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Abstract

Die Kenntnis der magnetischen Dipolmomente von Atomkernen ist fiir die Untersuchung der Kernstruktur
sehr wertvoll. Da diese Kerneigenschaft in hohem Mal3e von der Konfiguration der ungepaarten Nukleonen
im Kern abhéngt, kann sie als Referenz dienen, um Modellvorhersagen zu iiberpriifen und deren zugrunde
liegenden Annahmen zu bewerten. Wenn die magnetischen Momente mit groer Genauigkeit bestimmt
werden, konnen kleine Effekte, wie z. B. die Hyperfeinanomalie, die durch die endliche GroRe des Kerns und
insbesondere die Verteilung der Kernmagnetisierung hervorgerufen wird, untersucht werden. Informationen
iiber die Hyperfeinanomalie konnen dazu beitragen, Parameter der Kernstrukturmodelle einzuschrianken.
Die Bedeutung experimentell ermittelter magnetischer Momente und ihrer Prazision ist daher nicht zu
unterschitzen.

B-detektierende Kernspinresonanzspektroskopie (3-NMR) ist eine leistungsstarke, spektroskopische Methode,
mit der die magnetischen Momente von kurzlebigen, -emittierenden Kernen mit grol3er Prazision bestimmt
werden konnen. Solche Untersuchungen werden am VITO-Experiment in der Forschungseinrichtung ISOLDE
am CERN durchgefiihrt. An diesem experimentellen Aufbau wurde kiirzlich eine Reihe von Verbesserungen
vorgenommen, um seine Auflosung weiter zu erhéhen. Unter anderem wurden ein supraleitender Magnet und
ein neues Datenerfassungssystem installiert, welches ein wesentlicher Bestandteil der fiir diese Dissertation
durchgefiihrten Arbeiten ist und hier im Detail vorgestellt wird. Es verwendet ein Field Programmable Gate
Array, um die detektierten 3-Teilchen in Echtzeit durch eine Auswahl an Eigenschaften, wie z. B. ihre Ankunfts-
zeit oder das Integral ihrer Signale, zu charakterisieren. Die Eigenschaften werden fiir alle individuellen
B-Ereignisse gespeichert, was eine flexible und tiefgehende Datenanalyse erméglicht. Dariiber hinaus wurde
eine neue Methode zur Auswertung der 3-NMR-Spektren entwickelt, die die Frequenz- und Zeitabhéngigkeit
der gemessenen Signale beriicksichtigt und eine umfassendere Darstellung der aufgenommenen Daten durch
einen zweidimensionalen Fit ermoglicht.

In dieser Arbeit werden die ersten 3-NMR-Untersuchungen von kurzlebigem #’K unter Verwendung des
neuen, verbesserten Versuchsaufbaus vorgestellt. Das magnetische Moment p; = 1.936 182(19)un wird aus
diesen Messungen bestimmt. Die Unsicherheit betrdgt 10 ppm, was einer Verbesserung um zwei Grof3enord-
nungen gegeniiber dem Literaturwert entspricht. Die differentielle Hyperfeinanomalie zwischen stabilem
39K und YK wird zu °A*" = 0.360(9) % bestimmt. Der hier berechnete Wert wird mit der theoretischen
Hyperfeinanomalie verglichen, die durch die Kombination von Atomtheorie (Hartree-Fock) und Kerntheorie
(Density Functional Theory) berechnet wurde. Es wird gezeigt, dass ausschlief3lich von magnetischen Mo-
menten ausgehend die relativen Beitrége von Spin und Bahndrehimpuls zu den magnetischen Momenten von
39K und 47K nicht genau bestimmt werden kénnen, die differentielle Hyperfeinanomalie jedoch in der Lage
ist, als zusatzliche Bedingung die Anzahl der moglichen Zusammensetzungen der magnetischen Momente
stark zu reduzieren. Diese Analyse deutet darauf hin, dass Experiment und Theorie konsistent sind, wenn
im theoretischen Ansatz der orbitale Beitrag von 3°K und 4’K unverindert bleibt, aber der Spinbeitrag im
Vergleich zu den berechneten Werten verringert wird. Zukiinftige theoretische Arbeiten und weitere Studien
an anderen K-Isotopen und anderen Isotopenketten werden zeigen, ob diese Schlussfolgerung allgemeiner ist.
Somit lasst sich sagen, dass préazise Messungen der Hyperfeinanomalie in instabilen Kernen es erméglichen
sollten, Kernstrukturmodelle zu testen, die Fahigkeit solcher Modelle zur Vorhersage magnetischer Momente
zu erhohen und schlief3lich das Verstdndnis des Operators des magnetischen Moments zu verbessern.







Abstract

The knowledge of magnetic dipole moments of atomic nuclei is very valuable for nuclear structure research.
Because this nuclear property depends to a large degree on the configuration of the unpaired nucleons
in the nucleus, it can serve as a reference to benchmark the model predictions and assess its underlying
assumptions. If magnetic moments are determined with great precision, one can address small effects, such
as the hyperfine anomaly, which arises from the finite size of the nucleus, and particularly the distribution
of nuclear magnetisation. Obtaining information on the hyperfine anomaly can help to constrain nuclear
structure models. The importance of experimentally determined magnetic moments and the quest for reaching
higher precision can therefore not be underestimated.

B-detected nuclear magnetic resonance (3-NMR) is a powerful spectroscopic technique that is used to
determine the nuclear magnetic moments of short-lived B-emitting nuclei with great precision. Such studies
are conducted at the VITO beamline at the ISOLDE facility at CERN. This setup has recently undergone several
major upgrades to further enhance its resolution, including the installation of a 4.7 T superconducting magnet
and a new data acquisition system. The latter system was a major part of the work conducted for this thesis
and is presented in detail. It uses a field-programmable gate array to characterise the detected [ particles in
real-time by a selection of their properties, such as time of arrival or signal integral. The properties are saved
for all individual 3 events, enabling a flexible in-depth data analysis. In addition, a new method of evaluating
the 3-NMR spectra was developed. It considers the frequency and the time dependency of the measured
signals and allows for a more comprehensive representation of the recorded data through a two-dimensional
fit.

This thesis presents the first 3-NMR studies on short-lived /K using the newly upgraded experimental setup.
The magnetic moment p; = 1.936 182(19)un was derived from these measurements. It was possible to reduce
the uncertainty to 10 ppm, which is two orders of magnitude smaller than in the literature. The differential
hyperfine anomaly between stable 3°K and #’K was also determined at 3°A*" = 0.360(9) %. This precisely
measured differential hyperfine anomaly is then compared to the theoretical hyperfine anomaly obtained
by combining atomic (Hartree-Fock) and nuclear (Density Functional Theory) theoretical approaches. It is
shown that in contrary to the magnetic moments alone, which cannot pinpoint the relative contributions of
spin and orbital angular momentum to the total magnetic moment of *°K and #’K, their differential hyperfine
anomaly provides a strong constraint on the composition of the magnetic moment. This analysis points to the
conclusion that consistency is achieved when the orbital contribution to the magnetic moment of both 3°K
and 4K remains unchanged, but their spin contributions are lowered with respect to the calculated values.
Ongoing theoretical efforts and further studies on other K isotopes and other isotopic chains will show whether
this conclusion is more universal. In summary, as shown here, precise measurements of the hyperfine anomaly
in unstable nuclei should allow to test nuclear structure models, to increase the ability of such models to
predict magnetic moments, and finally to improve understanding of the magnetic moment operator.
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1. Introduction

Magnetic moments are important properties that describe the nucleus and help to understand its structure
[85]. They are dependent on contributions from the nucleons in the nucleus, i.e. protons and neutrons, but
they are especially sensitive to unpaired nucleons. As such, magnetic moments give rise to assessing nuclear
structure models. A prime example is the extreme single particle model which assumes that a single unpaired
nucleon of a nucleus moves in a potential generated by all other nucleons. It would then be possible to
fully describe the nucleus by its unpaired nucleon. The assumptions and parameters can thus be directly
probed with the magnetic moment. Numerous measuring techniques for magnetic moments exist [108], for
example nuclear magnetic resonance (NMR) which is typically used for stable nuclei. The magnetic moments
of radioactive nuclei can provide additional information on the structure of nuclei, but they require more
effort to obtain. A common approach to obtain magnetic moments of short-lived isotopes is laser spectroscopy,
which observes differences in the hyperfine structure along isotopic chains. Another, often significantly more
precise technique is -detected NMR [50], which relies on detecting the asymmetry exhibited in the  decay
of nuclei with polarised nuclear spins [47].

A setup conducting 3-NMR studies is the VITO beamline at the ISOLDE facility at CERN. It was initially
commissioned in 2016 [73, 71] and has undergone several upgrades since [45, 30]. A recent achievement at
VITO was the determination of the magnetic dipole moment of a short-lived nucleus with parts-per-million
accuracy [50]. Optical pumping was employed to polarise the nuclear spin of 2°Na. The isotopes were then
implanted into an ionic liquid sample, which resulted in resonances with a width of several ppm. Among the
latest improvements to the setup is the installation of a 4.7 T superconducting magnet [63], new detectors a
new data acquisition system.

This thesis focuses on the technical aspects of the upgraded beamline and in particular the data acquisition
system VCS, which was developed in the scope of this work. The aim of VCS is to provide the highest-
possible flexibility during the data acquisition and the analysis. This is achieved by using an oscilloscope
card with an integrated field-programmable gate array (FPGA) that processes each detected {3 particle by a
selection of properties, such as its time of arrival or its signal amplitude. The properties of all B events are
saved and allow for a comprehensive analysis. One such approach based on the data recorded with VCS
is presented in this thesis. It exploits the time of arrival of all recorded § particles to evaluate the  decay
asymmetry, not only as a function of the frequency applied during the 3-NMR scan, but also as a function of
the time since the implantation of the isotope into the sample. This two-dimensional method is thereby able
to consider the relaxation of the signal during a 3-NMR measurement for the first time and yields a more
complete representation of the data. The obtained line shapes and the enhancements resulting from this
two-dimensional approach are discussed in detail.

A series of commissioning experiments of the upgraded setup and VCS took place in 2022. These 3-NMR stud-
ies of /K implanted into an ionic liquid allow to obtain the magnetic moment z;(*"K) = 1.936 182(19)ux with
two orders of magnitude greater precision than the literature value. More importantly, the experiments also
serve as preparation for future measurements at VITO: The differential hyperfine anomaly 3° A%7 = 0.360(9) %
of the two isotopes 3°K and 4’K is determined with unprecedented precision. By calculating the distribution
of the magnetisation in the nucleus and the spin asymmetries using Density Functional Theory (DFT), it is
possible to obtain combinations of spin and orbital contributions that yield the magnetic moments of the two




isotopes [9]. The differential hyperfine anomaly determined in this thesis yields an additional constraint
to these spin and orbital contributions, which now need to reproduce the two magnetic moments and the
differential hyperfine anomaly linking them. This significantly narrows down the possible combinations of
the two contributions. It is then demonstrated that the spin contribution to the magnetic moments needs to
be reduced with respect to the outcome of the DFT calculations. This result can help to improve the nuclear
structure models [44]. In return, it can be confirmed that this method of deriving the differential hyperfine
anomaly with B-NMR is sensitive to the spin and orbital contribution to the magnetic moment and thus allows
to draw conclusions on the distribution of the magnetisation in the nucleus [9].

After presenting the fundamentals of nuclear and atomic theory required for this thesis in Chapter 2, the
techniques of NMR and (3-NMR follow in Chapter 3. The VITO beamline at ISOLDE will be described in Chapter 4,
including a detailed description of the data acquisition system VCS. Chapter 5 presents the preparation of the
experiments and the data analysis, in particular the two-dimensional approach of representing the recorded
B-NMR spectra and the derivations of the magnetic moment y;(“7K) and the differential hyperfine anomaly
39 AY7 Tt is then concluded with the discussion in Chapter 6 and the summary and outlook in Chapter 7.




2. Theory

This chapter presents the fundamentals of the theory required in the scope of this thesis. The nuclear theory
comprises the nuclear shell model and the introduction of spins, followed by the derivation of electromagnetic
moments. An overview on the atomic theory for the fine structure and the hyperfine structure is given, and
subsequently an explanation of the hyperfine anomaly.

2.1. Nuclear shell model and spin

A range of nuclei with certain numbers of protons Z and/or neutrons N shows properties that make them
distinct even compared to nuclei that differ by only a few nucleons, e.g. in terms of their stability. These
numbers Z and N are called magic numbers and take values 2, 8, 28, 50, 82 for protons and neutrons and
126 for neutrons [80, 40]. If both Z and N take one of these values, the nuclei are also referred to as doubly
magic. A model that is able to yield these magic numbers and many properties of the corresponding nuclei
is the nuclear shell model that describes the nucleus in analogy to the orbitals of electrons. It considers the
nucleons to occupy single-particle orbitals in a mean-field potential. This mean field potential is induced by
the other nucleons in the nucleus. The Hamiltonian describing this system of A nucleons with kinetic energy
T and potential energy V' then takes the shape

A A
—h? 5
H:TJFV:ZTWV”W‘Z 'v(ri,rj) (2.1
i=1 1,j=1,1<j
A A
= |T+ Z v(r)| + |V - ZU(T)] (2.2)
i=1 i=1
=T+ VMF + Vres; (23)

where m; is the mass of a nucleon and 7 its position. The variables Vj;r and V;¢s are the mean-field potential
and the residual interactions.

The total angular momentum of a nucleon is described by j and results from the coupling of the orbital
angular momentum ! and the intrinsic angular momentum s, also known as spin, of this nucleon. Consequently,
the nuclear spin I results from coupling all spins j of all nucleons. It takes the values I? = R?I(I + 1) and
I, = myhwith my = —1I,...,1 [53]. The nuclear spin [ is determined by unpaired nucleons, i.e. paired
protons or neutrons do not contribute to I. Figure 2.1 shows the order of the nuclear levels with the respective
quantum numbers, and the magic numbers.

2.2. Electromagnetic moments

It is possible to describe the charge and current distribution of a nucleus with an expansion into a series
of magnetic moments and electric moments [96]. The first terms of this expansion, namely the magnetic
dipole moment and the electric quadrupole moment, prevail this description and are briefly introduced in this
section.




