper level.
From the upper 4p 3P2 level of the nickel atom, in total 8 other transitions are documented
[Kra99]. The sum of their Einstein A factors is 9.5× 106 compared to the A factor of 1× 108
of the spectroscopy transition resulting in a probability of ∼8.7% for decay along these other
8 transitions. Together, both loss processes could have reduced the overall population of the
lower state during the laser-atom interaction after the charge-exchange cell and before the
interaction regions. To verify that this loss process can indeed explain the observed deviations,
it has been modeled in terms of the lower level population N in dependence of the number of
excitations as

N(x) = N0 · (1− pexc · ploss)x , (5.14)

where pexc = SFF ′ is the relative excitation probability from the lower to the upper level and
ploss is the combined probability of decay through any other channel. The loss probability ploss
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was calculated through the counter-probability of decay back to the original lower level:

ploss = 1− A21∑︁
l A2l

· SFF ′∑︁
f SfF ′

. (5.15)

The trend of lower-level population according to this simulation is shown in Fig. 5.11 for
the five transitions identified in the spectrum. It does predict the strong increase in relative
intensity for the F = 11/2 → F ′ = 11/2 component. The observed enhancement of a factor
of two corresponds to ∼ 30 excitations before the interaction regions. This fits well with an
estimated number of below 160 excitations within half a meter, based on an atom velocity of
∼31 km/s, the Einstein coefficient A21 = 1× 108 s−1 of the transition and the assumption, that
spontaneous emission is the dominant process in the atom-laser interaction. The simulation
also agrees with the slight increase in intensity for the F = 9/2 → F ′ = 9/2 component as
well as a decrease for the F = 9/2 → F ′ = 7/2 peak. The F = 11/2 → F ′ = 9/2 component is
however expected to showcase decreased intensity compared to the strongest component while
it was observed to match the calculated intensity fairly well. In conclusion, the simulation
suggests, that significant discrepancies from the relative line intensities calculated through
Eq. 2.35 are to be expected and, in particular, the F = F ′ components were enhanced in
the spectrum due to the laser-atom interaction before the detection regions. The intensity
parameters were thus treated as free parameters for the 55Ni resonance analysis.

Verification of the Spin Assignment

The nuclear spin of the isotope is a crucial parameter of a hyperfine spectrum. For 55Ni, its
value has been determined through β-decay studies to be I = 7/2 [Äys84]. This is also in
good agreement with the single particle shell model picture, that predicts the spin outside
a closed shell to be equal to the angular momentum of the unpaired particle, which in this
case is a neutron hole in the f7/2 shell. The measured hyperfine structure can additionally
give strong hints towards the spin assignment and thereby re-affirm the value or raise doubts.
Hypothetical spin values between I = 3/2 and I = 13/2 were assigned in the analysis and
the hyperfine structure was re-fitted for each value. While all spin values led to reasonable fit
results, the according parameters differ significantly. As discussed before, the ratio of the A
parameters in the upper and lower levels of the transition is a particularly good indicator for
plausibility since it must be constant throughout an isotopic chain apart from a usually tiny
hyperfine structure anomaly. Fig. 5.12 shows, that for the literature value of the nuclear spin,
the A ratio agrees well with the reference value for 61Ni*, while other hypothetical spin values
lead to incompatible A ratios.

5.3.3 Uncertainty Contributions

All uncertainty contributions to the final isotope shift values are listed in Tab. 5.3 and are
explained in more detail below. The uncertainties are grouped by their level of influence:

*Which, as a stable isotope, has a firm spin assignment of I = 3/2 through electron paramagnetic reso-
nance[ENS20], also confirmed by the full hfs-spectrum in [Kau20]
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Figure 5.12: Comparison of the A ratios obtained by fitting the measured 55Ni spectrum
with various hypothetically assigned spin values. The A ratio retrieved at the literature
spin of I = 7/2 is confirmed to be in excellent agreement with theA ratio of 61Ni[Kau19]
which is shown as a blue band. The secondary axis in red visualizes the impact of a dif-
ferent spin assignment on the center of gravity of the hyperfine spectrum of 55Ni relative
to that of 60Ni. Spins other than the literature value of I = 7/2 lead to unexpectedly
high or low isotope shifts.

The first group of uncertainties is related to the individual data sets of each photomultiplier
tube. On the second level, uncertainties were still treated on a per-measurement basis but
affected each detection unit equally. The last set of uncertainty contributions were assumed to
be constant during the whole experiment.

Statistical Uncertainty of the Measurement

The least-squares fitting procedure assigned an uncertainty to the centroid fit parameters of each
data set. Depending on the statistic quality, these range from 1 to 13MHz for the short-lived
56Nimeasurements and below 5MHz for the stable isotopes 58,60Ni. For the determination of the
isotope shift uncertainty, the centroid uncertainties of both isotopes were added quadratically.
The isotope shifts were extracted separately for each detection unit and the errors were then
used as weights to calculate the weighted average over all three detection units for each
measurement. The uncertainty of the weighted average was conservatively determined as
the maximum value between the standard deviation of the three centroid values, the error
of the weighted average, and the uncertainty of the centroid when the data from all three
units was summed up before fitting. Typically the latter was the largest, except for some 56Ni
measurements where the standard deviation between the three PMTs was dominating.
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Table 5.3: Uncertainty contributions to the final values of the isotope shift relative to
60Ni. The table is to be read from top to bottom with the bold numbers representing the
combination of the above contributions. The first set of uncertainties is purely statistical
and unique for each detection unit. The uncertainty of the combined value for all PMTs
(56,58Ni) is the maximum of the standard deviation, the uncertainty of the weighted av-
erage, and the statistic uncertainty of the summed data sets. The second set contains
time-dependent uncertainties that affect all detection units equally and, finally, the third
set comprises uncertainties that can be assumed to be constant throughout the exper-
imental campaign. All measurements of 55Ni were summed up first and fitted with all
PMTs combined to maximize the statistics.

Isotope Shift 55Ni 56Ni 58Ni
Statistic fit uncertainty (isotope, reference) 17.2MHz 4–18MHz 3–8MHz
Combined PMTs: max(std, wavg, sc012) – 3–9MHz 3–5MHz
Time-gate size 6.7MHz 0.3–5MHz 0.1–1MHz
He:Ne short-term drift 2.0MHz 2.0MHz 2.0MHz
Laser-ion overlap 0.8MHz 0.8MHz 0.8MHz

Combined files: std of the mean – 1.6MHz 0.4MHz
Wavemeter nonlinearities 2.8MHz 2.8MHz 2.8MHz
Dc-bunch discrepancy 2.0MHz 2.0MHz 2.0MHz
Ion-energy calibration (reference value) 0.3MHz 0.2MHz 0.2MHz
Summed-data analysis 2.4 MHz – –

Total uncertainty 19.1MHz 3.8MHz 3.5MHz

Uncertainties due to Experimental Conditions

Experimental conditions which influenced all detection units equally were considered for each
single measurement and added in quadrature on top of the final statistical uncertainty from the
previous section. As explained in Sec. 5.2.2, all measurements were systematically analyzed
with many different gate parameters and the centroid of each measurement was observed to
slightly depend on the exact time gates used for the analysis. For this analysis, the time gates
were defined with a size of ±2σ (which should include 95.4% of all ions in the bunch), and as
a conservative error estimate for this effect, the standard deviation of the centroid parameter
in the range of gate sizes from ±1σ (68.3%) to ±3σ (99.7%) was used.
An additional uncertainty was attributed to the regular calibration of the laser frequency using
the He:Ne reference laser. According to manufacturer specifications, this device can exhibit
short-term (1h) drifts of 1MHz resulting in an uncertainty of 2MHz in the experiment due to
the frequency doubling stage.
Lastly, an uncertainty contribution of 0.8MHz has been assigned to the laser-ion overlap. In
principle, the calibration procedure described above cancels that contribution since it always
yields the relevant beam energy in direction of the laser. However, during the 55,56Ni experiment,
the laser alignment has sometimes been adjusted after a calibration measurement or before
the next, rendering this effect of the calibration void.
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The final uncertainty of the centroid frequency for each measurement was thus calculated as
the quadratic sum of the described contributions and the statistical uncertainty. A weighted
average over all single measurements was calculated using these uncertainties as weights. The
standard deviation of the mean was determined as the uncertainty of this combined value.