1

N

Figure 2.1.: Ordering of the levels in the nuclear shell model including the spin-orbit splitting (adapted from
[92]). Shown along the levels are the corresponding principal quantum number N, the orbital
angular momentum [ and total angular momentum ; of the nucleons as well as the magic

172
i

v
3 e
P e 132

5 : 502
/ 72

9/2
1

172
3s =1-3/2
2d 1172

502
~7/2
. 2972
2p : //%
712
@)

3/2

1d (
9 12

5/2

lp ———— 13//3
@

s ——— 112

¢ Protons  j

numbers 2, 8, 20, 28, 50, 82 and 126.

2.2.1. Magnetic dipole moment

The magnetic dipole moment, often referred to as the magnetic moment, arises from two contributions, namely
the orbital angular momentum of all nucleons and their intrinsic angular momentum (spin). Consequently,
the operator of the magnetic moment considers the sum of the contributions from all nucleons with

where g} and ¢’ are the orbital and spin gyromagnetic ratios of the i-th nucleon and I; and s; represent the
respective operators of the orbital angular momentum and spin of the nucleons [96]. The nuclear magneton

ld —
2s

lp —C———

©)

ls

¢ Neutrons

A A
HUN i i

pn = e/(2my,) is often given as the unit of the magnetic moment.
It is also possible to express operator of the magnetic moment as

pr = pngrl,

172
3/2

172

J




where I is the operator of the nuclear spin and g; is the nuclear g-factor. The expectation value along the
z-orientation yields the magnetic moment

/u:<I,m1:I|uz|I,m1:I>:gII,uN. (26)

This means that ;; = 0 for I = 0.

One simplification to compute the magnetic moment for nuclei with odd A is the so-called single particle
model. It assumes that all nucleons pair to spin zero, except for one valence nucleon, which then gives the
magnetic moment of the entire nucleus with

1 1
W = [(j—2>gl—|—2gs} forj=101+1/2 2.7)
_ L 8Y, 1 L
Nl—j+1 [<J+2)gz 295} forj=1-1/2, (2.8)

where g; and g, are the orbital and spin g-factors of a free proton or a free neutron [113, 81]. A magnetic
moment based on the single particle model is also called Schmidt moment. These values show deviations to
the experimentally determined magnetic moments since a possible mixing of wave functions is not considered.
Therefore, the g-factors are often replaced with effective g-factors that include some corrections to obtain a
better approximation of nuclei with single unpaired nucleons [26].

Techniques to determine magnetic dipole moments p; are for example laser spectroscopy, elastic magnetic
electron scattering and 3-NMR [87, 117, 66, 32, 50].

2.2.2. Electric quadrupole moment

The electric quadrupole moment, commonly referred to as quadrupole moment, is a consequence of an
asymmetrical charge distribution in the nucleus. As such, it provides information on the deformation of the
nucleus, i.e. its sign represents the nucleus being oblate or prolate [26, 13]. Its operator is

A A
Q= 0,00 = sttt 29

with ¢; = e being the charge of protons and ¢; = 0 for neutrons. Analogue to Equation (2.6), the observed
quantity is

eQ = (I,mr=1|Q|I,m; =1I). (2.10)

For I < 1, the observable quadrupole moment is zero even though it is possible that nuclei with spin I = 0 or
I = 1/2 are deformed [82]. A positive quadrupole moment indicates a prolate (elongated) nucleus, while a
negative quadrupole moment indicates an oblate (flattened) nucleus.

2.3. Atomic theory

Given here is an overview on the atomic theory required for the understanding of this thesis. After a brief
introduction to the fine structure of an atom, the hyperfine structure is explained before it is applied with
optical pumping described in Section 3.2.1. What follows is an overview on the hyperfine anomaly that
describes effects on the hyperfine structure arising from the finite size of the nucleus.




2.3.1. Fine structure

The electrons of an atom moving around the nucleus induce a magnetic field By, that can couple with the
magnetic dipole moment pg of the electrons and causes the energy levels in the atom to split. When the spin
S and the orbital angular momentum L of the electron couple, its total angular momentum can be expressed
with J, where J takes the values J = |L — S|, ..., L+ S. These energy levels have 2.J + 1 possible projections
ranging from m; = —J tomy = J.

2.3.2. Hyperfine structure

Analogue to the fine structure, the electromagnetic field induced by the electrons can also couple with the
nuclear multipole moments through the so-called hyperfine interaction [23]. This results in the total angular
momentum F' = I + J of the atom, whose levels are known as the hyperfine structure.

The first contribution to the hyperfine structure considered here is the interaction of the magnetic field Bjy¢
induced by the electrons and the magnetic dipole moment gy of the nucleus [23], whose Hamiltonian can be
expressed as

Hy = —pir - Bing. (2.11)

Resulting from this interaction is a shift in energy
A
AFny = §K’ (2.12)

where K = F(F+1)—J(J+1)—I(I+1)with F =|J —1I|,...J+ I and A is the magnetic dipole hyperfine
parameter, which is defined as

Bin
A::MGJt' (2.13)

Here, 1 is the magnetic dipole moment of the nucleus and B, is the magnetic field at the nucleus. Because
of uy = 0 for I = 0, this shift in energy occurs only for nuclei with spin I > 0.

The second contribution to the hyperfine structure is the interaction of the quadrupole moment @ and the
electric field gradient V E at the position of the nucleus. It can be described by the Hamiltonian

1
Ho=-;Q VE. (2.14)

The energy shift is then given by

B3K(K +1) = 21(I + 1)J(J + 1)
4

AEq =
Q 121 —1)J(2J — 1) ’

(2.15)

in the first order of perturbation theory [23], with the electric quadrupole hyperfine parameter B, which is

defined as 52
Ve
B = eQ< 5.2 > . (2.16)
Here, () is the electric quadrupole moment and 6;;@ is the electric field gradient. A quadrupole moment

(Q is only present when I > 1/2, therefore this energy shift AEq occurs only for I > 1/2. The total shift in
energy for the hyperfine structure is then given by

AE = AEq + AEq (2.17)




The hyperfine parameters A and B of an isotopic chain are typically measured with laser spectroscopy [66].
If the hyperfine parameters A,.f and B, of an isotope with spin I,.f, magnetic dipole moment /i, ¢ and
electric quadrupole moment Q¢ are known [66], it is possible to obtain the corresponding parameters I, yi;
and @ of another isotope with

I A
K1 = ,u[,refr (2.18)
ref ref
B
_ o2 2.1
QR=Q ‘B (2.19)

Consequently, laser spectroscopy allows to gain information on the structure of the nuclei, its wave functions
and possible deformations.

2.3.3. Hyperfine anomaly

The description of the hyperfine structure in the previous section was made under the assumption that the
nucleus is point-like. However, the nucleus has a finite size. The magnetic field B;,; induced by the electrons
is hence not constant over the nuclear volume because s;,» and, to a smaller degree, p1/2 electrons have
a non-zero probability of penetrating the nucleus. Since the size of the nucleus is isotope-dependent, the
interaction of Bj,: and the nucleus is also isotope-dependent. What follows is that

A M1 Lot 41

= . (2.20)
Aref I KT, ref 91, ref

The ratio A/A,t of the hyperfine parameters not being equal to the ratio g;/gr, et of the nuclear g-factors
(gr = n1/(Iun)) contradicts Equation (2.18). Therefore, Equation (2.18) used to determine the magnetic
dipole moment p; based on the hyperfine structure is not fully accurate [36]. This so-called differential
hyperfine anomaly (HFA) arises from two effects [90]. The first is the Bohr-Weisskopf effect which reflects the
distribution of the nuclear magnetisation [14, 12] while the second one, the Breit-Rosenthal effect, considers
the distribution of the nuclear charge [97].

The two factors egw and egg are introduced to correct for the Bohr-Weisskopf effect and the Breit-Rosenthal
effect, respectively [25]. Consequently, the hyperfine parameter is then written as

A = Apoint(1 + eBw) (1 + €Br), (2.21)

with A;.int being the hyperfine parameter under the assumption of a point-like nucleus. The magnetic moment
(7 can then be computed with

I A .
. 147 A, 2.22
p B, fIrcf Jlrcf( ) ( )

where "fA is the differential hyperfine anomaly of an isotope with respect to a reference isotope. It can also
be written with its two constituents

refA __ref ABW +ref ABR- (223)

ref Agw and *fApgr denote the differential hyperfine anomalies arising from the Bohr-Weisskopf and the
Breit-Rosenthal effect. They are defined as

T ABW = €BW. ref — €BW (2.24)

"M ABR = €BR. ref — €BR (2.25)




The overall differential hyperfine anomaly can then be calculated with [90]

refA:@ gr
A 9I, ref

—1. (2.26)

The Breit-Rosenthal effect is often assumed to be negligible compared to the Bohr-Weisskopf effect [35,
5] . It is hence considered that the hyperfine anomaly is caused only by the Bohr-Weisskopf effect and the
distribution of the magnetisation in the nucleus. Two components egw , and egw,, from protons and neutrons,
respectively, contribute to the Bohr-Weisskopf effect. The contribution from the protons can be denoted as
[42, 104]

EBW,r R — Z [asrba; s(R*)sr + arrboi L (R*)Lr + ase(bois — bai ) (ZR*)sx] (2.27)
i1

where ag; and ap, are the fractions of the magnetic dipole moment arising from the spin and the angular
momentum of the protons. Z = v/2x[sY (2](1) /(s) is the spin asymmetry operator with the spherical harmonics
Y and (R%)s , and (R%)1,, are the expectation value of the even radial moments of the proton spin and
angular distribution. The contribution of the neutrons to the Bohr-Weisskopf effect takes a similar form,
although neutrons have zero charge and therefore no orbital angular momentum contribution:

€EBW,» ~ — Z [asyb2i,S<R2i>Sy + Oésy(b%s — bQi’L)<ZR2i>Sy] . (2.28)

=1

Consequently, the three fractions ag;, a1 and ag, add to unity. The expansion of the electronic wave
functions close to the nucleus yields the coefficients b9; g and by; 1, with

fongdr 2
20 =Ny gRY (2.29)
Jo fadr ; o
JE g1 —r3/R3) dr 0
— =S by L RY, (2.30)
= Fgdr z; 2 L

where f and g denote the upper and lower radial components of the atomic wave functions and R is the radius
in nuclear coordinates.

One possibility of precisely determining the differential HFA experimentally is the following. The hyperfine
parameters A are first obtained under the assumption of a point-like nucleus neglecting the non-uniform
magnetic field across the nucleus. This can be done, for example, using laser spectroscopy. Based on that,
the magnetic dipole moments y; are determined, see Equation (2.18). Another technique that works with
a uniform magnetic field across the nucleus and is therefore not sensitive to the distribution of nuclear
magnetisation is then employed. An example for such a technique is 3-NMR which allows to obtain y; directly,
see Section 3.2. The difference in the ratio of the magnetic dipole moments will then yield the differential
hyperfine anomaly A. This approach is pursued in Section 5.4.




3. Techniques

The principal technique deployed for the measurements in this thesis is -detected nuclear magnetic resonance
(B-NMR). It complements conventional nuclear magnetic resonance (NMR) and enables studies with far
greater sensitivity by actively polarising the nuclear spin and utilising a highly efficient detection method.
This chapter gives an introduction to the fundamental principles of NMR, followed by an explanation of the
B-NMR technique.

3.1. NMR

NMR is a powerful tool that allows studying the properties of atoms and molecules. It relies on the interaction
of nuclei with spin I # 0 with an external magnetic field By [11, 93]. The technique is applied in a wide
range of fields, including physics, chemistry, medicine, and material sciences [3, 62, 111].

All nuclei with I # 0 have a magnetic dipole moment ;. If such nuclei are exposed to a magnetic field,
they interact with the field [105]. The Hamiltonian of the nuclei can then be expressed by

H = Hy + Hyy, 3.1

where Hj is the Hamiltonian of the unperturbed nucleus and Hy; describes the perturbation due to the
magnetic field. If a static magnetic field By is applied, the Hamiltonian Hy; is

Hy = —pg - Bo. (3.2)
Substituting the operator of the magnetic dipole moment

pur = grpnI, (3.3)

one obtains

Hy = —grpnI - Bog = —grpunI, By, (3.4)

if By is applied along the z-axis [76, 1]. Here, ux = eh/(2m,,) is the nuclear magneton and g; = pr/(Iun)
is the nuclear g-factor. Consequently, the state described with the nuclear spin I splits into 27 + 1 substates
my taking values m; = —1I, ..., I. This is referred to as the Zeeman interaction or the Zeeman effect [6]. The
difference in energy between these equidistant substates is

AE:E(mI)—E(m1+1) = ’gI|MNBO- (3.5)

In order to minimise the energy of the system, the nuclear spins align parallel or anti-parallel to the external
magnetic field By, depending on the sign of ;;. The population probability p; of a substate m; at thermal
equilibrium is temperature-dependent and can be expressed with the Boltzmann distribution via

o~ E(mp)/kaT

Some BOnn R (3.6)

pr =




where kg is the Boltzmann constant and 7' is the temperature. Therefore, the different states m; have different
populations. For example, for / = 1/2 and puy # 0, the m; = 1/2 state is more populated than m; = —1/2.
The energy difference AFE between the m; substates, see Equation (3.5), can also be written as

AFE = |g1\,uNBo = w()h = Voh, (37)

where vy = wp/(27) denotes the Larmor frequency of the nucleus. This frequency 1 can be thought of as
describing the precession of the magnetic dipole moment y; around the z-direction of the magnetic field By.