Device Offsets and Methodic Uncertainties

Finally, a last set of uncertainties was considered that was expected to have had an invariant
influence throughout the whole experiment. This includes unknown device offsets or methodical
choices within the analysis procedure.
The laser frequency measurements directly impacted the isotope shift for each isotope, because
the laser was set to a different frequency for each isotope. As described in Sec. 4.3, the
frequency was monitored through a wavelength meter. Similar devices have been studied in
detail [Ver20; Kön20] and a characteristic wavelength dependence has been discovered. It
consists of a global offset of the order of 30MHz, which cancels for the presented relative
measurements, and a local offset that is relevant for the small wavelength changes between the
isotopes. Its 1-sigma uncertainty has been identified as 1MHz and, again, frequency doubling
amplified the contribution to 2MHz. The argument applies for measurements of both the
isotope of interest and the reference isotope and, thus, a total uncertainty of 2

√
2MHz was

added to the isotope shift value.
A second systematic uncertainty of similar magnitude has been discovered during offline
measurements of stable nickel isotopes: Depending on whether the measurements were
performed on ion bunches or a continuous ion beam, the resulting isotope shifts slightly
differed. For most isotopes, the continuous measurements yielded slightly larger isotope shifts,
but the magnitude of the difference varied by a few MHz. The cause of this effect could
not conclusively be determined but it has been reproduced using a well-known transition in
calcium ions. There, the bunched measurements were found to agree with the precise literature
values and the continuous measurements resulted in slightly larger isotope shift values. As
a conservative uncertainty quantification, a contribution of 2MHz was added to the isotope
shift results presented here. This value equals the maximum deviation outside the combined
uncertainty that was observed between continuous and bunched measurements.
Last, some choices within the analysis procedure have been considered to potentially have
influenced the results systematically. The choice of lineshape has a significant impact on the
centroid parameters as discussed in Sec. 5.2.1. But since the physics of the lineshape is mostly
independent of the isotope, the effect is expected to cancel when isotope shifts are extracted.
To verify this expectation, the analysis was performed using both asymmetric lineshapes (a
Voigt profile with an exponentially varied width and a Voigt profile with an additional satellite
peak) with otherwise equal analysis parameters. The resulting isotope shift for 56,58Ni agreed
within 0.1MHz in both approaches, while for 55Ni a deviation of 4MHz was observed in the
absolute isotope shift and an accompanying shift in the lower and upper A factors of 2MHz and
1MHz respectively. However, these values have to be considered in contrast to the statistical
uncertainty of the fit parameters of 17MHz for the centroid and ∼5MHz for the A factors.
The spectrum of 55Ni was recorded with a decreased resolution of ∼45MHz per step instead of
∼15MHz per step to cover the broad hyperfine structure within a reasonable time. Therefore,
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the spectroscopic resolution was simply not sufficient to resolve the asymmetry of the lineshape
and the asymmetry parameters had to be fixed to the values extracted from the other isotopes.
The observed deviations in the fit results for 55Ni are thus believed to be related to the quality of
data and not a systematic effect of the lineshape used for the fit and no additional uncertainty
contribution due to the lineshape was added to the final values.
However, for 55Ni the necessary summed-data analysis, as detailed in Sec. 5.3.1, was considered
an additional root of methodical uncertainty. Even though Tab. 5.2 reveals that the extracted
centroids agree well within uncertainties between the summed and individual analysis, a
conservative 2.4MHz uncertainty contribution has been attributed to the summed analysis
corresponding to the largest observed deviation for 56Ni.

5.4 Nuclear Moments of 55Ni

From the hyperfine structure of 55Ni, the nuclear magnetic dipole moment µ55 was extracted
using the relation of Eq. 2.34 between the measured spectroscopic factorsA55 and theA factors
and magnetic moment of the reference isotope 61Ni. Being a stable isotope, the literature value
of the magnetic dipole moment µ61 = −0.74965(5)µN [Sto19] is known* to high precision
through Nuclear Magnetic Resonance (NMR) measurements. The spectroscopic factors of the
3d9(2D)4s 3D3 and 3d9(2D)4p 3P2 levels were determined in [Kau19] as A61

lo = −455.0(3)MHz
and A61

up = −177.2(4)MHz and were used as reference values. The spin assignment of both
isotopes is firm as discussed before. The magnetic moment of 55Ni then reads

µ55 = µ61 · A
55

A61

I55

I61
· 1

1−∆55,61
, (5.16)

where ∆55,61 is the differential hyperfine structure anomaly [Per13], including the Breit-
Rosenthal and Bohr-Weißkopf effect. The anomaly is expected to be small and was thus
neglected in the calculation. Both the upper and lower A-values were used to determine the
magnetic dipole moment of 55Ni and the corresponding values of µ55

lo = 1.108(22)µN and
µ55
up = 1.106(49)µN agree well within uncertainties. The weighted average of both values was

identified as µ55 = 1.108(20)µN and will be discussed and compared to theory in the next
chapter.
The nuclear electric quadrupole moment Q55 can similarly be linked to the spectroscopic
B-factors:

Q55 = Q61 · B
55

B61
. (5.17)

For the reference isotope 61Ni the electric quadrupole moment Q61 = +16.2(15) efm2 is well
known from atomic beam resonance and the spectroscopic factors B61

lo = −103.3(17)MHz
and B61

up = −51.5(16)MHz were determined by the COLLAPS group with sufficient precision.
However, the presented hyperfine spectrum of 55Ni did not allow for a precise determination
of the B factors. The uncertainty of the B61

lo is much larger than the value, and, thus, the

*It should be noted that this is the recommended value, which was recently updated and differs by 7σ from the
previously listed number. While this is a significant change, the impact on this work is negligible.

80



extracted value of the electric quadrupole moment Q55 = 7.4(139) efm2 should be treated as a
rough estimate only.

5.5 Nuclear Charge Radii of Nickel Isotopes

The experimentally measured isotope shift δνAA′
IS between two isotopes is directly related to

their difference in nuclear mean-square charge radii δ⟨r2c ⟩AA′ as explained in Ch. 2.2. A linear
relation links the mass-scaled quantities through a slope factor F and the offset parameter
KMS ˜︂δνAA′

IS = KMS + F ˜︃δ⟨r2c ⟩AA′

. (5.18)

F and KMS are called field- and mass-shift parameters and comprise the effects of the finite
nuclear size and mass respectively. In principle, both contributions could be calculated exactly
from the electronic system. But practically, this is only possible for very light systems (i.e., so
far, up to the five-electron system boron [Maa19]) and requires precisely determined masses
of both isotopes. For heavier elements, estimates of the electronic factors can be obtained by,
e.g., the multiconfiguration Dirac-Fock (MCDF) method when no King plot analysis is possible
(like in aluminum with Z=13 [Hey21]) or manganese at Z=25 [Hey16]), but the specification
of meaningful (e.g. 1σ) uncertainties is difficult to obtain for such calculations.
For the nickel isotopes in this analysis, the field-shift factor and the mass-shift parameter could
be extracted from a King plot analysis based on measured isotope shifts and literature values
of the nuclear charge radii for stable nickel isotopes. A detailed description of that method for
this work will be published in [Kön21b] alongside the isotope shift measurements of stable
nickel isotopes.

5.5.1 Literature Charge Radii

Nuclear charge radii for nickel isotopes from different experimental techniques are compiled
by Fricke and Heilig in [Fri04a]. The data set from 2004 includes literature values for stable
nickel isotopes measured by means of isotope shifts [Ste80], muonic atom data [She76] and
elastic electron scattering [Woh76]. This literature data was combined to retrieve model-
independent charge radii as detailed in the introduction to the cited compilation [Fri04b].
While measurements on muonic atoms yield the highest precision, they determine the so-called
Barrett radii Rkα instead of the rms charge radii. The Barrett radius is, however, linked to the
rms charge radius through the ratio of radial moments V2, which can be determined through
elastic electron scattering:

Rc,A =
√︁
⟨r2c ⟩ =

Rkα

V2
. (5.19)

For this work, the literature rms charge radii of all stable nickel isotopes were calculated
according to this formula. The uncertainty of the Barrett radius comprises an experimental part
with statistical and energy-calibration contributions, and a theoretical uncertainty originating
from the calculations of the nuclear core polarization correction. The radial moment has to be
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Table 5.4: Literature values for the root-
mean-square charge radii and the derived
differential rms charge radii of the refer-
ence isotopes of the King plot. All values
and their uncertainties were extracted from
[Fri04a] as described in the text.