When a second magnetic field B oscillating at or close to the Larmor frequency v is applied orthogonal to
By, transitions between the m; substates are induced. It is hence possible to determine 1|y by scanning the
frequency of the applied B; field and measuring the electromagnetic wave emitted by the nuclei when they
return to thermal equilibrium. Following Equation (3.7), determining the Larmor frequency 1 in a given
magnetic field By allows to derive the nuclear g-factor

Voh

ixDBo’ (3.8)

lgr| =

If the spin I of the nucleus is known, it is then possible to compute the magnetic dipole moment y;, see

Equation (3.3), with
140) hl

ny = By (3.9)

3.1.1. Free Induction Decay

Pulsed NMR, also known as Fourier Transform NMR, is the most commonly applied NMR technique today
[6, 69]. It uses induction coils to transmit an oscillating magnetic field B; orthogonal to B that excites the
nuclear spins in the sample. Typically, this Bj is a short pulse (in the order of a few ps) close to vy that tips
the spins away from the By axis by 90° towards the axis of the B; field. Consequently, the ensemble of spins
will then precess around B; at the Larmor frequency v before relaxing to the equilibrium condition, again
aligning with By. Their precession produces a weak magnetic field that oscillates at the Larmor frequency vy,
which induces a voltage oscillating at the same frequency in the coils previously used to excite the spins or in
a separate pick-up coil. This signal is known as the Free Induction Decay (FID) [69].

The FID oscillates at the Larmor frequency v, which is often in the range of hundreds of MHz. Rather
than digitising the nuclear response directly via this high-frequency FID, an electronic circuit processes the
analogue signal from the coil to provide a low-frequency output that can be digitised more conveniently.
Quadrature detection is employed in order to distinguish between positive and negative frequencies [69].
The FID is first duplicated, after which one of the two outgoing signals is phase-shifted by 90°. Frequency
mixers are then used to obtain the differences between these signals and a reference frequency, typically the
frequency used to excite the spins with the B; field. It is hence referred to as the carrier frequency vearrier-
This processing allows to obtain two signals a(t) and b(¢) with a phase shift of 90° that oscillate at a frequency

V = Vearrier &= 10, (3.10)

typically in the order of kHz. These signals a(¢) and b(¢) are then digitised. Figure 3.1 shows an example of
such low-frequency signals and their phase shift.

The two components a(¢) and b(¢) are considered as the real part Re(f(¢)) = a(t) and the imaginary part
Im(f(t)) = b(t) of a complex signal f(t) = a(t) + ¢b(¢). In order to obtain the spectrum of this signal, f(¢) is
taken as the input of the complex Fourier transform [76]

+oo

Fv) = / f(t)e 2™ tqt, (3.11)
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Figure 3.1.: The two components obtained from an FID after applying a 90° phase shift and frequency mixing.

An example of such a resulting spectrum is shown in Figure 3.2, based on the FID signal shown in Figure 3.1.
A fit is then applied to the peak with Lorentzian line shape to obtain v, which is used to determine the
corresponding Larmor frequency vy of the nuclei with Equation (3.10).
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Figure 3.2.: The spectrum of the signal components shown in Figure 3.1, computed with a complex Fourier
transform.

3.1.2. Relaxation times

For an ensemble of spins at thermal equilibrium, the population distribution of spin states can also be described
as a net magnetisation parallel to By. When the spins relax after a 90° excitation, they return to thermal
equilibrium through two different types of relaxation processes.

Spin-lattice (longitudinal) relaxation describes the recovery of net magnetisation parallel to the magnetic
field By, characterised by the time constant 7). The excess in energy dissipates into the environment in the
form of photons or heat. Spin-spin (transversal) relaxation describes the recovery of the net magnetisation
perpendicular to the magnetic field By, characterised by the time constant 75. This arises due to differences
in the precession frequency of the spins over time, leading to a loss of phase coherence. In Figure 3.2, the
transversal relaxation of the signal can be observed as the exponential decay of the envelope of the signal.

1



3.1.3. Correction for magnetic susceptibility and NMR shielding

The magnetic field experienced by the nucleus is dependent on its environment. According to Equation (3.7),
this also makes the Larmor frequency environment dependent. For example, the alkyl proton in methanol
will resonate at a different frequency than the hydroxyl proton, due to the differences in nature and relative
energies of their environment. This is termed NMR shielding and characterises the degree of shielding of B
relative to the bare nucleus [52, 51]. A correction needs to be applied to correct for this shielding o [61, 64],
which can be in the order of several hundred ppm [50]. In addition, By and thus v are shifted due to the
susceptibility of the sample. A material that is diamagnetic repels the magnetic field [6]. It is necessary to
correct for this by considering the volume magnetic susceptibility x and the geometry of the sample with
respect to the magnetic field, reflected in the shape factor «. The susceptibility corrections are in the order of
several parts-per-million (ppm). Both corrections combined allow obtaining the Larmor frequency v from the
measured Larmor frequency vy, via

L
1+ (1/3—a)k](1—0)

Vo = (3.12)

with the shape factor « characterising the geometry of the sample, the volume magnetic susceptibility x and
the NMR shielding o of the environment of the nucleus.

3.1.4. Limitations of NMR

The most severe limitation of NMR is its relatively low sensitivity, mainly arising from two factors [76].
First, the detected signals arising from tipping the spins are relatively weak. Second, the polarisation, i.e.
the difference in populations, of the nuclei is rather small. In the case of 'H nuclei, the polarisation at
thermal equilibrium is in the order of 107> to 10~* [37]. One way of overcoming these limitations is via
hyperpolarisation, which increases the polarisation above thermal equilibrium conditions [37]. Examples of
this technique are Dynamic Nuclear Polarisation (DNP) [49, 91] or polarisation transfer with parahydrogen
[34]. More information on hyperpolarisation can be found in [37]. Another approach to enhance the degree
of polarisation is optical pumping [46], which is introduced in more detail in the next section.

3.2. B-NMR

B-detected NMR (B-NMR) offers a sensitivity that is multiple orders of magnitude greater than in conventional
NMR [71, 62]. It tackles the two principal issues of low polarisation and inefficient detection by combining
hyperpolarisation and detection via decay radiation. The 3-NMR approach presented here uses optical pumping
to achieve a hyperpolarisation of the nuclei before they are implanted into a sample, resulting in degrees
of polarisation ranging often between 10 % and 80 % [72, 100, 89]. The signal detection works via decay
radiation: When spin-polarised radioactive nuclei decay, the emitted [ particles exhibit an asymmetry [116].
B-NMR exploits this phenomenon by observing the change in the 8 decay asymmetry of short-lived nuclei
depending on the frequency v of the applied B; field [106, 47], with a decrease in asymmetry at v = vy.
B-NMR allows for a variety of measurements, such as the determination of magnetic dipole moments of
radioactive nuclei with ppm precision [84, 50]. This section explains the method of optical pumping, the
decay asymmetry and its detection.
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3.2.1. Optical pumping and nuclear spin polarisation

One way of obtaining a hyperpolarisation of an ensemble of nuclear spins I is optical pumping, a technique
that uses circularly polarised laser light to induce transitions between the mr substates (Zeeman substates)
of the hyperfine structure, see Section 2.3.2.

A laser needs to be brought into resonance with the optical transition of interest. In the work presented here,
this is done by first tuning the laser close to the required frequency, followed by accelerating or decelerating
the ion beam, which results in the beam perceiving a laser frequency v, that is different to the set laser
frequency v, due to the Doppler effect. An electrostatic potential is used to alter the velocity and thus tune
Vper until the resonance condition is met, referred to as ‘Doppler tuning’. The perceived frequency v, can be

calculated through
[1-8 . m2ct
Vper = Vlas m with B = \/1 — m7 (3.13)

where v, is the laser frequency, U is the total acceleration voltage and m is the mass of the ion. This method
is widely used in laser spectroscopy to conveniently tune the transition of interest into resonance with the
laser light [117].

Allowed transitions from a lower state F' to a higher state F’ follow the transition rule AF' = 0, 41, with
the exception of ' = 0 — F’ = 0 not being allowed. The laser light used for optical pumping is circularly
polarised (6" or ¢7), which means the additional transition rule Amp = +1 arises for o* polarisation. Once
excited, the atom relaxes to a lower state via a spontaneous decay with Amp = 0,+1. It is thus possible
to transfer angular momentum from the photons to the atoms. The excitation/de-excitation cycles repeat
numerous times, eventually resulting in mp = F obtaining the highest population for ¢* polarisation or
mp = —F for o~ polarisation.

Figure 3.3 shows an optical pumping scheme for 2S;,5 — 2P3/5 (D- line) for an atom with nuclear spin
I = 1/2, such as #K. The transition is excited with o™ polarised light, following the transition rule Amp = +1
and eventually leading to the highest population of the mp = 1 substate.

2P, e 7= 2 me -2
.... —_—tF =1
281/2 ““““ —)—F=1
F=0

Figure 3.3.: Optical pumping scheme for I = 1/2 with the transition F = 1 — F’ = 2 and ¢* polarised light
(according to the selection rule Amy = +1). This corresponds e.g. to the D, line of /K (3p®4s
28172 — 3p°4p 2P3y).

Optical pumping leads to an imbalance in the population of the mr states and thus causes a polarisation
of the atom, whereas 3-NMR requires a polarisation of the nuclear spin I. However, the polarisation of
F has already resulted in a polarisation of I and J due to the hyperfine interaction. The spins I of the
nucleus and J of the electron now get decoupled while maintaining the nuclear spin polarisation P;. This is
achieved by gradually increasing the magnetic field, causing the atoms to move from the Zeeman regime to the
Paschen-Back regime. At this point, the description of the substates with the quantum number m becomes
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invalid. Instead, an asymptotic conversion into the corresponding substates characterised by m; and m ; takes
place, with these quantum numbers becoming the correct description [1]. An example of the level splitting
of the hyperfine structure undergoing the transition from the Zeeman regime to the Paschen-Back regime is
shown in Figure 3.4 for the 2S;, state of an atom with I = 1/2. The splitting in this figure is computed with
the Breit-Rabi formula [24, 103].

Energy / MHz
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1/2
6000 - -1/2
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F=1
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. F=0 -2000 1
-4000 A
—-6000 - -1/2
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0 100 200 300 400 500 B/mT

Zeeman Paschen-Back

Figure 3.4.: The hyperfine structure of the 2S;/, state of an atom with spin I = 1/2, here /K with its splitting
into Zeeman levels in weak magnetic fields and the transition to the Paschen-Back regime in
strong magnetic fields.

3.2.2. B decay asymmetry and detection

Spin-polarised radioactive nuclei exhibit an asymmetry in their 3 decay due to the violation of parity conserva-
tion in the weak force [116]. The angular distribution of these particles is given by

Wa(0) =1+ AB%PI cos(0), (3.14)

where v is the velocity of the §8 particle, c is the speed of light, P; is the degree of nuclear spin polarisation
and Ag is the asymmetry parameter. The angle 6 is given with respect to the polarisation axis at 0° [109].
As seen in this equation, the exhibited asymmetry Wy () is directly proportional to the polarisation P;. The
asymmetry parameters ag of the different transitions depend on the difference AI = Ig,, — Iiy; of the spin I
of the parent nucleus and Iy, of the daughter nucleus. It is possible to compute ag of the individual transitions
with

-1 for AT = —1

Iini/(IiHi + 1) for AT = +1

—1/(Iini +1) for AI =0 (Gamow-Teller transition)
0 for AI = 0 (Fermi transition).

a = (3.15)

The overall asymmetry parameter Ag is the average of the individual ag weighed with the branching ratios of
the corresponding transitions [74].
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Figure 3.5.: The angular distribution of the emitted B particles, shown with arbitrary values of ag = 90 % and
P; = 30%. The polarisation axis of the nuclear spins is along 0°/180°.

An example of an angular distribution of § particles is shown in Figure 3.5 for Ag = 90 % and P; = 30 %. As
seen here, the largest asymmetry is present at # = 0° and 6 = 180°, i.e. on the polarisation axis of the nuclear
spins. Typically, a pair of two (3 detectors is therefore located at these positions to determine the normalised
experimental 3 decay asymmetry Aey, with

N1(61) — Na(69)
Ni1(61) + No(62)’

Aexp(01,02) = (3.16)
where N;(6;) and N3(62) are the number of 3 events in two detectors located at angles 6; and 6.

The  decay asymmetry changes after the ensemble of nuclei has been implanted into the host in a magnetic
field By due to the longitudinal relaxation with time constant 7. It is hence possible to denote

Wa(0,t) = 1 + Ag—Pr(0)e /Tt cos(6) (3.17)
C

for the change in 8 asymmetry under relaxation.

To conduct the 3-NMR measurements, an oscillating magnetic field B, is applied orthogonal to By, just like
in conventional NMR. When B; is close to or at the Larmor frequency vy of the nuclei, transitions between the
myp substates are induced and the polarisation P; diminishes. This results in the exhibited § decay asymmetry
becoming isotropic again, see Equation (3.14), giving rise to efficient detection of the Larmor frequency.
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4. Experimental setup

This chapter introduces the facility and the setup where the experiments presented in this thesis took place. It
gives an overview on CERN in Section 4.1, its radioactive ion beam facility ISOLDE in Section 4.2 and the
VITO beamline in Section 4.3. The subsequent Section 4.4 presents the basic working principles of the data
acquisition system at VITO.

4.1. CERN

The European Organization for Nuclear Research (CERN) is located on the Swiss-French boarder in Geneva.
Its accelerator complex, see Figure 4.1, starts with Linac4, a linear accelerator which accelerates H™ to an
energy of 160 MeV. These ions are then stripped of their electrons, leaving a beam of H™, i.e. protons, for
the injection into the Proton Synchrotron Booster (PSB) [114], which consists of four synchrotron rings with
a diameter of 50 m that accelerate the proton bunches every 1.2s to energies of up to 2 GeV. The proton
bunches are organised in a sequence, the so-called super-cycle, with their intensity and destination depending
on the requests from the different experiments and facilities at CERN. This super-cycle is repeated periodically
until a change is asked for by one of the receivers of the proton bunches. It has no fixed length but typically
contains 20 to 40 proton bunches. The PSB is part of the injection complex of the Large Hadron Collider
(LHC) via the Proton Synchrotron (PS) and the Super Proton Synchrotron (SPS). ISOLDE is the only facility
connected directly to the PSB.