Rc,A δ⟨r2c ⟩A,60

58Ni 3.7698(16) -0.2731(48)
60Ni 3.8059(17) 0(0)
62Ni 3.8355(17) 0.2266(48)
64Ni 3.8533(16) 0.3631(48)

treated without error. The difference in nuclear rms charge radii between two isotopes was
then retrieved directly through subtraction of the according values:

δ⟨r2c ⟩AA′
= ⟨r2c ⟩A − ⟨r2c ⟩A

′

=

(︃
RA

kα

V A
2

)︃2

−

(︄
RA′

kα

V A′
2

)︄2

=

(︄
RA

kα

V A
2

−
RA′

kα

V A′
2

)︄
·

(︄
RA

kα

V A
2

+
RA′

kα

V A′
2

)︄
.

(5.20)

For the difference in Barrett radii, part of the according uncertainties for the single isotope values
are correlated. The energy-calibration contribution cancels and the theoretical contribution
reduces. Thus, alongside the absolute Barrett radii, the difference of Barrett radii δRAA′

kα

between neighboring isotopes are tabulated by Fricke and Heilig with reduced uncertainties.
Inspecting Eq. 5.20 reveals that the uncertainty of the difference in mean square nuclear
charge radii is dominated by this uncertainty of the difference of the Barrett radii. Thus, and
because the radial moments don’t differ significantly between isotopes, a good estimate of the
uncertainty is expressed by:

∆δ⟨r2c ⟩AA′ ≈
∆δRAA′

kα

V A′
2

·

(︄
RA

kα

V A
2

+
RA′

kα

V A′
2

)︄
. (5.21)

The resulting literature values from this combined approach are tabulated in Tab. 5.4 for the
stable nickel isotopes.

5.5.2 King Plot Analysis

A King plot analysis [Kin84] was performed using the PolliFit framework to find the field-shift
factor and the mass-shift parameter that link the isotope shifts to the nuclear charge radii.
The mass-scaled literature values for the differences in nuclear ms charge radii were plotted
against the mass-scaled isotope shift results from the offline measurements at the BECOLA
facility. The input values are listed in Tab. 5.4 and the plot is displayed in Fig. 5.13. The
slope was determined to be F = −804(66)MHz. The x-axis has been shifted by a constant
α = 388 (ufm)2 in order to eliminate the correlation between offset and slope parameters. This
is a well-established method [Ham30] to reduce the correlation between mass and field shift.
The adjusted axis also results in a modified mass-shift factor KMS,α = 954.0(35)GHz, which
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Figure 5.13: King plot based on 58,60,62,64Ni offline measurements at the BECOLA facility
[Kön21b]. All isotope shifts measured within the 2018 online campaign and the 54Ni
measurement from the 2020 online campaign are indicated by the shaded gray areas.
The King plot is compared to the results obtained at the COLLAPS setup at CERN ISOLDE.

loses its physical meaning of the center-of-mass effect. The original, meaningful mass-shift
factor can however easily be retrieved from the linear relation and was determined to be
KMS,0 = 1266(26)GHz.
The King plot procedure can be carried out in relation to different reference isotopes concerning
the isotope shift and the difference in charge radii. It is also possible to create a ladder-style
King plot, in which only neighboring isotopes are compared. In [Kön21b], the King plot
procedure was carried out and compared using the offline measurements of 58,60,62,64Ni at
BECOLA. The resulting field-shift and mass-shift parameters for all three approaches agree well
with each other, as well as with the results published by the COLLAPS collaboration [Kau20].
In the comparison paper, it was demonstrated that the choice of reference isotope has a crucial
impact on the achievable accuracy of the charge radius extraction. For this analysis, 60Ni was
chosen as the reference isotope. This choice located the isotope shift of 55Ni around the center
of the King-plot (see Fig. 5.13), resulting in a minimal error contribution from the atomic
factors. The uncertainty of the extracted differential charge radius is thus dominated by the
experimental uncertainty of the isotope-shift, while that of 56Ni with its much higher statistic
is dominated by the uncertainty of the slope of the King-plot.
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5.5.3 Extraction of Nuclear Charge Radii

With the mass-shift parameter and the field-shift factor determined from the King plot, the
differential mean square charge radii relative to 60Ni were extracted from the measured isotope
shifts using the relation

δ⟨r2c ⟩A,60 =
δνA,60

IS

F
− µA,60 ·

KMS,α

F
+ µA,60 · α. (5.22)

The resulting values and their uncertainty contributions are listed in Tab. 5.5 for all radioactive
isotopes measured at the BECOLA facility. The final uncertainties of the differential mean
square charge radii were separated into a statistic and a systematic part. Errors of the isotope
shifts are individual for each isotope and their contributions are denoted in parentheses in the
table of results. Contrary, uncertainties of the King plot parameters F andKMS,α systematically
affect all isotopes. A difference δKMS,α of the mass-shift parameter shifts the whole isotopic
chain, while a change δF of the field-shift factor will lead to both a global shift as well as an
isotope-shift dependent tilt. These correlated contributions are denoted in square brackets.
From the differential mean square charge radii, the absolute charge radii were calculated using
the literature value Rc(

60Ni) of the 60Ni root-mean-square charge radius

Rc(
ANi) =

√︂
R2

c(
60Ni) + δ⟨r2c ⟩A,60. (5.23)

The uncertainties of the values were calculated using Gaussian error propagation, where the
uncertainty of the 60Ni literature value contributes to the correlated uncertainty.

5.6 Overview of the Final Results

In the 2018 nickel experiment at BECOLA, resonances of the radioactive 55,56Ni have been
measured along with the stable reference isotopes 58,60Ni. The measurements were calibrated
to the absolute transition frequency of 60Ni and the sum of all data for each isotope is depicted
in Fig. 5.14 together with a fit of the resonances and the extracted centroids. From the
frequency centroids, the isotope shifts relative to 60Ni have been extracted. Isotope shifts
from offline measurements of stable nickel isotopes 58,60,62,64Ni were used in combination with
literature values of the differential rms charge radii to determine the field-shift and mass-shift
parameters from a King fit. The King parameters and the isotope shifts are used to extract
differential ms charge radii and absolute charge radii for the radioactive isotopes measured in
the 2018 online campaign. These results are summarized in Tab. 5.5. The table also includes
results from the 2020 online beamtime on 54Ni as well as the offline measurements conducted
in connection with that campaign. The experimentally determined hyperfine structure of 55Ni,
together with the extracted nuclear moments, are summarized in Tab. 5.6.
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lines.
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Table 5.5: Isotope shifts, differential ms charge radii, and absolute charge radii for all
isotopes investigated in this work. Uncertainties in parentheses denote isotope-specific
uncertainties while uncertainties in square brackets give the systematic uncertainties
affecting all isotopes. The values are grouped according to the beamtimes they were
measured in. All differential charge radii in this table were extracted with the same
King fit parameters (see Sec. 5.5.2).

Beamtime Isotope δνA,60/MHz δ⟨r2c ⟩A,60/fm2 Rc(
ANi)/fm

2018 55Ni -1426.9(19.1) -0.607(23)[09] 3.7252(32)[21]
56Ni -1002.7(3.8) -0.626(02)[16] 3.7226(03)[27]
58Ni -501.4(3.5) -0.282(04)[06] 3.7687(01)[19]

2020 54Ni -1919.7(7.9)a -0.522(9)[19] 3.7366(13)[31]

offline 58Ni -506.3(2.5) -0.276(01)[06] 3.7695(02)[19]

[Kön21b] 62Ni +504.4(3.2) +0.2205(21)[43] 3.8347(03)[18]
64Ni +1028.2(3.0) +0.3646(19)[67] 3.8535(02)[19]

reference 60Ni 0 0 3.8059(17)b
a[König et al., to be published], b[Fri04a]

Table 5.6: Parameters of the hyperfine structure fitted to the 55Ni spectrum and the nu-
clear moments extracted from these parameters. The quality of data was only sufficient
to fit the lower B-parameter but with a high uncertainty. The upper B-parameter was
fixed through the B-ratio from literature (see text for details).

Hyperfine Parameters Nuclear Moments

isotope Alo/MHz Aup/MHz A Ratio Blo/MHz µ/µN Q/efm2

55Ni -288.4(5.6) -112.1(4.9) 0.389(19) -47(89) -1.108(20) 7.4(13.9)
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6 Discussion

In this chapter, the results from the laser spectroscopic measurements of nickel isotopes at
BECOLA will be discussed and compared to theory. As introduced in Ch. 4.1, nickel is a
particularly suitable element to study the nuclear structure, especially effects related to the
shell model of nuclei. Nickel has a closed proton shell Z = 28 and the doubly magic 56Ni
nucleus at N = Z = 28 is the lightest isotope which is located at two shell closures that arise
solely from effects of the spin-orbit coupling. Many nuclear ab initio calculations nowadays can
reach 56Ni and several have predicted values for its nuclear charge radius. The nuclear charge
radius of 56Ni determined in this work can therefore serve as an experimental benchmark to
evaluate these theories.
Furthermore, the 56Ni nucleus exhibits some peculiar behavior with respect to other nuclear
observables. While the shell model expects a very low electric quadrupole transition probability
B(E2) for 56Ni, the measured B(E2) is surprisingly high and does not differ much from the
neighboring singly-magic nuclei (see Fig. 4.2). This indicates, that the 56Ni core might readily
be excited to higher states, a phenomenon typically related to a so-called ’softness’ of the
core. Previous measurements of the magnetic dipole moments of several isotopes around
56Ni supported these findings (e.g. as discussed for 55Ni and 55Co in [Ber09]). The laser
spectroscopic measurements presented in this work add more experimental input to the
discussion. The previously unknown nuclear charge radii of 54,55,56Ni showcase the nuclear
evolution across the N = Z = 28 shell gap and the magnetic dipole moment of 55Ni, deduced
from the hyperfine spectrum, enables a comparison with the previous result and theoretical
predictions.

6.1 Nuclear Charge Radii of Nickel Isotopes

The size of a nucleus, measured as the nuclear root-mean-square charge radius Rc =
√︁
⟨r2⟩,

can reveal interesting properties of the nuclear structure. In light nuclei, the dynamics of
clustering and excess particles heavily influence the charge radii (e.g. [Lu13]). Towards
heavier nuclei, the evolution of charge radii along an isotopic chain gets smoother or even
linear [Coc11] but exhibits characteristic microscopic phenomena like the odd-even staggering
linked to pairing effects [Gro20]. At neutron (and proton) shell closures, sudden changes in
the slope of nuclear charge radii are often observed [Ang09; Gor19].
Modern ab initio nuclear theories aim to model the structure of nuclei through computational
many-body frameworks and effective nuclear interactions related to QCD. The comparison with
experimental benchmarks provides valuable insight into the strengths and shortcomings of the
different approaches. Common interactions used in these ab initio calculations so far, e.g. from
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Entem and Machleid (EM, [Ent03]), have struggled to reproduce nuclear radii. Especially for
higher mass isotopes, a systematic underestimation of radii has been observed [Bin14; Lap16].
In this context, the cited publications stress the importance of precise nuclear charge radius
measurements (e.g. from laser spectroscopy) for the systematic development of nuclear forces.
The closed-shell nuclear charge radii of nickel will therefore be a valuable addition to the set
of benchmark radii in nuclear structure theories.

6.1.1 Charge Radius of 56Ni Compared to ab initio Theories

The rms nuclear charge radius of 56Ni is a particularly interesting benchmark for nuclear ab
initio theories. As a nucleus with both closed neutron and proton shells, it is comparably ’cheap’
to calculate for many ab initio methods, while providing a cornerstone example of fundamental
nuclear structure. The doubly-magic nuclei 16O, 40Ca, and 48Ca are already commonly used as
benchmarks or even constraints in ab initio methods for the same reasons but are of lighter
mass than 56Ni. The next heavier nuclei with doubly-closed shells are 78Ni (N = 50, Z = 28)
and 100Sn (N = Z = 50), and both are much more difficult to reach for laser spectroscopy
experiments due to short lifetimes and small production rates at low energies. 56Ni is therefore
an ideal candidate to test current ab initio calculations at medium masses and lead to a better
understanding of the nucleon distributions in nuclei.
Fig. 6.1 compares the absolute charge radius of 56Ni obtained within this work to different
ab initio nuclear theory calculations. The calculations have been performed using various
interactions and are grouped according to the many-body methods that were applied. Since
the calculations typically treat protons as point-like particles, they naturally yield the point-
proton radius Rpp. This value can, however, be converted into the rms charge radius with (e.g.
described in [Hag16a])

R2
c = R2

pp + ⟨r2p⟩+ (N/Z)⟨r2n⟩+ (3h̄2/4m2
pc

2) + ⟨r2⟩so , (6.1)

where mp is the proton mass, and ⟨r2p⟩ = 0.7080(32) fm2 [Tie18] and ⟨r2n⟩ = −0.106+0.007
−0.005 fm

2

[Fil20] are the rms radii of proton and neutron respectively. The relativistic Darvin-Foldy
correction is (3h̄2/4m2

pc
2) = 0.0033 fm2 [Fri97] and ⟨r2⟩so is the spin-orbit correction. The

latter has to be consistently determined for every Hamiltonian. While some publications directly
report the charge radius of 56Ni, others give the point-proton radius and were converted within
this work (identified by an asterisk∗ in the figure). The spin-orbit term was neglected in the
conversion because it was not reported in the publications. However, based on the known
⟨r2⟩so from the spherical coupled cluster calculations and observations in 48Ca [Hor12], its
contribution to the absolute charge radius is expected to be below 0.02 fm for 56Ni.
An excellent agreement is observed between the experimental value and a prediction of the
nuclear charge radius from Hagen et al. [Hag16a]. They utilized the coupled-cluster singles
doubles approximation with perturbative Λ-triples (Λ-CCSD(T)) and the nuclear interaction
NNLOsat. In order to correctly predict the nuclear saturation density ρ0, the NNLOsat interaction
was optimized based on binding energies and charge radii of selected light nuclei, including the
charge radii of 2,3H, 3,4He as well as 14C and 16O [Eks15]. As a result, the NNLOsat interaction
has proven quite successful for the calculation of nuclear charge radii, e.g. by reproducing
the surprisingly similar charge radii of the doubly-magic calcium isotopes 40Ca and 48Ca
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Figure 6.1: The nuclear charge radius of 56Ni from this thesis (red band) is compared to
various ab initio calculations. The theory results are grouped according to their many-
body methods (horizontal label) and the used interactions are indicated on the x-axis
(vertical labels). For comparison, the experimental value of 68Ni and according calcu-
lations are also included (if applicable). The errors of the IMSRG calculations include
many-body uncertainties. These were recently updated to a Bayesian treatment, which
makes the errors statistically interpretable. The 68% confidence interval is shown and
is indicated by the caps on the error bars. The compatibility of the calculations with
the experimental value is discussed in the text. The asterisk (∗) identifies values that
were originally reported as point-proton radii and were converted for this figure using
Eq. 6.1.
Calculations from [Hag16a; Kau20; Hüt20], [S.Bacca, J. Simonis, priv. com.] and
[R.Roth, priv. com.]
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Table 6.1: Comparison of the nuclear absolute charge radii of doubly-magic isotopes for
two sets of coupled-cluster calculations including triples and utilizing the NNLOsat in-
teraction. The Λ-CCSD(T) calculations have proven very accurate for both calcium and
nickel isotopes [Hag16a; Hag16b]. The CCSD-T1 calculations include a spin-orbit term
and were done in a different model space [Sim19] and should therefore be superior to
the previous ones. However, they overestimate the charge radii of 48Ca and 56Ni.