4.2. ISOLDE

ISOLDE (Isotope Separator On-Line Device) is CERN’s facility to produce radioactive ion beams (RIBs),
providing users with more than 1300 isotopes from 76 elements [16, 99]. Since its beginnings in 1967, it has
undergone several major upgrades and extensions [75, 65, 17]. Nowadays, its main features include two
target stations and mass separators and a radio-frequency quadrupole cooler buncher delivering low-energy
beams of up to 60 keV. A subsequent post-accelerator can accelerate the produced isotopes to energies of up
to 10 MeV /u and provide them to three HIE-ISOLDE beamlines (High Intensity and Energy ISOLDE). They
study interactions of the beam with a fixed sample to gain information on the nuclear structure by reactions
[27, 16]. The layout of ISOLDE including some of its infrastructure is depicted in Figure 4.2. All experiments
described in this thesis took place at the VITO beamline, explained in detail in the next Section 4.3, which is
located in the centre of the ISOLDE hall.

The facility receives proton bunches from the PSB with an energy of 1.4 GeV, a duration of 2.4 pus and an
intensity of up to 3.3 x 10'3 protons/bunch. They arrive in intervals of 1.2 s or multiples thereof, though the
average proton current is limited to 2 pA due to radiation restrictions [75, 28]. ISOLDE takes the majority of
protons accelerated at CERN [29].

Two target stations and separators are available to produce the short-lived nuclei: the General Purpose
Separator (GPS) and the High Resolution Separator (HRS). When the proton beam impinges one of the thick
targets, it induces fission, spallation and fragmentation, which generate a wide range of isotopes. Different
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Figure 4.1.: The CERN accelerator complex with Linac4 injecting protons into the PSB which are then acceler-
ated to an energy of 1.4 GeV and provided to, among others, ISOLDE [77].

target materials, such as tantalum, titanium and uranium carbide (UCy), benefit particular nuclear reactions
and thus enhance the yields of certain isotopes. Currents between 600 A and 800 A heat the targets to
temperatures in the order of 1000 °C to 2000 °C [16]. The isotopes then diffuse and effuse out of the target
[99]. Depending on the isotope of interest, the extraction line can be heated or cooled to minimise or maximise
adsorption which can be utilised to e.g. purify beams of noble gases or volatile molecules [16].

In order to accelerate the isotopes towards the experimental setups, it is necessary to ionise them. Atoms
with low work function, such as the alkali metals sodium or potassium, get surface ionised upon contact with
the hot target or the extraction line. A dedicated tungsten cavity brought to temperatures in the order of
2300°C is also available for surface ionisation [39]. Plasma sources are used for elements with higher work
function, e.g. noble gases. In all other cases, the Resonant Ionisation Laser Ion Source (RILIS) is available to
ionise the element of choice through multi-step excitations with pulsed lasers. Due to the difference in energy
levels between different isotopes, this method is highly selective and provides the user with comparably pure
isotope beams [98, 39]. Both, target material and the method of ionisation, hence influence the yields and
the purity of the beam and are therefore chosen with respect to the isotope of interest [99]. Users can check
the availability and expected production rates of the isotopes with the ideal target type and ionisation method
in an on-line database [4].

An electrostatic potential of up to 60 kV extracts the ions from the source and accelerates them towards
the respective separators. The separators use dipole magnets to filter the isotopes by their mass-to-charge
ratio A/q, where the charge ¢ of the ions is quantised and typically 1 or maximum 2. GPS comprises a single
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VITO beamline

Figure 4.2.: The ISOLDE facility at CERN with the proton beam entering ISOLDE from the right, the two
separators GPS and HRS as well as the VITO beamline in the centre of the hall. HIE-ISOLDE
for high intensity and energy experiments is in the left part and the MEDICIS facility is in the
background. For an explanation of all labelled features, see text. Illustration based on [60].

H-type magnet, bending the beam by 70° at a radius of 1.5 m with a mass resolution of m/Am = 800. This
separator can also provide users with nuclei 13 % lighter or heavier than the set mass A in two beamlines used
for collections, referred to as GLM for lower masses and GHM for higher masses. HRS, on the other hand, has
two 90° and 60° C-type magnets with a radius of 1 m to achieve a higher mass resolution of m/Am =~ 6000
[28].

The beam from HRS is then fed into ISCOOL, ISOLDE’s radio-frequency quadrupole cooler buncher (RFQ),
to reduce the emittance and the energy spread of the beam [41]. Spatial constraints did not allow for the
installation of an RFQ at GPS. ISCOOL is a linear Paul trap that uses helium at a pressure of 0.1 mbar as a buffer
gas to cool the beam and quadrupolar, oscillating electric fields to confine it radially. A differential pumping
system is in place to keep all other beamlines at pressures in the order of 10~ mbar. It is also possible to use
ISCOOL for bunching [28]. In this mode, it creates potential well that keeps the ions trapped until the users
pull down a potential to release the beam towards their setup. This is especially useful for laser spectroscopy
to reduce the energy spread and suppress the background. More information on this can be found in [78].
Bunching the beam is also beneficial when it comes to the acquisition of relaxation times, see Section 3.1.2. It
ensures that all of the beam is implanted into the sample at the same time, thus guaranteeing a simultaneous
start of the relaxation in order to see the shortest possible components of relaxation in the recorded data.

Electrostatic potentials eventually guide the ion beams to the experimental setups across the hall. ISOLDE
also allows for travelling setups to be installed for measurement campaigns. It is planned to upgrade the
facility in order to receive proton beams with higher intensities and energies of up to 2 GeV to enhance the
isotope production [43]. All in all, ISOLDE contributes profoundly to wide fields of research with dedicated
beamlines for laser spectroscopy, nuclear and atomic physics, solid-state physics, medical research and material
sciences [17, 18].

It is also worth noting that only a fraction of the protons received by ISOLDE actually interacts with the
targets [28]. To make use of the remainder of protons, the MEDICIS facility (Medical Isotopes Collected from
ISOLDE) was founded, which places additional thick targets behind ISOLDE’s GPS and HRS targets to produce
radioisotopes for medical research [33].
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4.3. B-NMR beamline

The VITO (Versatile Ion-Polarisation Techniques On-Line) beamline at ISOLDE is devoted to experiments with
spin-polarised beams of short-lived radioactive nuclei [106, 71, 45, 30, 63]. Its prime focus is research in the
fields of atomic and nuclear physics, material sciences and biochemistry where it employs highly-sensitive
B-NMR [73, 70, 67, 68, 10, 94].

This section first introduces the different parts of the beamline and their working principle. The components
around the sample and the detection system are then explained in greater detail, with an additional section
focussing on the hardware of the NMR measurements. Subsequently, it is described how to record hyperfine
spectra, relaxation curves and 3-NMR resonances. A rendering of the setup depicted in Figure 4.3.
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Figure 4.3.: Overview on the VITO beamline at ISOLDE: (a) quadrupole doublet, (b) 5° bender, (c) quadrupole
triplet, (d) Doppler tuning electrodes, (e) charge exchange cell, (f) optical pumping section,
(g) front detector chamber, (h) superconducting magnet and (i) sample loading chamber. The
blue and red arrows indicate the positions where the ion beam and the laser beam enter the
setup.

4.3.1. Beamline overview

Overlap of ion and laser beam

The radioactive ion beam provided by ISOLDE enters the VITO beamline through a quadrupole doublet, (a)
in Figure 4.3, which is used to focus and defocus the beam. It is followed by a chamber with a Faraday cup
and a wire scanner to check the beam current and its profile while tuning it towards the sample. The next
element (b) is a 5° bender which, as the name suggests, bends the beam by 5°. At this stage, the laser light is
coupled into the setup through a port and tuned to achieve a collinear overlap with the beam further down
the setup for optical pumping. A quadrupole triplet (c) is followed by another Faraday cup and wire scanner
to aid focussing and steering the beam during the initial set-up [63].

Doppler tuning and neutralisation

In order to establish optical pumping, the selected optical transition of the chosen isotope needs to be in
resonance with the laser light. A crucial element to establish such conditions is a pair of electrodes that
accelerate and decelerate the ion beam, as described in Section 3.2.1. These two so-called Doppler electrodes
(d) are located in the charge exchange chamber. They are oriented collinearly around the ion beam at a length
of circa 200 mm, with a crown-shaped electrode on the inside and a mesh-like electrode on the outside. A
potential is applied to the Doppler electrodes that changes the energy of the ion beam by up to +1keV to
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Figure 4.4.: The laser beam is coupled into the beamline in the 5° bender and brought to a collinear over-
lap with the ion beam. The ions are then neutralised in the charge exchange cell. Repeated
excitation/de-excitation cycles in the optical pumping section result in an increasing polarisation
of the atomic spin F, shown with the increasing length of the arrows.

tune the beam into resonance with the laser light. More information on their design and testing can be found
in [45].

When beams of alkali metals are used, it is beneficial for optical pumping to have an atom beam rather than
an ion beam because the transitions of their single valence electron are more accessible with the available
lasers. A charge exchange cell (CEC) can be used to neutralise the ion beam (e). It is a cylinder attached to a
20 mm-diameter tube through which the ion beam passes on its way to the sample. The CEC is filled with
an alkali metal, such as sodium or potassium, and six heating rods bring it to temperatures of e.g. 200°C
for sodium and 150 °C for potassium to liquefy and vaporise the alkali. When the radioactive ion beam
passes through the vapour, it collides with the gaseous alkali atoms, retrieves its missing electrons and is thus
neutralised. The arms of the cell are heated, too, albeit to lower temperatures of 100 °C and 75 °C for sodium
and potassium, respectively, allowing the alkali to liquefy and flow back into the cylinder to be vaporised
again. More information on the design and implementation of the CEC can be found in [45] and [30].

Optical pumping

The atom beam subsequently enters the optical pumping section (f). At this stage, it is collinearly overlapping
and in resonance with the laser beam, enabling optical pumping. A length of 2 m for this interaction section
ensures that numerous excitation/de-excitation cycles occur to maximise the polarisation of the atoms, cf.
Section 3.2.1. Helmholtz coils are positioned around this area. They induce a magnetic field in the order of
2mT in the direction of the beam propagation to provide a quantisation axis for the orientation of the spins.
The coils also shield the section from magnetic fields of neighbouring setups. A schematic of the 5° bender,
the CEC and the optical pumping section is shown in Figure 4.4.

Superconducting magnet and spin decoupling

The polarised beam then passes through the chamber (g) housing the front detector. Here, the guiding field is
surpassed by the increasing component of the 4.7 T field of the superconducting magnet (h). As explained in
Section 3.2.1, the transition of the beam from the Zeeman regime in the weak magnetic field of the optical
pumping section to the Paschen-Back regime in the strong field decouples the atomic spin F' into the nuclear
spin I and the electron angular momentum J.

The Bruker 47/16 superconducting magnet is a solenoid oriented along the beam axis with a bore of
160 mm in diameter and houses the last part of the beamline with the sample in its centre. It offers a
field strength of 4.7 T, equivalent to a proton Larmor frequency of ~ 200 MHz. Passive shimming enhances
the field homogeneity to a sub-ppm level across the measurement volume. A field map acquired after the
shimming process indicates deviations of less than 0.8 ppm in a sphere of 30 mm radius around the sample.
The measurements show a temporal drifts of the field below 0.06 ppm/h. The high homogeneity and stability
result in a magnetic field that is effectively constant over the entire sample volume during a measurement
campaign, and thus contribute to narrower resonances and improve the resolution of the 3-NMR spectra.
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Figure 4.5.: The overall magnetic field B on the beam axis, comprising the guiding field of the Helmholtz
coils in the optical pumping section and the field of the 4.7 T superconducting magnet. The
positions of the optical pumping section, the front B detector and the superconducting magnet
are indicated as well.

In addition, the magnet is equipped with active shielding to diminish its stray field. More details on the
magnet specifications can be found in [63]. The overall magnetic field on the beam axis is shown in Figure 4.5.
Indicated is the position of the optical pumping section and the front detector, explained below.

Sample carriage

To make sure the components located in the magnet, e.g. the sample and a reference probe, are easily
accessible, they are mounted on an aluminium plate, referred to as ‘sample carriage’, see (a) in Figure 4.6. The
plate offers equidistant threaded holes every 25 mm across its entire surface to allow for a flexible arrangement
of the equipment, thus keeping the system modular for future changes. It is equipped with conical pins (b)
on one side, whose counterparts are rigidly integrated in the beamline. An aluminium profile connects the
carriage to the rear flange at the end of the beamline (cf. (i) in Figure 4.3). This entire assembly rests on rails
and can therefore be moved out of the magnet to make the components on the sample carriage available.
When the system is moved back into the magnet, the rear flange closes the beamline and the conical pins align
the sample carriage with the rest of the setup, ensuring a fast and reproducible positioning of all components
with respect to each other and the polarised beam.

Measurement equipment around the sample

The central component located on the sample carriage is the sample, (c) in Figure 4.6. It is attached to a
sample holder, which fits in a support structure (illustrated in blue). Rather than gluing the holders to the
support structure, they are held in place by a tight fit, which allows for easy sample changes and ensures a
highly reproducible alignment. Two types of samples are generally used at the setup. The first is crystals which
can simply be glued to one of the holders. Figure 4.6 shows the setup for the second type, liquids. Sheets of
mica (red) with a diameter of 8 mm and a thickness of less than 1 mm are attached to the holder at an angle
of 45°, leaning towards the beam axis, to keep a liquid droplet in position. This system is advantageous for
sample changes: Rather than cleaning the holder in place to prepare for the next liquid sample, the entire
holder with the mica can be replaced and cleaned outside the setup while the subsequent measurement is
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Figure 4.6.: Schematic of the sample carriage and its elements around it: (a) aluminium breadboard, (b)
conical pins for alignment, (c) sample holder (black and blue) with sample (red), (d) rf coil, (e)
2H reference probe and (f) rear B detector. The polarised beam travels along the magnetic field
axis from the bottom right and is implanted into sample. See text for details on the displayed
components.

already running with the next sample on a different holder. The exchangeable samples are also advantageous
during the initial set-up when the beam is tuned onto the sample using stable isotopes, such as 2*Na or 7K. A
copper disc with the same orientation and dimensions as the mica sheets is then installed in the holder to
read out the beam current at the sample position, while an additional copper plate is mounted behind it to
read out the current of the beam missing the sample. The beam is then tuned by maximising the current on
the copper sample while minimising the current on the plate behind it.

A set of 30 mm Helmbholtz coils (d) wound on a glass support structure is centred around the sample.
The coils provide the signal to excite the spins of the radioactive probe nuclei, see Section 3.1. To precisely
determine the magnetic field By at the time of the measurement, a 2H reference probe (e) performing pulsed
NMR is located at the same height as the sample, 25 mm to its side. These two components are explained
more detailed in Section 4.3.2.

B detection

The last crucial component mounted on the sample carriage is a  particle detector, cf. (f) in Figure 4.6. It
is one of the two detectors to acquire the asymmetry in the (8 particle emission from the sample, one being
located in front of the sample at a position of 0° and one behind it at 180°, see Figure 3.5. This rear detector,
located 170 mm behind the sample, is made from 10 mm-thick EJ-200 plastic scintillator in the dimensions
50 mm by 50 mm. Two Onsemi 60035 silicon photomultipliers (SiPMs) are attached to opposite corners of
the scintillator [86, 63]. Because SiPMs are not affected by magnetic fields, the detector can be located
inside the superconducting magnet without the use of light guides. To prevent any background from the
laser used for optical pumping, the entire detector is wrapped in 50 pm-thick aluminised Mylar. The SiPMs
are surface mounted on printed circuit boards (PCBs), each of them connected to an operational amplifier
(Texas Instruments OPA656) to amplify the signal and allow for individual gain adjustment. A breakout board
distributes the wires to the SiPM boards and allows for a bundled connection to the vacuum feedthroughs.
The signals are summed and fed into a single channel of the data acquisition system, see Section 4.4.
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(a) Side view. (b) Front view. (c) Front view, assembled detector.

Figure 4.7.: The front B detector seen (a) from the side with the polarised beam passing through the aperture
of the detector towards the sample and the B particles following their helical trajectories in the
opposite direction. (b) shows an axial view with the polarised beam coming out of the plane
and the B particles spiralling into the plane towards the detector. The assembled detector in its
support structure is depicted in (c) with the aperture in the centre. Some of the SiPMs and the
Mylar wrapping are visible.

The front detector is located on the other side of the sample with respect to the rear detector. Its design
had to take into account two aspects. Due to its position in front of the sample on the beam axis, an aperture
is required in its centre to let the polarised beam pass towards the sample. Another important point are
the trajectories of the 8 particles in the magnetic field. The Lorentz force acts on the {3 particles and diverts
them onto helical trajectories whose gyro-radii depend on their energy, their initial angle of emission and the
magnetic field at their position. A small emission angle and/or a low energy of the particles result in smaller
gyro-radii which could result in their loss through the aperture of the detector. This and the fact that particles
emitted close to the beam axis exhibit the highest 8 decay anisotropy, as shown in Section 3.2.2, speak in
favour of a small aperture. On the other hand, the aperture needs to be large enough to avoid an implantation
of the radioactive beam into the detector which would inevitably influence the measured asymmetry. If the
emission angles and energies of the particles are too high, they can be lost upon impact at the wall of the
vacuum chamber before they reach the detector.

Taking this into account, the final implementation of the front detector consists of six trapezoidal scintillators
oriented as a funnel, whose larger opening faces the sample. An illustration of the design is shown in Figure 4.7
along with a photo of the assembled detector in its surrounding support structure. This arrangement of
scintillators forms an aperture of about 30 mm in diameter for the beam to pass, whereas on the other side
the diameter is around 160 mm. It is located outside the superconducting magnet in the chamber annotated
(g) in Figure 4.3 at a distance of 580 mm to 780 mm to the sample in a magnetic field of less than 200 mT.
The six detector segments follow the same design as the rear detector, being made from EJ-200 with two
Onsemi 60035 photomultipliers on opposite sides and aluminised Mylar wrapping. To feed the signals of the
front detector into the data acquisition system, the outputs of two scintillators located opposite to each other
are summed, resulting in three input channels covering the front detector. More information on the detector
setup is provided in [63].
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Laser system

Circularly-polarised light is required for optical pumping, see Section 3.2.1. To obtain this, a MATISSE
Ti:sapphire tunable ring laser is used to provide laser light of the required wave length to induce the optical
transition. A beam splitter linearly polarises the laser beam, followed by a /4 plate to achieve a circular
polarisation before the laser beam is coupled into the beamline through a quartz window. It is possible to
focus the laser beam with a set of lenses acting as a telescope in order to maximise the overlap between the
laser beam and the isotope beam in the optical pumping section.

4.3.2. NMR hardware

B-NMR

For the 3-NMR studies, a magnetic field B; needs to be induced to excite the spins of the radioactive probe
nuclei, see Section 3.1. A Rohde & Schwarz SMYO01 rf generator provides a signal of frequency v that is
amplified by an ENI 240L broadband amplifier with a maximum output of 40 W [38]. This signal is then used
to induce the B field with a pair of Helmholtz coils, see (d) in Figure 4.6. The coils are wound around a glass
support structure and have a diameter of 30 mm.

2H reference probe

With the Larmor frequency v being dependent on the magnetic field By, it is crucial to determine the magnetic
field By at the time of the 3-NMR studies with great precision. A 2H reference probe is hence deployed to
perform pulsed NMR, see Section 3.1.1. It comprises a sealed glass tube filled with D,O that has a height of
20 mm, an inner diameter of 2mm and an outer diameter of 3 mm. The probe is located 25 mm to the side
of the sample at the same height, see (e) in Figure 4.6. It is held in place by the coil wound around it for
transmitting the B; field and receiving the FID signal. The difference in the magnetic field B, between the
sample and the probe position was measured to be less than 0.1 ppm [63].

A second Rohde & Schwarz SMYO1 rf generator is used to induce the B; field that excites the spins of the 2H
reference probe. This SMYO1 for the reference probe and the other SMYO01 for the 3-NMR measurements share
a common 10 MHz clock to ensure the ratio of the Larmor frequencies of the 3-NMR sample and the reference
is not affected by different internal clocks of the rf generators. The frequency ratio of the rf generators was
evaluated for different frequencies and found to be off by less than 2 ppb (parts-per-billion).

4.3.3. Measurement types

Three types of 3-detecting measurements are regularly performed at the VITO beamline fulfilling different
purposes. They are briefly introduced here with the objective of their acquisition and their respective
parameters:

Hyperfine structure (HFS) Ideal conditions for optical pumping are essential to achieve a high degree of
nuclear spin polarisation and thus a good signal-to-noise ratio in the following measurements. Here,
(part of) the hyperfine structure is recorded through the $-decay asymmetry as a function of the laser
frequency perceived by the isotope beam by scanning over the voltage applied to the Doppler electrodes.
One discrete voltage step, corresponding to one data point of the spectrum, is equivalent to one proton
bunch impinged on the ISOLDE target. No rf is applied. The Doppler voltage belonging to the highest peak
in the spectrum is noted, corresponding to the conditions yielding the highest nuclear spin polarisation.
Its amplitude corresponds to the baseline of the following 3-NMR and 77 measurements. Saturation
curves are also recorded to ensure a maximisation of the nuclear spin polarisation.

T, scan These measurements are recorded with a Doppler voltage fixed to the position of the highest peak
in the HFS scan and no rf being applied. These scans observe the 3-decay asymmetry as a function
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of time to determine the spin lattice relaxation time constant 7}, as described in Section 3.1.2. No
parameters are changed during the measurement, allowing to simply sum the data of multiple proton
bunches for increased statistics. An exponential function is used to fit the data if it indicates a single
relaxation component. Additional scans with the laser being blocked, i.e. no nuclear spin polarisation,
are recorded to benchmark the 73 acquisition against the instrumental asymmetry and evaluate the
presence of longer relaxation components. 7} scans are also used to verify a successful implantation of
the polarised beam after a sample change.

B-NMR scan The Doppler voltage is again fixed to the potential determined in the HFS scan. As the name
implies, the B-decay asymmetry is now acquired as a function of the frequency of the B field induced
by the coil around the sample to record a 3-NMR spectrum. One discrete frequency step is equivalent to
one proton bunch. When the applied rf is in resonance with the Larmor frequency of the nuclei, the
asymmetry is being ‘destroyed’. The peak recorded here consequently has the opposite orientation with
respect to the HFS scan and its amplitude should be equivalent to the baseline of the HFS scan. In order
locate the 3-NMR resonance, frequency modulation is used to scan a broader range with fewer data
points. Once the rough resonance position is established, the frequency modulation is deactivated and
the resonance is scanned in smaller steps. Multiple scans with different rf amplitude are recorded to
check for saturation and reduce power broadening. A reference measurement with the 2H probe, cf.
Section 4.3.2, is performed for each 3-NMR scan to precisely determine the magnetic field B.

4.4. Data acquisition system

A major part of the work conducted for this thesis is the implementation of the VITO Control System (VCS), the
new control and data acquisition system (DAQ) for 3-NMR studies at the VITO beamline. VCS was developed
in parallel to the upgrades of the experimental setup in 2021, which also included a superconducting magnet
and new [ detectors. It replaces the decades-old Master Control Program (MCP) which was originally designed
for collinear laser spectroscopy on continuous isotope beams. As such, it counted the number of detected
events occurring during a specified time. The functionality to acquire time-dependent signals was added
to this system only later and only on a hardware level, meaning that the time windows of the acquisition
had to be defined before the measurement. This represents a significant limitation for the data analysis of
the B-NMR spectra since their signals are time-dependent as the orientation of the spins returns to thermal
equilibrium, see Section 3.1.2. The relaxation time 7} of the isotope in the host is not necessarily known
before the experiment, hampering an appropriate setting of the observation time windows.

VCS resolves this issue and provides the highest-possible flexibility during the data analysis by characterising
each detected 3 event individually in a time-resolved manner. The system can be divided into two main parts:
one for slow signals setting all parameters for the acquisition of a data point, and one handling fast signals
during the acquisition of that data point. An oscilloscope with a field-programmable gate array (FPGA) is
the core of VCS. It runs customised firmware that controls the ISOLDE infrastructure and pre-processes the
B events recorded by the detectors in real-time before sending their properties off to the host computer. A
variety of devices is integrated in VCS for slow signals, including an digital-to-analogue converter to provide
the Doppler voltage and an rf generator to record 3-NMR spectra [63]. VCS is written in LabVIEW, based on
the Control System++ (CS++) [21, 20, 107] developed by the Experimental Control Systems Group at GSI
[22] and published under the European Union Public Licence (EUPL).

This section introduces the hardware used for VCS, followed by the firmware running on the FPGA and the
LabVIEW application on the host computer before giving an outlook on the future of the system.
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4.4.1. Control and data acquisition hardware

VCS uses a variety of commercially available standard hardware to reduce costs and increase maintainability.
The main component of the system is a PCI eXtensions for Instrumentation Express (PXIe) crate that houses
two modules; an oscilloscope with an integrated FPGA and a general purpose analogue-to-digital and digital-
to-analogue converter (ADC and DAC). Additional hardware for the data acquisition include two rf generators
for 3-NMR and the reference probe as well as a PicoScope USB oscilloscope. An overview of the used hardware
is explained in detail in this section. Figure 4.8 illustrates the communication of all devices involved in the
data acquisition. Here, thick lines represent digital communication with the host computer, whereas thin solid
lines are analogue signals and dashed lines show transistor-transistor logic (TTL) signals.

Host computer

VCS runs on a computer located at the VITO beamline that manages the incoming data from the FPGA and
controls all peripheral devices. Furthermore, it shows a live view of the spectra being recorded and offers the
option to perform a preliminary analysis to decide on the next measurements during a beam time. It has six
hard disks combined in a RAID10 configuration that stripes the acquired data across three hard disks and
uses the other three for mirroring. This achieves a redundancy and ensures no collected data is lost in the
case of a hardware failure. After a measurement campaign, the data is moved to network storage at CERN.
The computer is equipped with a NI PCle-GPIB module to enable communication with older hardware via the
General Purpose Interface Bus (GPIB).

PXle chassis

The NI PXIe-1083 crate can house up to five extension modules [57]. It is connected to the host computer
via Thunderbolt 3 allowing transfer rates of up to 500 MBs~!. Various PXIe modules are available from
numerous manufacturers, allowing to adapt and upgrade the system in the future if necessary. The crate has
an integrated reference clock that synchronises all inserted modules via the backplane connector.

FPGA oscilloscope card

The DAQ uses a NI PXIe-5170R oscilloscope with an integrated Xilinx Kintex-7 XC7K325T FPGA and 0.75 GB of
storage [58]. It is installed in the PXIe-1083 crate and as such connected to the host computer, see Figure 4.8.
The card’s clock frequency is 250 MHz and its sampling rate is up to 250 MS/s. It has four analogue inputs
with a 14-bit resolution and a range of —5V to 5V used to read out the signals from the 3 detectors. In
addition, it is equipped with six channels for logic signals with the same resolution of up to 250 MHz (4 ns).
These are used to receive the trigger when the protons impinge the ISOLDE target (proton trigger) and to
control the ISOLDE infrastructure, including the beam gate, the cooler buncher ISCOOL and a shutter for
the laser. While the logic channels accept TTL inputs, their output is limited to 3.3 V. A logic level shifter is
therefore added to the outputs of the FPGA to drive the TTL hardware. The FPGA can be programmed in
LabVIEW through the usual block diagrams, which are then compiled in a hardware description language
(HDL). Every time the DAQ is started, the bitfile containing the firmware is loaded to the FPGA. It is therefore
possible to easily integrate the FPGA into the LabVIEW DAQ and use it for pre-processing the data before it is
streamed to the host computer for the analysis.