Isotope Experiment Λ-CCSD(T) (NNLOsat) CCSD-T1 (NNLOsat)
40Ca 3.478(2) fm 3.49(3) fm -
48Ca 3.477(2) fm 3.48(3) fm 3.53 fm
56Ni 3.723(3) fm 3.72 fm 3.84(3) fm

[Hag16b]. For 56Ni, with 8 additional nucleons, Hagen et al. predicted a nuclear charge radius
of Rc(

56Ni) = 3.72 fm, which is inside the 1σ uncertainty band of the experimental value
determined in this work. This excellent agreement highlights the importance of a correct
description of saturation properties in medium-mass nuclei and the predictive power of the
NNLOsat interaction for nuclear charge radii. However, the optimization of NNLOsat with
respect to many-body properties is a trade-off that results in a bad description of high energy
two-body physics, e.g. scattering phase shifts above 100MeV [Eks15].
Two different sets of coupled-cluster calculations [S.Bacca, J. Simonis, private communication]
utilized the same NNLOsat interaction and also four other chiral nucleon-nucleon (NN) and
three-nucleon (3N) interactions from [Heb11]. One set of calculations was performed with
singles and doubles correlation (CCSD) and for another set, additionally, the leading 3p−3h cor-
relations were included (CCSD-T1). In [Kau20], these theoretical models have been employed
to calculate the 68Ni radius and were compared to the experimental result. The deviation of
the various interactions from experiment is remarkably similar to the observations that can
now be made for 56Ni (see Fig. 6.1). The calculations based on the N3LO potential by Entem
and Machleidt show the aforementioned systematic underestimation of the charge radius,
whereas the NNLOsat interaction and a variation of the EM potential based on partial wave
analysis (PWA, [Ren03]) overestimate the nuclear charge radii by a similar margin. The two
many-body methods agree within uncertainties and their deviation, again, is similar for both
nickel isotopes. For 68Ni, the combination of the charge radius with the dipole polarizability
αD(

68Ni) revealed a better compatibility of the CCSD-T1 set with experimental constraints.
The new CCSD-T1 (NNLOsat) calculations are a continuous development of the previously
introduced results by Hagen et al. from 2016. The updated calculations introduced a spin-orbit
term and should therefore be a better representation of the underlying physics. However, Tab.
6.1 shows that the values of the older set are in better agreement with the experiment, not
only in 56Ni but also in the doubly-magic calcium isotopes (see [Hag16b] vs [Sim19]). The
spin-orbit contribution is likely shifting the calculations away from the experimental values,
and additional physical contributions (e.g., N3LO fourth-order contributions) might need to
be included to settle the discrepancy. One should also keep in mind that the success of the
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NNLOsat interaction is largely rooted in its optimization based on observables of light nuclei.
This optimization might not be sufficient to reproduce medium- to heavy-mass nuclei.
The calculations presented up to now can not provide a systematic uncertainty estimate with
regard to the used interaction. This shortcoming is addressed with a new family of chiral
NN+3N interactions up to N3LO that has been introduced by Hüther et al. [Hüt20] and
applied in the in-medium similarity renormalization group (IMSRG) method. They exploit
the order-by-order convergence and the cutoff dependence of nuclear observables to assess
the uncertainties due to the interaction. Nuclear point-proton radii up to the nickel isotopic
chain have been calculated at increasing order and for three different regulator cutoffs at
Λ = 450, 500, and 550MeV. The results at N3LO are included in Fig. 6.1 and the calculated
uncertainty bands contain the experimental value for the lower two cutoffs. A similar behavior
is observed in the calculations for 68Ni that were published alongside 56Ni. While the uncertain-
ties for the Λ = 550MeV cutoff seem to be too low compared to experimental data (also for
lighter isotopes), the Λ = 450MeV cutoff leads to an unrealistically large low-energy constant
cD [Hüt20]. Therefore, applying the cutoff at Λ = 500MeV might be the best compromise.
This set of IMSRG calculations have recently been upgraded [R.Roth, private communication]
to a Bayesian treatment of the order-by-order uncertainties. That is, the given uncertainties
are not only systematically derived, but also statistically interpretable in the sense of a 68%
confidence interval*. These uncertainties also include the errors of the model space truncation.
Furthermore, the calculations were conducted in a larger model space and an additional N4LO’
order was included, for which the nucleon-nucleon (NN) interaction is complete to N4LO
and the three-nucleon interaction up to N3LO. Starting at N2LO, the ab initio calculations
are in good agreement with the experimental value. Including higher-order terms does not
drastically change the result but notably increases the confidence. At N3LO the interaction
and many-body uncertainties are comparable [Hüt20]. Thus, to reach an increased precision
in future calculations, both the nuclear interactions and the many-body methods need to be
refined.

6.1.2 Evolution of Nuclear Charge Radii along the Nickel Isotopic Chain

The evolution of nuclear charge radii along the isotopic chain of nickel can reveal new insight
into two heavily discussed topics: A weakening of theN = 28 shell closure at 56Ni (e.g. [Gam69;
Ots98; Ber09]) as well as the appearance of an N = 40 Harmonic-oscillator subshell-closure at
68Ni (e.g. [Bro95; Sor02; Lan03; Pau10]). A shell-closure often manifests as a local change
of the slope in the chain of nuclear charge radii and the extent of such a feature, compared
to neighboring isotopes and theory, can be used to assess the evolution of the shell-closures
along the nuclear chart. The charge radii of neutron-deficient nickel isotopes presented in this
thesis extend the previously measured chain of neutron-rich nickel isotopes by the COLLAPS
collaboration [Kau19; Mal22]. The chain of charge radii now ranges from N = 26 to N = 42
and, thus, spans both of the debated shell closures. Since the observation of a distinct subshell

*It should be noted that this is not based on a Gaussian probability distribution and that the 95% confidence
interval will be more than double the 68-% values specified here.
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Figure 6.2: Nuclear charge radii around the N = 28 neutron shell closure are shown
for various elements. The inset highlights the trend across the shell closure by showing
the differential mean-square charge radii relative to N = 28. A change of slope is
clearly visible for all elements but, in contrast to iron and manganese, the ’kink’ is less
pronounced in the nickel chain.
Data from [Bla08; Kos21a; Gar16; Mil19; Kos21b; Gan04; Hey16; Min16; Mal22] and
[Fri04b]

effect at N = 40 is discussed in detail in [Kau19], the following discussion will focus on the
charge radii around 56Ni that were measured at BECOLA.

Charge Radii across N=28 in Different Elements

Fig. 6.2 shows the nuclear charge radii in the vicinity of N = 28. All elements do exhibit a
change of slope at this shell closure, most prominently the iron and manganese chains. In the
nickel chain, the feature is still clearly visible but less pronounced, comparable to the Elements
around Z = 20. It is, however, difficult to directly draw conclusions from the trend of charge
radii alone. This becomes apparent at N = 20, where the shell closure does not lead to a
significant kink in the charge radii. In such cases, comparison with theory calculations can aid
to assess the physical cause of the observed trends. The absence of a shell effect at N = 20,
for instance, was explained by Skyrme-type Hartree-Fock calculations as a cancellation of
monopole and quadrupole polarization of the proton core under successive addition of valence
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Figure 6.3: The differential mean-square charge radii of nickel isotopes, determined
within this work, are compared to theory calculations. The Fayans interaction in DFT
reproduces the experimental trend across the shell closure. Its superiority compared to
the previously most common Skyrme functional SVmin has been demonstrated before
(e.g. [Ham18; Mil19]). Ab initio valence-space IMSRG calculations reproduce the exper-
imental trend exceptionally well but more values below 56Ni are still pending.
Calculations from [Mal22] (DFT, VS-IMSRG), [Som20] (SCGF) as well as [J.Holt and
A.Schwenk, priv. com.] (VS-IMSRG, 55Ni)

neutrons [Kle96; Bla08]. Also, it was suggested that the weak binding of the outer protons in
these neutron-deficient nuclei lead to proton-superfluidity as it was observed in the calcium
isotopic chain that could be reproduced excellently with the Fayans density functional [Mil19].