General purpose 1/0 card

The second extension card in the chassis is a NI PXIe-6341 [59]. This general purpose input/output card has
a sampling rate of 500 kS/s and total of 16 analogue inputs and two analogue outputs with 16 bit resolution.
Another 24 connections are available for digital signals. One of the analogue outputs is used for tuning the
isotope beam in resonance with the laser. It provides a voltage in the range of —10V to 10V to a Kepco
BOP100 bipolar amplifier with a gain of 100. The resulting potential is applied to the Doppler electrodes and
changes the energy of the isotope beam by up to +1keV.
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Figure 4.8.: Schematic of all devices involved in the data acquisition and how they interact (top). Thick
connections between devices indicate digital communication with the DAQ whereas thin connec-
tions are analogue signals. The dotted connections represent TTL signals to receive the proton
trigger from ISOLDE and control the beam gate, the cooler buncher ISCOOL and the laser shutter.
Note the connection between the two SMYO01 rf generators that establishes a common reference
clock. The bottom part shows the beamline components relevant to the DAQ, and their order
on the beam axis (dashed line). It depicts how the DAQ provides the Doppler voltage and the
magnetic field B, and what equipment reads out the detectors as well as the reference probe

determining the field By.
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Additional hardware

A Rohde & Schwarz SMYO01 rf generator provides the signal for the magnetic field B; that excites the spins
in B-NMR measurements. The rf generator communicates with the host computer via GPIB. To generate a
sufficiently high rf field, the signal is amplified by a ENI 240L broadband amplifier.

As of the writing of this thesis, further hardware required for the 3-NMR measurements is not integrated
in VCS yet. A second Rohde & Schwarz SMYO1 rf generator supplies the 2H reference probe for it to induce
the B field, as explained in Section 4.3.2. This SMYO1 for the reference probe and the other SMYO01 for
the 3-NMR measurements have a common reference clock to minimise discrepancies in the ratio of their
output frequencies. A PicoScope 2204A USB oscilloscope takes the two components of the 2H reference
probe’s FID as an input to determine the magnetic field By with quadrature detection, see Section 5.2.2. The
oscilloscope offers two input channels and a bandwidth of 10 MHz with a maximum vertical range of +20V
[112]. Furthermore, the host computer obtains the vacuum pressures at different positions of the beamline
from two Pfeiffer MaxiGauges to log them and allow remote supervision.

4.4.2. FPGA firmware

This section describes the centrepieces of the new DAQ. The FPGA oscilloscope controls the beam release
and other ISOLDE infrastructure through an integrated pulse pattern generator. Even more importantly,
it pre-processes the detected [3 events in real-time by selected properties before streaming them to a host
computer for an in-depth analysis. The FPGA runs a customised version of the ‘Stream to Host.vi’ oscilloscope
example provided by NI that is complemented with additional features. All channels sample the signals at
a frequency of 250 MHz, equivalent to a time resolution of 4 ns. Its main loop, on the other hand, runs at a
frequency of 125 MHz, resulting in two samples being acquired and processed per channel per main loop
clock cycle. The firmware is optimised to handle 3 events detected with the SiPMs that have pulse durations in
the order of 100 ns to 200 ns and peak rates of up to 1 MHz, decreasing with the decay of the isotope, usually
with a half-life around 1s.

Pulse pattern generator

A variety of logic signals needs to be handled by the DAQ with high time resolution to synchronise the
infrastructure at ISOLDE and the data acquisition, allowing to e.g. control the release of the isotope beam.
Most importantly, VCS needs to receive a TTL pulse with a duration of 15 s when the protons impinge the
target in order to start the acquisition routine. After about 6 ms, when the high voltage used to extract the
ions from the target has stabilised, the beam gate is opened by supplying a TTL HIGH to ISOLDE’s user beam
gate input. This signal remains on HIGH as long as the beam gate is supposed to stay open, e.g. 500 ms. Doing
so fills the cooler buncher ISCOOL with the isotope beam, allowing it to cool (see Section 4.2). Another TTL
output is then required to change from HIGH to LOW to pull down a potential on ISCOOL’s extraction plate.
This releases all of the beam towards the experimental setup during a relatively short time, normally in the
order of 5 ms, and thus ensures a quasi-simultaneous implantation of the nuclei into the sample as is required
for T relaxation measurements. A third TTL output controls a shutter for the laser used for optical pumping.
It is for safety reasons only on HIGH, equivalent to an open shutter, during the acquisition when a polarised
beam is required. Figure 4.9 gives an overview on a typical pattern of the TTL signals.

The customisation of the FPGA firmware allows to integrate a pulse pattern generator offering one trigger
input and five outputs into VCS. With the FPGA handling the entire trigger logic for the ISOLDE beam
gate, ISCOOL and the laser shutter, additional hardware to create pulse patterns is no longer required. The
actual implementation in the firmware is rather simple, with the corresponding block diagram of the Virtual
Instrument (VI) shown in Figure 4.10. To configure the pulse pattern generator, the user needs to enable it
with Enable DPG and specify a delay with respect to the proton trigger after which the logic level changes
and a duration for how long it remains on that level. These values can simply be modified in the corresponding
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Figure 4.9.: Logic input and outputs required during the acquisition of one data point. After the recording is
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beam gate and ISCOOL as well as the laser shutter. Note the inverted logic of ISCOOL which
releases the isotopes on a logic LOW.
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part of the *.1ini file (see Section 4.4.3). Once the proton trigger is received, the outputs PDO to PD4 will
change their state according to the sub-VIs in the centre of the block diagram. This sub-VI, cf. Figure 4.11,
compares the time since the proton trigger with the user-defined delays and widths and changes the state
accordingly. Note that the output designated for ISCOOL is inverted as it releases the isotope beam towards
the experiment on a logic LOW rather than HIGH. The outputs PD3 and PD4 are prepared for future additions
to the DAQ and therefore not further explained at this stage.

Window coincidence mask

The main VI on the FPGA includes a function that then checks if one of the two samples acquired per main
loop clock cycle fulfils the current trigger condition and is therefore active, i.e. if one of the samples is above
the trigger threshold in case the DAQ is set to a leading edge trigger. It translates this information into the
so-called window coincidence mask (WCM) which provides information what channels are active during this
clock cycle. The representation of the WCM is an 8-bit integer where the states of the first four bits correspond
to the four channels of the DAQ being active or not. The WCM is written to a FIFO (First In First Out) together
with a timestamp and the ADC values of the two samples in each loop iteration. This data is then read from
the FIFO to characterise the (3 events, see next section.

B event characterisation

The objective of using an FPGA oscilloscope for pre-processing the incoming data is to enable a time-resolved
recording of all detected {3 events for a flexible and comprehensive data analysis while retaining a comparatively
small file size. This is achieved by characterising the signals by a selection of properties in real-time. Only
these properties are then streamed from the FPGA to the host computer rather than full waveforms, thus
maximising the available bandwidth for higher signal rates and the efficiency of the data handling.

An exemplary signal that is typical for a 8 event acquired with SiPMs as used in the detectors is shown
in Figure 4.12. It illustrates which properties of a pulse can be recorded by analysing the waveform of an
event. The first is the event’s time of arrival Time that is defined as the time between the proton trigger and
the signal exceeding the trigger threshold. Next is the amplitude Maximum of this event. Additionally, the
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Figure 4.11.: Sub-VI selecting the output state based on the elapsed Time since the proton trigger and the
user-specified Delay and Width.

Integral is calculated up to the time when the signal falls again below the trigger threshold. The time over
threshold ToT is thus also obtainable, as indicated in the exemplary waveform.

Figure 4.13 shows the most important parts of the block diagram calculating the pulse properties on the
FPGA. The VI updates the Pulse Properties cluster based on the incoming data from the FIFO if at least
one of the channel’s two samples acquired during that clock cycle is at or above the trigger threshold. With
the oscilloscope having four channels, there are four parallel instances of this VI running on the FPGA to
process the signals. Presented here is therefore a basic description of the working principle referring to only
one channel and its two samples per main loop clock cycle. Essential for the calculation of the pulse properties
are the inputs Channel, WCM and Previous WCM, representing the channel to be analysed and the WCM
of the current and previous clock cycle. The logic in the bottom left of the block diagram, see Figure 4.13,
utilises these inputs to distinguish between four possible cases: 1. both clock cycles inactive, 2. first clock cycle
inactive, then active, 3. both clock cycles active, and 4. first clock cycle active, then inactive. Here, ‘active’
refers to at least one of the two samples per clock cycle being above the trigger threshold.

When the VI determines the pulse properties of the events in a channel, it also keeps track what other
channel(s) may be active at any point during an event. If another channel becomes active, its corresponding bit
in the WCM input of the VI changes to 1. This WCM is compared to that in the Pulse Properties with a logic
OR, meaning that a channel becoming active will change its bit to 1 in the WCM of the Pulse Properties
cluster. The bit representation of this event’s WCM will therefore remain at 1 even if the other channel is no
longer active, thus allowing to efficiently record what other channels are active at any point during the event.

All other pulse properties (Integral, Maximum and ToT) are computed in the case structure in the
centre of the VI. The cases, shown in Figure 4.14, are in accordance with the four possibilities mentioned
above and may need a further discrimination depending on the samples Data_0 and/or Data_1 being active.
They are now briefly introduced:
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1. Both clock cycles inactive. As seen in Figure 4.14a, no pulse properties are calculated since neither
sample is part of a 3 event. The Pulse Properties remains at its initialised values of 0.

2. First clock cycle inactive, then active. A differentiation needs to be made for this leading edge depending
on one or both samples being active in Figure 4.14b and 4.14c. The time over threshold ToT is
incremented by one or two time units, referred to as ‘ticks’. With the sampling rate of the FPGA being
250 MHz , one tick is equivalent to 4 ns. The Time of arrival is computed as the current time subtracted
by ToT to consider the number of samples active during that main loop clock cycle. The integral is
simply Data_1 or the sum of Data_0 and Data_1. For the Maximum the larger of the two samples is
taken.

3. Both clock cycles active. Both samples Data_0 and Data_1 are added to the previous Integral of the
Pulse Properties cluster. The previous value of Maximum is also compared to the current samples
and the highest value is taken. With both samples being active, the ToT is incremented by two ticks.

4. First clock cycle active, then inactive. The trailing edge requires a further discrimination between one
or no samples being active. As before, if one sample is active, it is added to Integral and compared to
Maximum. One tick is added to ToT. If no sample is active, the Pulse Properties cluster remains
unchanged. Additionally, the logic at the bottom of the VI in Figure 4.13 detects a trailing edge and
thus sets the Send to Host boolean to TRUE when the signal falls below the trigger threshold.

Once the Send to Host boolean is TRUE, the Pulse Properties cluster is sent to another FIFO from
where it is made available to the host computer via DMA (Direct Memory Access). This simple approach
characterising the pulse properties on the FPGA thus allows for a reconstruction of the signals and for an
in-depth data analysis on the host computer.

Additionally, the Send to Host boolean is used on the FPGA to count the number of events that are
registered per channel during three user-defined time windows. These three counters per channel are also
streamed to the host computer and used to compute the 8 decay asymmetry displayed in a live view of
the incoming data. This allows for a basic on-line analysis to check the progress of an ongoing scan. It is
moreover possible to stream the raw data to the host computer. In this case, the events of all channels will
not be characterised and simply be forwarded to the host whenever they are above the trigger threshold.
This approach is used solely for debugging purposes as recording the waveforms of all events would result in
significantly higher data rates without yielding meaningful additional information relevant for the $-decay

asymmetry.

4.4.3. Software on the host computer

VCS is the implementation of CS+ + tailored to the requirements of the VITO experiment. CS++ amends the
LabVIEW Actor Framework by a collection of libraries. The Actor Framework is a model in which different
parts of a program, so-called Actors, perform tasks simultaneously [20]. They communicate via messages to
tell each other what to do, e.g., performing a task, sending messages to other Actors or launching Actors on
their own. The asynchronous messages are advantageous for a simple implementation of callback messages,
ensuring that the execution of a task was successful. For example, it allows to check if a device is connected
correctly or if settings have been applied to a device. Every device of the DAQ as well as every major task,
such as preparing a measurement and acquiring data, has its own Actor in the Actor Framework. In the case
of hardware, for example, an Actor wraps around the driver of a device that enables its integration into the
Actor Framework. Here, an abstract message can be sent to the Actor of the device to apply the corresponding
setting through the device’s driver. The Actors are hence entities that can be replaced as a whole to ensure
modularity and maintainability. For example, in the case of a hardware failure, it is not necessary to rewrite
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cycles, and 4. channel active in first cycle and then inactive. When necessary, a discrimination
is made for the cases depending on the of samples Data_0 and Data_1 of that clock cycle
being active, i.e. above the trigger threshold.
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major parts of the software, but to re-address the corresponding messages to the Actor of a spare device
without having to change their format or the way they are generated. It is furthermore possible to create a
dedicated graphical user interface (GUI) for each Actor, allowing to control individual hardware components
for debugging purposes.

A configuration file, the *.1in1i file, is read by VCS upon start-up. Each Actor has its own two sections in
this file, one with parameters relevant for the Actor and one with network addresses used to publish selected
variables online. These parameters are settings that are not changed during a measurement, such as trigger
thresholds, the timings of the pulse pattern generator or the directory where to save the data. Changing the
parameters requires a restart of the DAQ to re-initialise them. The advantage is that all relevant parameters
are available in the same file and accidental changes are unlikely. To keep track of the parameters, they are
also saved in the measurement files. Some variables checked or recorded by VCS may be relevant even during
an acquisition, e.g. the current number of $ events in the respective detectors in a given time window. It is
therefore possible to make use of LabVIEW’s Shared Variables. The addresses of the variables specified in
the *.1ini file are read and used to publish the quantities from the host computer to make them available
in the NI’s Distributed System Manager. They are thus accessible through other applications or even from
other computers, for example to provide a live view of the ongoing measurement. Depending on the specified
access scope, it can be decided if the variables can be read only or also edited. Basic checks or control can
therefore be enabled from any computer on the network for debugging purposes. Another aspect of VCS is
the integration of the Datalogging and Supervisory Control (DSC) Module to show alarms and wait for their
acknowledgments.

This section briefly introduces the GUI to enter the measurement parameters, the sequencer that handles
the parameters in a state machine and the saving of the data.

Graphical user interface

The most prominent Actor to the user is VCS_Measurement_GUI which provides the GUI prompting to
specify the settings according to the measurement types HFS, 77 and NMR (see Section 4.3.3). Figure 4.15
shows a screenshot of the GUI with exemplary settings for a 3-NMR measurement of /K in EMIM-DCA (see
Section 5.1 for more information). It is first necessary to define the used isotope and a sample ID that is
unique to the measurement. The parameters include the frequency range and the step size as well as the
amplitude of the rf generator output. Further settings are the modulation frequency and its depth required
during the initial search for a 3-NMR resonance. The Doppler voltage that yielded the highest degree of spin
polarisation, i.e. the highest § decay asymmetry in the HFS scan, needs to be specified, too. It is possible to
enable shuffling the frequency steps to avoid asymmetric peak broadening that can occur when the frequencies
are measured sequentially from low to high or high to low. The number of scans gives the option to gather
more statistics on the specified measurement range. Once the user initiates the acquisition by clicking ‘Send’,
the progress bars update based on the user-defined parameters, in this case performing three scans on the
212 steps covering the frequency range. The user-defined settings are then combined in a cluster and sent via
message to the Actor VCS_Measurement that handles the measurement sequencer explained in the next
section. In addition to the regular measurement types, a ‘manual’ option is implemented that allows editing
parameters like the timing of the pulse pattern generator without changing the *.1in1i file. This option is
used only during the initial start-up of a beam time in order to find appropriate settings for the beam gate
timing or ISCOOL before launching the actual 3-NMR measurement.

Measurement sequencer

VCS_Measurement coordinates all devices, the FPGA and the host computer to acquire one measurement.
The Actor first produces parameter sets that are added to a queue, with one parameter set containing all
settings required to record a single measurement step. These parameter sets are taken from the queue and
processed in a state machine that applies the corresponding settings to all devices and initialises the data
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Figure 4.15.: Screenshot of the graphical user interface that prompts the user to enter the measurement

parameters. Shown are exemplary settings of a B-NMR scan of #/K implanted in EMIM-DCA on
a mica sheet with three scans over the specified frequency range.

acquisition on the FPGA. All pulse properties of the 3 events of this measurement step are then recorded for a
user-defined time window that is chosen in accordance with the isotope’s half-life and its spin relaxation time.
A major benefit of this producer/consumer pattern is the ability to pause or abort the measurement when
necessary while keeping all recorded data. Introduced in this section is an overview on the most important
aspects of this approach. A flow chart illustrating the sequencer managing the measurements is shown in
Figure 4.16.

As mentioned above, the user defines the settings of a measurement through the VCS_Measurement_GUI.
This Actor sends a message to Setup Measurement to produce parameter sets that represent the settings
that need to be applied to the different VCS components to acquire the individual steps of the measurement.
One parameter set contains all information for one measurement step/data point, e.g. for a 3-NMR scan, it
contains the Doppler voltage, the rf amplitude and the modulation settings as well as the rf frequency of the
corresponding data point. An exemplary case for Setup Measurement preparing such parameter sets for
a 3-NMR measurement is depicted in Figure 4.17. The Parameters cluster in pink at the top contains all
parameters that need to be assigned for all measurement steps. Some of them are hardcoded in this VI since
they never need to be changed by the user, such as the unit of the rf generator’s amplitude. The settings
defined by the user through the GUI are fed into the VI via the pink input on the left. If they remain static
during a 3-NMR measurement, e.g. the rf amplitude and modulation as well as the Doppler voltage, they are
simply assigned to the Parameters cluster. The only variable that does change during a 3-NMR measurement
is the frequency of the applied B field, that is defined by the user through RFStep size, RFMax freq
and RFMin freq. These variables serve as the input for the LabVIEW-integrated Ramp Pattern VI that
provides an array of frequencies covering the user-defined range with the according step size. This array
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Figure 4.16.: Flow chart of the sequencer that handles the preparation and the acquisition of the mea-
surements. The GUI provides the measurement settings defined by the user to the Setup
Measurement VI that produces parameter sets, where one set is equivalent to one measure-
ment step. These parameter sets are then processed in the loop on the right with one iteration
being equivalent to one step/data point. See text for further details.

can optionally be shuffled to randomise the order of the frequencies to avoid asymmetric peak broadening.
Finally, an indexing for loop iterates over the frequency array. It substitutes the default frequency value in
the Parameters cluster and thus returns an array of clusters that all have different frequencies. This array
represents the parameter sets. To gather more statistics on the defined measurement range, the outer for-loop
can iterate over the parameter set generation multiple times, with one iteration being equivalent to one scan on
the full measurement range. The parameter sets are then added to a queue (not shown in the block diagram)
and a message is sent to Next Step to continue the preparations of the measurement, see Figure 4.16.

When a new measurement is started, the Next Step VI checks if the isotope and the sample ID have
been defined and prompts a message to the user if this is not the case. It then checks whether there are still
parameter sets left in the queue. If this is not the case, the measurement has been completed and the user
will be notified, as indicated in Figure 4.16. Otherwise the next parameter set will be taken from the queue
and some of the parameters will be published as Shared Variables to make them accessible for a live view, e.g.
the B; frequency of the next step or the Doppler voltage. A message containing the parameters of the next
step is then sent to the Prepare Step VL

This VI, seen in Figure 4.18, first sets a cluster of three booleans used for callback messages to FALSE.
The callback messages are an important feature at this point. After verifying that the Actors handling the
rf generator, the DAC for the Doppler voltage and the pulse pattern generator have been launched and are
thus available, the Actors will be sent their corresponding parameters. The devices then apply these settings
to prepare for the next measurement step. Only if the messages containing the settings have been received
successfully by their Actors, the callbacks set their booleans to TRUE and the measurement can proceed.

Once all callbacks have been received without any error, the Measure Step checks how much time has
elapsed since the previous measurement step was initiated and compares this value to Minimum Trigger
Gap, shown in Figure 4.19. If necessary, the VI will wait until the user-defined minimum time between two
triggers is met. This function is essential to make sure that the previous isotope bunch implanted into the
sample has decayed before the next bunch is being implanted, which could otherwise affect the signal-to-
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Figure 4.17.: Part of the Setup Measurement VIthat produces the parameter sets to be added to a queue or
further processing in the state machine. Shown is an example preparing a B-NMR measurement,
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Figure 4.18.: The Prepare Step Vlthat sends messages to the Actors handling the rf generator, the Doppler
voltage and the pulse pattern generator to apply the parameters of the next measurement step to
the devices. Their callbacks ensure that the parameters messages have been received correctly.
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Figure 4.19.: The Measure Step VI that verifies that all callback messages have been received and that the
Minimum Trigger Gap between two trigger signals has elapsed before initiating the data
acquisition of this measurement step on the FPGA oscilloscope.

noise ratio. When this timing condition is reached, a message is sent to the VITOScope Actor handling the
oscilloscope to initiate the FPGA and start the acquisition and the pulse pattern generator when the next
proton trigger is received. The calculated pulse properties are fetched continuously from the FPGA to free up
memory for the next 3 events to be characterised.

When the acquisition of this step has finished and the status of the FPGA changes back to idle, the Step
Complete VI removes the parameter set of this step from the queue and sends a message to Next Step.
Depending on whether or not there are parameter sets remaining in the queue, the measurement will either
continue with the next parameter set or the user will be informed that the measurement has been complete,
cf. Figure 4.16. All connected devices are then set to a default ‘safe mode’, meaning that all outputs are
effectively turned off for safety reasons. When the user launches the next measurement, new parameter sets
will be produced in the Setup Measurement VI and sent to the sequencer state machine.

VITO Scope and live view

The VITOScope Actor is the FPGA’s counterpart on the host computer that integrates it into VCS. It is
responsible for all communication with the FPGA, transferring the data to the host for saving and making it
accessible for a live view during the acquisition. As described earlier, the FPGA firmware pre-processes the
incoming [ events and writes their properties to DMAs. VITOScope accesses these DMAs as soon as the data
is available and continuously fetches the pulse properties arrays, cf. Figure 4.20. Note that the arrays have a
length of eight even though they contain only seven pulse properties. Due to technical reasons, the FPGA’s
DMA need to have a length that is a power of two. The data of all four channels of the FPGA oscilloscope is
then combined into a Pulse Properties cluster and sent to the Actor handling the data saving.

In addition to fetching the pulse properties, VITOScope also reads the values of the three counters
mentioned in Section 4.4.2. The counters provide information on the number of 3 events detected across the
four channels during three user-defined time windows. For a basic implementation of a live view, the counters
are then published as Shared Variables to make them accessible in different programs and on other computers
on the network. The § decay asymmetry is then calculated in the live view application as the normalised
difference in the number of counts between the two detectors, cf. Equation (3.16). Depending on the type of
the measurement, the asymmetry is shown as a function of Doppler voltage for a HFS measurement or as a
function of v for a 3-NMR measurement. The live view allows the user to observe the evaluate the incoming
data in real-time and decide on the next measurements.

39



E fpga reference
T "FPGA Target" v}

0]

)

[t -+ ul H E H H 3 ] s |- N R |
2 Get FPGA VI Execution Mode | B PP-DMA 0.Read 3 B2 PP-DMA D.Read [} PP-DMA-Read 0| -] PTT-FIFO-Read |
FPGA VI Execution Mode ¥ |0} Mumber of Elements = I3 L3—» Number of Elements _
b+ Timeout (ms) TS, [VITO_PPDMAArTaySize==8 -}

Data H Data H—
Elements Remaining +——{_ K Elements Remaining ¥ -

Figure 4.20.: A part of the Fetch PP DMA VI. Exemplarily shown here is accessing the FPGA's PP-DMA ©
containing the calculated pulse properties of channel 0. The DMA's of the other three channels
are accessed in the same way. The pulse properties of all channels are bundled into a cluster
and sent to the Actor handling the saving (not shown).

Data saving

Saving the data is handled by VCS Measurement Data. The data is saved as a TDMS file, a binary,
hierarchical format that is optimised for measurement data. While it is proprietary to NI, a variety of add-ons
and packages is available to read the data in other programs and languages, such as MATLAB and Python
[55, 95]. TDMS offers a three-level hierarchy that structures a measurement in files, groups and channels.
All of these three levels may contain additional properties. VCS records one TDMS file per measurement
and utilises the hierarchy to organise the data with respect to the three levels, e.g. the sample ID on the file
level, rf settings on the group level or the time of arrival on the channel level. An overview on the entire file
structure is on display in Figure 4.21.

4.4.4. Possible improvements

As of the writing of this thesis, not all possibilities of VCS are fully exploited. While additional outputs of the
pulse pattern generator are already implemented, e.g. to perform pulsed NMR, they are currently not in use.
Supplementary features that can amend the software are warnings and alarms to facilitate the supervision
of the experiment and notify the user in case of problems, such as hardware failures, unexpected pressure
readings, etc. The pressures acquired with the vacuum gauges currently lack logging in VCS. Beneficial would
also be the full integration of the PicoScope to automatically record the FID of the 2H reference probe for
each B-NMR measurement rather than doing this manually.

Something else to consider is the usage of the HDF5 file format. HDFS5 is designed for storing large amounts
of scientific data, similar to TDMS, but it is an open format and offers more flexible hierarchy and better
read/write accessibility compared to NI’s proprietary TDMS format. Another drawback of NI's system is a
number of VIs and registers running on the FPGA that cannot be accessed nor modified by the user. This
prevents from implementing an FPGA firmware that is not based on one of NI's example codes, which mitigates
developing additional features. At the moment, parts of VCS rely on LabVIEW’s DSC Module, which is not
available as a 64-bit version, therefore requiring all of VCS to run in 32-bit LabVIEW. VCS thus experiences
performance limitations, especially with respect to the memory on the host computer that is available to buffer
the data before writing it to disk when the [ particle count rates are high. One option to overcome this issue
is removing the respective part of VCS and omit warnings and alarms or implement similar functionality that
does not rely on the DSC Module.

A more profound option would be replacing the LabVIEW application running on the host computer with
an open-source program that would overcome the drawbacks of using NI’s system altogether. The already
existing hardware including the FPGA oscilloscope and its firmware could be retained and integrated into an
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File
I
Properties ——— Sample ID, isotope, measurement type, trigger settings, ...
IDa’ta point O
IProperties —— Rf settings, Doppler voltage, pulse pattern, timestamp, ...
IChannel 0
IProperties —— Time of arrival, amplitude, integral, WCM, ...
Channel 1
: IProperties ——— Time of arrival, amplitude, integral, WCM, ...
Data point 1

Figure 4.21.: The three-level hierarchy of a TDMS file as used by VCS with the levels file, group and channel
among their corresponding properties. Dashed lines indicate repetitive parts.

upgraded DAQ. Software packages allowing such an integration exist in a variety of programming languages
and the options to implement such a system, e.g. in Python, have already been evaluated successfully. Such a
system would make VITO less dependent on proprietary software and would make VCS more accessible for its
users and easier to maintain.

4.4.5. Summary

The centrepiece of the VITO Control System is an FPGA-based oscilloscope that performs a time-resolved
characterisation of all detected [ particles. Among the determined pulse properties are the time of arrival,
amplitude, integral, time over threshold and window coincidence mask. Only these are then streamed to the
host computer to minimise the required bandwidth. They enable an in-depth data analysis, thus overcoming
the disadvantage of just counting the events, as was done by the previously used MCP. VCS builds on CS+ + to
integrate all measurement and acquisition devices to keep the system modular and flexible. The measurement
implementation follows a producer/consumer pattern generating parameter sets that are handled in a state
machine, with one parameter set being equivalent to one measurement step and one iteration of the state
machine.

Despite the room for improvements, VCS in its current state is already significantly more potent than the
previous system. By characterising all -particles individually, it enables new features for the data analysis,
especially for time-dependent, relaxing signals that can now be recorded without losing valuable information.
Measurements of isotopes with unknown relaxation times are thus facilitated. Chapter 5 showcases the
extensive possibilities VCS offers for an in-depth data analysis of time-dependent signals.
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5. Experimental results

The following chapter presents the preparations, analysis and results of the experiments conducted for this
thesis. Measurements of the hyperfine structure and 3-NMR studies of /K implanted into cubic crystals and
ionic liquids took place during three beam times. An overview on the experimental details and the preparations
is given in Section 5.1. After presenting the processing of the HFS measurements and the reference probe’s
FIDs, the prime focus of Section 5.2 lays on the possibilities the new data acquisition VCS has to offer for
the analysis of the 3-NMR measurements. Besides the common one-dimensional fits along the frequency
axis, an additional way of representing the data in two dimensions along the frequency and the time axes is
introduced. What follows is the analysis of the 3-NMR spectra that concludes with the determination of the
differential hyperfine anomaly 3° A" between 2°K and 4’K in Section 5.4 and the magnetic dipole moment
1(*7K) in Section 5.5.