Differential Charge Radii Compared to Theory

The differential mean square charge radii from this work are compared to theory calculations
in Fig. 6.3. Two of the calculations are based on density functional theory (DFT) and employ
the commonly used SVmin and a recently improved Fayans functional. The first one is a
Skyrme-type interaction that is widely applicable across the nuclear chart and was successfully
used for dripline [Erl12] and large-scale mass table calculations [Sto09]. However, the pairing
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part of Skyrme energy densities has been proven to be inadequate for the description of isotopic
trends, especially the odd-even staggering in nuclear charge radii (e.g. in the Calcium isotopic
chain [Gar16]). A more elaborate pairing with a gradient term has been introduced in the
Fayans functional [Fay98; Fay00]. It has been tuned to selected data from differential charge
radii in order to activate the gradient term [Rei17] and it has since been used to successfully
describe (though sometimes overestimating) isotopic trends and kinks in experimental charge
radius data [Ham18; Gor19; Mil19; Gro20; Kos21a]. This general behavior is also reflected
in the presented calculations for the nickel isotopic chain: The Skyrme functional does not
correctly reproduce the slopes at the N = 28 shell closure, while the Fayans functional matches
the experimental trend fairly well between 54Ni and 58Ni. However, a general offset of the
Fayans calculations is observed due to a dent around 60Ni (N = 32), which is present in
calculations for copper isotopes as well [Gro20]. The discrepancy is discussed to be rooted
in an overly strong gradient term that was necessary to reproduce the extensive odd-even
staggering (OES) in calcium, but leads to overestimation of the OES in heavier masses [Ham18]
and the kink in charge radii around 132Sn [Gor19]. Additionally, the isovector component in
the Fayans pairing-functional is presently unused [Rei17]. The new high-quality charge radii
along the nickel isotopic chain could help to tune those contributions.
The comparison is completed by ab initio calculations utilizing the previously introduced EM and
NNLOsat interactions. A set of calculations performed in the valence-space formulation of the
in-medium similarity renormalization group (VS-IMSRG) reproduces the trend in differential
ms charge radii exceptionally well down to the shell closure at 56Ni [Mal22]. Upon completion
of this thesis, calculations below the shell closure are still pending but a single result for
55Ni with the EM 1.8/2.0 interaction was already available [J.Holt and A.Schwenk, private
communication]. This value suggests a pronounced change of slope at N = 28 but more data
will be necessary to complete the comparison.
Ab initio calculations with the NNLOsat interaction have also been performed by Somà et al.
using the self-consistent Green’s function theory (SCGF) for even nickel isotopes [Som20].
These values consistently underestimate the slope of the differential charge radii and also the
kink at N = 28. A direct comparison with the VS-IMSRG (NNLOsat) calculations illustrates that
not only the nuclear interaction but also the many-body method influence the reproduction of
the nuclear charge radii.

Reproduction of the kink at N=28

As discussed, the nuclear charge radii in nickel exhibit a significant change in slope across
the N = 28 neutron shell closure. To quantitatively compare the reproduction of this feature
between experiment and theory calculations a so-called three-point indicator of the nuclear
rms charge radius can be introduced as [Gor19]

∆
(3)
knRc(A) ≡

1

2
[Rc(A+ k)− 2Rc(A) +Rc(A− k)] , (6.2)

where k = 2 is chosen to discuss the kink. The indicator is then independent of the odd-even
staggering (which can be quantified by choosing k = 1) and also of any offsets to Rc. The
experimental indicator of ∆(3)

2nRc(A = 56) = 0.030 fm is compared to the various calculations
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Figure 6.4: A three-point indicator (see
text for details) is used to quantitatively
compare the kink in the nuclear charge
radii of nickel at N = 28 between ex-
periment and theory. DFT calculations
using the Fayans functional as well as VS-
IMSRG calculations using the EM 1.8/2.0
interaction are in reasonable agreement
with the experimental value (grey band).
⋆ ∆

(3)
2nRc(A = 57) had to be used for

the IMSRG value since no calculation for
54Ni is available yet.

in Fig. 6.4. As observed in the differential ms charge radii, the Fayans functional reproduces
the kink reasonably well while the SVmin functional significantly underestimates the change in
slope. The NNLOsat interaction used within the SCGF framework exhibits a notable change in
slope at N = 28 but still underestimates the experimental value. Since VS-IMSRG calculations
for 54Ni and 56Ni in the EM 1.8/2.0 interaction were not yet available, the odd-N three-point
indicator ∆(3)

2nRc(A = 57) was calculated instead and suggests a good reproduction of the kink.
This is well compatible with observations in the copper chain, where VS-IMSRG (EM 1.8/2.0)
calculations were able to reproduce the odd-even staggering parameters ∆(3)

1nRc [Gro20].

Absolute Charge Radii Compared to Theory

While the differential mean squared charge radii magnify the microscopic effects, the absolute
rms charge radii in Fig. 6.5 showcase the overall accuracy of the models. This becomes most
apparent for the VS-IMSRG calculations, where the NNLOsat interaction, within uncertainties,
agrees exceptionally well with the experimental data, which is most probably rooted in its
optimization on experimental charge radii of light-mass isotopes. The EM 1.8/2.0 interaction
instead systematically underestimates the absolute radii, which is known from other elements
(e.g. in copper [Gro20]). The DFT calculations agree reasonably well with the experimental
data and their deviations are mostly rooted in the microscopic behavior discussed above. While
the SV-min functional does not reproduce the effect of the shell closure around 56Ni, the
Fayans functional exhibits a general negative offset on the neutron-deficient side of the nickel
isotopes and, in contrast, overestimates the charge radii on the neutron-rich end as discussed
in [Mal22].
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Figure 6.5: Experimental rms charge radii of nickel isotopes (obtained within this work
and by the COLLAPS collaboration[Kau20; Mal22]) are compared to theory calculations
from density functional theory (DFT) and valence-space in-medium similarity renormal-
ization group (VS-IMSRG). The latter, in combination with the NNLOsat interaction, is re-
producing the charge radii exceptionally well. The EM interaction, in contrast, is known
to significantly underestimate the absolute radii. Both DFT functionals reproduce the
absolute radii decently well.
Calculations from [Mal22] (DFT, VS-IMSRG), [Som20] (SCGF) as well as [J.Holt and
A.Schwenk, priv. com.] (VS-IMSRG, 55Ni)

6.2 Nuclear Moments of 55Ni

6.2.1 Nuclear Magnetic Dipole Moment

In this work, the nuclear magnetic dipole moment of 55Ni has been extracted from the mea-
sured hyperfine spectrum through comparison of the 55Ni A-factors with those of the reference
isotope 61Ni and its magnetic moment (see Eq. 5.16). The magnetic moment of 61Ni is well
known from nuclear magnetic resonance (NMR) experiments on nickel carbonyl [Dra64] and is
tabulated with a diamagnetic correction as µ(61Ni) = −0.74965(5)µN [Sto19]. Due to the high
precision of this literature value, the uncertainty of the nuclear moment of 55Ni determined
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Figure 6.6: In this thesis, the nuclear magnetic dipole moment of 55Ni has been extracted
from the hyperfine spectrum. The new value significantly deviates from a previous β-
NMR measurement [Ber09]. The figure includes various theoretical calculations of the
magnetic moment, which were published with the previous experimental result, as well
as the Schmidt values from the extreme single-particle model. For comparison, the ex-
perimental value and theory calculations of the magnetic moment of 55Co are displayed
on the secondary y-axis. The Schmidt values for cobalt are located outside of the range
of the figure.

in this work is solely governed by the uncertainty of the A-parameters extracted from the
hyperfine spectrum. Magnetic moments obtained from the upper and lower A-factors agree
well within uncertainties (see Sec. 5.4).
The value obtained in this work is µ(55Ni) = −1.108(20)µN . It deviates by 4σ (combined
uncertainty) from a previous measurement based on the β-NMR technique at NSCL, which
was reported as µ(55Ni, β−NMR) = −0.976(26)µN[Ber09]. According to one of the coauthors
of [Ber09], the large discrepancy of the two experimental values may likely be explained by
an underestimation of the systematic uncertainty of the old value [K.Minamisono, private
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communication]. The relevant data in the previous work had only one point in the resonance
and could therefore not resolve the structure of the resonance feature. Furthermore, similar
deviations between measurements from this β-NMR setup and other experiments have been
observed before (see [Min06] vs [Coc09]).
In Fig. 6.6, the two experimental values are depicted together with theory results published
alongside the β-NMR value. Additionally, all values are listed in Tab. 6.2.

Phenomenological Estimates of the Magnetic Moment

In a single particle approach, the nuclear system of 55Ni is treated as an inert 56Ni core with
one neutron-hole in the 1f7/2 orbit. For such doubly-magic±1 nuclei, the so-called Schmidt
moment (Eq. 2.19), with the free-particle g-factors, is the most simple estimation for the
magnetic moment and predicts the nuclear moment of 55Ni to be equal to that of the free
neutron µfree

s.p.(55Ni) = −1.913µN . Due to the presence of all other nucleons, these estimates
must typically be adapted by means of effective g-factors to match observations. A fit to
experimental values gives gs,eff = 0.7gs, gl,eff = gl [Hon09] in the nickel region and modifies
the Schmidt moment towards the experimental data with µeff

s.p.(55Ni) = −1.339µN .
A phenomenological estimate of the experimental value can also be obtained based on the
Buck-Perez analysis [Per08]. Buck et al. obtained tight correlations between magnetic moments
and the β-decays of mirror nuclei. Their first method predicts the magnetic moment of 55Ni
from the known magnetic moment of its mirror nucleus 55Co. The second prediction is based
on the β-decay matrix elements of the mirror pair. Both values miss the new experimental
result, but a deviation from the Buck-Perez predictions is also observed for the neighboring
experimental values of 55Co, 57Cu and 57Ni [Coc09].

Theory Calculations of the Magnetic Moment

To obtain the magnetic moments from theory, a shell-model calculation with perturbation
corrections can be employed [Gol04]. In a zeroth-order approximation 55Ni is modeled
as a closed shell 56Ni core with one neutron hole in the f7/2 shell. This approximation is
then corrected in perturbation theory to introduce effects of core-polarization (CP), meson
exchange currents (MEC), and additional relativistic and isobar corrections (cor). This results
in µpert(

55Ni) = −1.072µN as published in [Ber09] and is in good agreement with our result.
This confirms previous experience, according to which the perturbation-theory calculations
perform very reliably around closed shells, and also reproduce the experimental values of 55Co
[Ber09] and 57Cu [Coc09].
In a shell-model approach based on the GXPF1 interaction, 40Ca was used as the inert closed
core and a complex wave function, comprising the fp-shell, was used on top [Hon04]. This
allows configuration mixing in the 56Ni core and leads to a ’soft’ nature, where the contribution
of the inert closed-shell configuration in the ground state wave function is only ∼60%. The
model is used with three different sets of g-factors, with the first being the free nucleon factors
gfree. A second set of effective factors gmoments

eff was derived by a least-square fit of the magnetic
moment operator to the experimental magnetic moments in the region. The resulting factors
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are gmoments
s,eff = 0.9gs and gmoments

l,eff = 1.1 and −0.1 for protons and neutrons respectively. The
final set of effective factors was obtained from a fit to isoscalar magnetic moments, isovector
moments, andM1 decay matrix elements [Bro87] and yields gsdfits,eff = 4.76 (3.25), gsd fitl,eff = 1.127

(−0.089), and (g′p)
sd fit = 0.41 (−0.35) for protons (neutrons). The g′p-factor is linked to the

M1-operator. The retrieved magnetic moments from these three sets seem to converge towards
the new experimental value. In a last calculation, the isoscalar correction of gsd fitl,eff was omitted to
investigate the influence of the large f -orbit orbital angular momentum. This slightly improves
agreement with the present experimental value of nickel and, for the same calculations in
cobalt, shifts the theoretical value towards the experimental one.
The VS-IMSRG ab initio method that yielded excellent agreement with the differential charge
radii above, can also be employed to extract electromagnetic moments of 55Ni. Results of
preliminary calculations with the EM 1.8/2.0 interaction and the ∆N2LOgo interaction are
included in Tab. 6.2 [J.Holt and A.Schwenk, private communication]. A significant deviation
from both the experimental value and the phenomenological theories is observed and proves
that the prediction of electromagnetic properties still is a challenging task for ab initio theories.
Large discrepancies have also been observed in VS-IMSRG calculations of the electromagnetic
moments of 37,39Ca and 37,39K [Klo19]. This may be explained by meson-exchange currents
that are not included in the present VS-IMSRG calculations but are included indirectly in the
phenomenological theories through the effective g-factors.
Summarizing the above findings, the magnetic moment of 55Ni obtained in this work improves
the value from the previous β-NMR measurement. It agrees well with advanced shell-model
calculations, which also yield the best results in other isotopes, especially the mirror nucleus
55Co.

Analysis of the Spin Expectation Value

Protons and Neutrons have isospin projections of ±1/2 respectively and for a system of A
nucleons the isospin is the vector sum of the isospins of the individual nucleons Tz = (N −Z)/2
[War06]. 55Ni is a Tz = −1/2 nucleus and its isospin mirror partner is 55Co with Tz = +1/2
and a well known magnetic moment of µ(55Co) = +4.822(3)µN [Cal73]. Assuming isospin is
a good quantum number, this allows to extract the spin expectation value ⟨

∑︁
σz⟩ through the

relation [Sug69]

⟨
∑︂

σz⟩ =
µ(Tz = +T ) + µ(Tz = −T )− I

(µp + µn)µN − 1/2
, (6.3)

where I = 7/2 is the total spin and µp and µn are the magnetic moments of the free proton
and free neutron respectively. In the extreme single-particle model the spin expectation value
of a I = j = l+1/2 nucleus equals unity, but experimental values for T = 1/2 mirror pairs are
consistently found to be smaller than one. With the 55Ni magnetic moment from this thesis, the
spin expectation value of the mirror pair was calculated to ⟨

∑︁
σz⟩ = 0.56(5). This is well below

the single-particle value, and, thus, is a strong indication of configuration mixing. The other
T = 1/2 mirror pair around 56Ni exhibits a similar behavior with µ(57Ni) = −0.7975(14)µN

and µ(57Cu) = +2.582(7)µN resulting in an spin expectation value of ⟨
∑︁

σz⟩ = 0.75(2)
[Coc09]. This supports the notion of a ’soft’ 56Ni core.
Spin expectation values from experiment and theory are included in Tab. 6.2. The new
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Table 6.2: The magnetic dipole moment of 55Ni from this work is compared to a previous
experiment, various systematic predictions as well as theory calculations. To aid the
evaluation of the consensus between theory and experiment, the magnetic moment of
the mirror nucleus 55Co and the combined spin expectation value ⟨

∑︁
σz⟩ are tabulated

as well. The experimental value from this work agrees well with results from perturba-
tion theory and GXPF1 shell-model calculations with fitted effective g-factors. Ab initio
VS-IMSRG calculations significantly underestimate the magnetic moment of 55Ni.

µ(55Ni)/µN µ(55Co)/µN ⟨
∑︁

σz⟩

This work -1.108(20) - 0.56(5)

Experiment -0.976(26)a 4.822(3)b 0.91(7)

Schmidt (free) -1.913 5.792 1.00

Schmidt (0.7gs) -1.339 4.054 -2.07

Buck-Perez (g-factors) c -0.945(39) 5.011(64) 1.48

Buck-Perez (ft-values) c -0.872(81) 4.736(98) 0.96

Perturbation theory a -1.072 4.803 0.61

GXPF1 gfree
a -0.809 4.629 0.84

GXPF1 gmoments
eff

a -0.999 4.744 0.65

GXPF1 gsdfiteff
a -1.071 4.926 0.94

GXPF1 gsdfiteff w/o isoscalar a -1.129 4.868 0.63

VS-IMSRG (EM1.8/2.0) d -0.407 - -

VS-IMSRG (∆N2LOgo) d -0.344 - -
a[Ber09], b[Cal73], c[Per08], d[J.Holt and A.Schwenk, priv. com.]

experimental value agrees well with the perturbed shell model calculation as well as the
GXPF1-interaction calculations with effective g-factors. The spin expectation value is however
very sensitive to mesonic exchange currents (MEC) that are introduced through the isoscalar
correction δISl , and amplifies the deviation already noted for the magnetic moments. The
good agreement with the new experimental spin expectation value when leaving out the
isoscalar correction suggests that the MEC contribution might be overestimated in the empirical
determination of the effective g-factors (compare figure 5 in [Bro87]).

6.2.2 Nuclear Electric Quadrupole Moment

Similar to the magnetic dipole moment, the electric quadrupole moment of an isotope can
be extracted from the hyperfine structure. However, the recorded spectrum of 55Ni was not
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Figure 6.7: The nuclear electric
quadrupole moment of 55Ni was
determined from a fit of the hy-
perfine spectrum within this work
(red band). Since the uncer-
tainty is very large, the abso-
lute experimental value should be
used with caution. In compari-
son, the estimate of the extreme
single-particle model, as well as
VS-IMSRG ab initio calculations
with various nuclear interactions,
are shown. All theory predic-
tions fall within the experimental
uncertainty and the most proba-
ble quadrupole moment coincides
with the single-particle moment.

sufficient to pin down a precise value for the electric quadrupole moment. From the fitted lower
B-parameter of the hyperfine structure, the quadrupole can be constrained to a 1σ-interval of
−6.5 efm2 ≤ Q55 ≤ 21.3 efm2. The experimental range is compared to theory predictions in
Fig. 6.7.
The single-particle value of the quadrupole moment is calculated according to

Qs.p. =

(︃
−en

2j − 1

2j + 1

)︃
⟨r2⟩ . (6.4)

The orbital quantum number of the unpaired neutron is j = I = 7/2 and the effective charge
of a neutron hole, due to core polarization, was determined as ej = −0.8 in the nickel region
[Rie04]. Inserting the mean-square charge radius determined within this work, the single-
particle estimate becomes Qs.p.(

55Ni) = 7.4 efm2. This value coincides with the quadrupole
moment extracted from the fit in this work.
For ab initio calculations, the determination of electromagnetic properties does still prove
challenging, as evidenced for the VS-IMSRG calculations of the nuclear magnetic dipole moment
above [J.Holt and A.Schwenk, priv. com.]. The electric quadrupole moment has been calculated
with the same method and interactions, and the resulting values fall within the range of the
experimental value.
Due to the large uncertainties, no further conclusions can be drawn.

101





7 Summary

Within this work, measurements of radioactive nickel isotopes by collinear laser spectroscopy
were presented as well as the development of an advanced charge-exchange cell for use in
future experiments.
Charge-exchange cells are used in CLS to neutralize ion beams in flight and thereby allow
the spectroscopy on atomic transitions, which are often in a better wavelength range for
available laser systems. Typically, these cells are operated with alkali-metal vapors, since
these have proven suitable for efficient neutralization. However, in many cases, the charge-
exchange process between the alkaline vapor and the element of interest is non-resonant with
regard to the lower spectroscopy level. This means that the electrons get transferred into
excited states and decay into lower levels through optical transitions. An increased background
in the fluorescence measurement can result from this indirect population, which in turn
reduces the sensitivity of the measurement. Even more disturbing is the fractionization of
the ion beam into an atom beam in a multitude of levels of which only a single one can be
accessed for the spectroscopy. Motivated by the perspective of spectroscopy on Pd in the
4d9(2D5/2)5s

2[5/2]J=3 → 4d9(2D5/2)5p
2[7/2]0J=4 transition, where the ionization energy of

Mg would allow for a near-resonant transfer into the lower level of the transition, the charge-
exchange process on Mg atoms was simulated within this work. These simulations suggest
that for Pd, as well as many other elements, such a charge-exchange reaction can lead to a
preferred transfer of electrons into the lower spectroscopic levels compared to charge exchange
on alkali metals. Besides reducing the fluorescence background by avoiding subsequent decays,
this can significantly increase the efficiency of the population of the spectroscopy level in the
charge-exchange process. To utilize these benefits, an advanced charge-exchange cell has
been designed and subsequently installed at the Argonne National Laboratory in Chicago.
It enables the generation of magnesium vapor through higher temperatures inside the cell.
Additionally, the new assembly can be internally floated to a high-voltage potential of up to
20 kV, to accelerate slow ion beams into the cell. Commissioning measurements using calcium
beams have demonstrated that neutralization by charge-exchange collisions on magnesium
vapor is possible. Laser spectroscopy on the atomic 422-nm transition was performed to confirm
the population of the expected spectroscopy level. Further tests will be necessary to quantify
the advantage of magnesium vapor compared to the traditionally used alkali metals and to
establish an efficient operating routine of the new assembly. The new charge-exchange cell
will then be used in a project to measure the charge radii and nuclear moments along the
palladium isotopic chain. This will allow a comparison to surprisingly simple trends of the
electric quadrupole moments of isomeric states in the neighboring cadmium chain.
In the second part of this thesis, laser-spectroscopic measurements of radioactive nickel isotopes
have been presented. In a 2018 experimental campaign, the neutron-deficient isotopes 55,56Ni
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were produced at the National Superconducting Cyclotron Laboratory in East Lansing and were
subsequently investigated by collinear laser spectroscopy at BECOLA. The recorded spectra
were evaluated within this work, including a systematic analysis of the lineshapes and the
time structure. Due to the large hyperfine structure of 55Ni, the spectrum of that isotope
could not be interpreted based on the individual measurements. Instead, all available files
were normalized and added to a summed data set that revealed five peaks of the hyperfine
spectrum. This allowed the determination of the nuclear magnetic dipole moment of 55Ni from
the spectroscopic A factors. Furthermore, a value for the nuclear electric quadrupole moment
of 55Ni was assigned but exhibits a large uncertainty. Differential mean-squared charge radii
were extracted from the measured isotope shifts using a King-plot analysis and the absolute
charge radii were determined based on the literature charge radius of 60Ni.
The experimental results from these nickel measurements were finally discussed with respect
to other experimental values and in comparison to theoretical predictions:

• The extracted nuclear charge radius of 56Ni is an excellent benchmark for nuclear ab
initio calculations. Due to the closed-shell structure of the isotope, it is in reach of
different many-body methods and ab initio nuclear interactions that have advanced into
the medium-mass region within the past years. Predictions of the 56Ni charge radius have
already been made in the literature by various ab-initio methods and these could now be
compared to an experimental value for the first time. Two recent sets of coupled-cluster
(CC) calculations using different nuclear interactions scatter around the experimental
value. In contrast, an older calculation that is missing spin-orbit contributions agrees
well with the result from this work. However, none of the CC calculations can provide a
full systematic estimation of the physical uncertainties. This task was accomplished by
a recent family of interactions employed in the in-medium similarity renormalization
group (IMSRG) framework. These calculations exploit an order-by-order convergence
and cutoff systematics to determine statistically meaningful error estimates, including
uncertainties of both the nuclear interaction and the many-body method. The comparison
shows that several nuclear ab-initio methods can now calculate charge radii in the nickel
region, and are advancing towards a more accurate and precise reproduction of the
experimental value.

• By now, a long chain of nuclear charge radii in nickel isotopes has been measured through
collinear laser spectroscopy. The proton-rich side includes the 55,56Ni measurements
at BECOLA that were analyzed in this work. 54Ni was added during a second online
campaign and the sets were complemented by offline measurements of stable 58,60,62,64Ni.
Neutron-rich radioactive nickel isotopes had previously been measured by the COLLAPS
collaboration at CERN. Results in the nickel chain therefore now span the doubly-magic
shell closure at N = Z = 28 and also the potential sub-shell closure at N = 40. Similar
to neighboring isotopes, the nuclear charge radii exhibit a kink across the N = 28
shell closure. This feature is often documented at neutron-shell closures and nuclear
theories have recently advanced to be able to reproduce it. In the phenomenological
density functional theory, the older Skyrme-type interactions struggled with such local
phenomena but the development of the Fayans functional introduced a gradient pairing
term and is now able to describe the kink also in the nickel isotopic chain. A good
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description of microscopic features like the kink at N = 28 can also be achieved by ab
initio methods. However, the results depend on both the nuclear interaction as well as
the many-body method. More ab-initio calculations for the neutron deficient isotopes
54, 55Ni are to be expected soon and will contribute to the future discussion.

• From the hyperfine spectrum of 55Ni, the nuclear magnetic dipole moment of that isotope
was determined as µ(55Ni) = −1.108(20)µN . The new value is in good agreement with
calculations from perturbation theory and shell-model calculations based on the GXPF1
interaction. Through comparison with the magnetic moment 55Co the spin expectation
value of the mirror pair was determined to be ⟨

∑︁
σz⟩ = 0.56(5). This is well below

the single-particle value of 1 and supports the notion of a soft 56Ni nuclear core. The
magnetic moment presented here disagrees with a previous β-NMR measurement. Based
on the well-resolved hyperfine spectrum in this work as well as the agreement with theory
calculations that also reproduce the experimental values of neighboring isotopes, the
new value from laser spectroscopy should be considered a more reliable result for the
magnetic moment of 55Ni.

Finally, it should be mentioned that experimental efforts at BECOLA continue in the nickel
isotopic chain. Once operational, the new Facility for Rare Isotope Beams (FRIB) will yield
increased beam rates for neutron-rich nickel isotopes [Bol20] and will enable laser spectroscopy
towards the doubly-magic isotope 78Ni.
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