5.1. Experimental details

The results shown in this thesis are based on 3-NMR studies of 4’K that took place at the VITO setup during
three beam times in May, July and November 2022 in the scope of ISOLDE experiment IS666 [67, 68]. This
section gives an overview on the experimental details.

Production of the polarised beam

All beam times used UCy targets on which impinged 3.3 x 10! protons per bunch at an energy of 1.4 GeV.
About 1 x 107ions/pC of 7K (I™ = 1/2F, t;/5 = 17.5s) were produced. The radioactive K atoms were
surface-ionised in the target station and accelerated to an energy of 50 keV before being separated by ISOLDE’s
High Resolution Separator. Considering the half-life, only one proton bunch was taken per PSB super-cycle,
equivalent to a spacing of about 40s. Stable K was filled into the charge exchange cell and heated to a
temperature of 150°C, which causes it to vaporise and neutralise the passing 4’K ion beam. A tunable
MATISSE Ti:Sa laser was used for optical pumping of the Dy line (3p®4s 2S5 — 3p®4p 2P3/5) to generate the
nuclear spin polarisation. It was set to a wave number of 13 062.631 cm™! (\ ~ 765.54 nm) with a power of up
to 25 mW entering the beamline. The timings of the beam gate and ISCOOL provided through the VCS pulse
pattern generator were varied during the beam times, depending on whether ISCOOL was used for bunching
or not. Most commonly, when bunching was not applied, the beam gate was set to open 6 ms after the arrival
of the proton trigger and it remained open for 500 ms. In the case of using a bunched beam, the beam gate
opened after 6 ms for 500 ms and ISCOOL released the beam towards VITO for 10 ms at a time of 510 ms after
the proton pulse. The laser shutter was continuously open when a measurement was running.

Samples

Two different types of samples were used for the measurements, namely cubic crystals and room temperature
ionic liquids (RTILs). Cubic crystals have no electric field gradient at the substitutional site and the nuclei
implanted into such sites thus show relatively long relaxation times, typically in the order of seconds due
to the absence of quadrupolar interaction [1]. RTILs are liquids consisting of ions and can be thought of as
liquid salts [8, 79]. They have a very low vapour pressure and are thus suitable for applications in vacuum, i.e.
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they do not noticeably evaporate at the pressure of 10~ mbar present in the VITO beamline. In comparison
to cubic crystals, they show shorter relaxation times.

The two types of samples fulfil different purposes: First, cubic crystals are used to optimise the optical
pumping conditions with HFS scans to maximise the nuclear spin polarisation and in return the created {3
decay asymmetry. For 3-NMR measurements, they allow to coarsely determine the Larmor frequency of the
probe nuclei due to a high § decay asymmetry and broad resonances that are relatively simple to locate.
Second, ionic liquids are used for high-precision 3-NMR measurements. The resonances of the liquid lay in
the frequency range previously determined by the crystal, but they offer a significantly smaller FWHM due to
the molecular tumbling in the liquid averaging out anisotropic effects [105]. Typically, the FWHM of 3-NMR
spectra in liquids is two orders of magnitude smaller than in a crystal, see e.g. Figure 5.8. RTILs can therefore
be exploited to pin down the Larmor frequency vy, of 4K in its environment with great precision.

For the experiments presented here, the used crystals are KCI with the dimensions 10 mm by 10 mm by
1mm. They are polished on the side facing the beam and glued to a sample holder. The ionic liquid is
1-Ethyl-3-methyl-imidazolium dicyanamide (EMIM-DCA). Because of EMIM-DCA being hygroscopic, the
samples were degassed over the course of at least 24 h in preparation for the beam times to remove any water
contamination. One sample is a 15 L droplet that is brought onto sample holder made out of a mica sheet
using a pipette, see Chapter 4.3.1. The mica sheet does not significantly attenuate the emitted [ particles. It
shows no clear B-NMR resonance that could interfere with the measurements of /K.

Measurement procedures

A brief overview on the measurement procedures is given at this point. Several hyperfine structure measure-
ments were conducted, scanning the Doppler tuning voltage and evaluating different laser light polarisations
to determine the conditions that maximise the nuclear spin polarisation. Laser saturation curves were also
acquired to verify that the laser light saturates the transitions for optical pumping to yield the highest polari-
sation. 3-NMR measurements were then acquired with different amplitudes of the applied B field to obtain
rf saturation curves that allowed adjusting the rf power accordingly for the remainder of the experiment to
avoid power broadening. This was followed by the measurements of the Larmor frequencies vy, of K in the
respective environment. Most of the measurements utilised the VCS option to shuffle the frequency steps in
order to avoid asymmetric peak broadening, see Chapter 4.4.3. VCS was always set to record the 3 events of
one measurement step for 17s, starting from the proton bunch impinging the target. This was the maximum
duration possible with that configuration of VCS. All high-precision 3-NMR measurements were repeated
multiple times on a number of EMIM-DCA samples to ensure the reproducibility of v1,. The 2H reference probe
was used to obtain the magnetic field By at the time of the respective 3-NMR measurements.

5.2. Preparation and processing of the -NMR measurements

This section describes the preparations for the 3-NMR measurements as well as the processing of the recorded
spectra. A short overview is first given on the hyperfine structure measurements used to establish suitable
optical pumping conditions. This is followed by the FIDs recorded with the 2H probe that allow for a precise
determination of the magnetic field B, at the time of the B-NMR measurements. The time-resolved data
acquisition VCS enables new analysis approaches for the 3-NMR data, two of which are shown here: First, a
conventional, one-dimensional representation of the spectra along the frequency axis is presented. Second,
a more sophisticated approach is introduced which exploits the time-resolved data recorded with VCS to
perform two-dimensional fits along the frequency and the time axes to take the relaxation of the signal into
account.
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5.2.1. Establishing optical pumping conditions

One of the main objectives of the first beam time in May 2022 was to establish suitable optical pumping
conditions that would maximise the nuclear spin polarisation as a prerequisite for the upcoming 3-NMR
measurements. To do so, the 3 decay asymmetry was acquired in numerous HFS scans as a function of the
Doppler tuning voltage. The orientation of the A/4-plate was varied to evaluate the dependency of the 3 decay
asymmetry on the laser light being o* or o™ polarised. Once the orientation of the \/4-plate that maximises
the 3 decay asymmetry was found, it was fixed and remained in that position for all experiments with 4’K.
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Figure 5.1.: Hyperfine structure measurement of the D, line (3p®4s 2S5 — 3p®4p 2P3,») of /K with the
polarisation of the laser light being 0™ and ¢*. The maximum B decay asymmetry with respect to
the baseline, shown in grey, is observed for 6*-polarisation at a Doppler tuning voltage of —0.89 V.

Figure 5.1 shows two example measurements of the hyperfine structure with 6~ and ¢* polarisation of the
laser light. The amplitude of the § decay asymmetry with respect to the baseline at about 22.9 %, indicated in
grey in the figure, differs for the two polarisations. While the amplitude for ™ is about 1.5 % with respect to
the baseline at Doppler tuning voltages of —1.4V and —1.0V, o* polarisation indicates a higher amplitude of
about 3.4 % at a Doppler tuning voltage of —0.89 V. The -NMR studies presented in this thesis were therefore
using o™ polarisation. A laser power saturation curve was also recorded for this polarisation, with the aim to
verify that the transition is saturated and the 3 decay asymmetry is maximised. When the optimum Doppler
voltage and laser power were found, they were set for the following 3-NMR experiments and regularly checked
during the beam time. They were modified to retain the highest-possible nuclear spin polarisation when
necessary. For the following 4’K beam times in July and November 2022, the orientation of the /4 plate
remained unchanged to continue with 6* polarisation, while the HFS measurements and the laser saturation
curves were repeated.

The Doppler tuning voltage, as seen in Figure 5.1, can be easily converted into the laser frequency perceived
by the passing atoms with the relativistic Doppler equation, see Section 3.2.1, e.g. in order to evaluate isotope
shifts in laser spectroscopy. More information on this can be found in [45]. In the scope of this thesis, however,
the HFS measurements are only used to establish and maximise the nuclear spin polarisation for the §-NMR
measurements. No further processing of the recorded hyperfine structures is therefore conducted at this point.
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5.2.2. Determining the magnetic field B,

Described here is the processing of the FID signal from the 2H reference probe to infer the magnetic field By
for the subsequent 3-NMR measurements with great precision. As explained in Section 3.1.1, the reference
probe circuit yields two signal components, which can be considered as the real and the imaginary parts
Re(f(t)) = a(t) and Im(f(t)) = b(t) of a complex FID signal f(¢) = a(t) + ib(¢). An example of such a signal
f(t) is shown in Figure 5.2a. Due to slight imperfections in the electronic circuit, both components have a DC
offset and their amplitudes are not identical. This needs to be corrected before further processing of the signal,
otherwise the DC offset would appear as a 0 Hz frequency component in the spectrum and the difference in
signal amplitude would affect the ratio of the components in the spectrum. The offsets @ and b are therefore
subtracted from a(t) and b(t), respectively, before normalising the signal components to the same integral
S0 pem(£) = EbZ0em (£) With anorm (t) = a(t) and buom (t) = b(t)/E(a())2/Z (6(2))?.

Amplitude / V
Amplitude / V

0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20

Time /s Time /s
(a) Raw signal. (b) Offset removed and signal normalised.

Figure 5.2.: Processed FID measured with the 2H reference probe. The components coming from the quadra-
ture detection circuit (see Section 4.3.2), are treated as the real part a(t) and the imaginary part
b(t) of the signal. Left: raw, unprocessed data. Right: Offset removed and signals normalised to
the same integral.

Figure 5.2b shows the normalised signal. It has a finite length and is not periodic. A so-called leakage effect
can thus occur when the signal is Fourier transformed, which would lead to a frequency spectrum that does
not represent the frequency components of the signal correctly [69, 19]. To tackle this issue, it is possible
to apply a window function to a time signal which forces it to take the value O at the beginning and the
end. Doing that yields a quasi-periodic signal that can be Fourier transformed with minimised leakage. Note
that not applying a window function to the time signal in Figure 5.2b is equivalent to applying a rectangle
window. With the Fourier transform of a rectangle being a sinc function, this causes side lobes in the spectrum
around the actual frequency components [19]. To minimise this effect, a Hann window is applied to the
signal components of the reference probe. The windowed signal is then extended in the time domain by
adding zeros before applying the Fourier transform to obtain the frequency spectrum. While this so-called
zero padding does not add any additional information to the signal in the time domain nor in the frequency
domain, it does improve the apparent frequency resolution, i.e. the spectrum is ‘smoother’. An actually higher
frequency resolution can only be achieved by recording the time signal for longer.

A Fast Fourier Transform (FFT) algorithm is utilised to obtain the frequency spectrum, which is shown
in Figure 5.3a. The envelope of the signal in the time domain determines the peak shape in the spectrum

46



— Data — Data
_ — Fit _ — Fit
= 400 A = 400 A
© ©
[} (]
© ©
2 2
‘2 200 A B 200 -
E &
< <
0 l L 0
-2000 -1000 0 1000 2000 1100 1150 1200 1250
Frequency / Hz Frequency / Hz
(a) Full spectrum. (b) Zoomed in on the predominant frequency.

Figure 5.3.: The frequency spectrum corresponding to the data shown in Figure 5.2. (a) relevant part of the
full spectrum, including a fit of the predominant frequency component with a Lorentzian. (b)
zoomed in on this frequency range at around 1200 Hz.

because the two form a Fourier pair. In this concrete case, the time signal’s envelope can be approximated
by an exponential function, which results in the frequency peaks taking roughly the shape of a Lorentzian
function. The oscillations underneath the envelope of the time signal determine the position of the peaks
in the spectrum. As visible in Figure 5.3a, the main frequency components are at around +1200 Hz. Lower
frequency components are also present in the spectrum, indicative in the form of a beating of the signal in the
time domain, but these components are negligible compared to the predominant signal components. Note
that the tail of the FID signal was not fully recorded, see Figure 5.2a, also contributing to the envelope of
the signal not being an ideal exponential. In return, the peaks in the spectrum do not take ideal Lorentzian
line shapes, evident in the form of side lobes, though this issue is mostly diminished by applying the window
function to the data.

With the input signal treated as complex, the phase between the real and the imaginary part can be
determined and becomes apparent in the components at around +1200 Hz having different amplitudes, with
the predominant frequency component being around +1200 Hz. Subsequently, only this peak is fitted with
a Lorentzian to obtain vg, see Figure 5.3. The Larmor frequency v P20 of the 2H reference probe is then
computed via

2H,D,0
v 2Y = Vcarrier — Vs (5.1)

with vearrier being the carrier frequency set on the rf generator, see Equation (3.10) in Section 3.1.1.

5.2.3. One-dimensional fitting along the frequency axis

The acquired B-NMR spectra need to be processed in order to obtain the Larmor frequency v, of the respective
nucleus in its environment, here /K in a KCl crystal or in the ionic liquid EMIM-DCA. Typically, 3-NMR
resonances are shown with the 8 decay asymmetry as the function of the frequency v of the applied field B;,
integrated over a defined observation time window. In order to obtain better statistical significance of such a
one-dimensional resonances, one may try to extend the acquisition duration of each frequency step which
results in the detection of more 3 events and thus more statistics. However, the nuclear spin polarisation is
time-dependent and relaxes over time, as described in Section 3.1.2. Integrating over a longer period of time
will therefore at some point be disadvantageous when the signal of interest has relaxed. The additional 3

47



particles would no longer contribute to the 3-NMR signal and thus diminish the statistical significance. This
should be taken into account when recording and analysing the resonances. It is therefore crucial to determine
an observation time window that represents a compromise between the amplitude of the signal which relaxes
with 71, thus preferring short observation windows, and the number of  events to consider more statistics,
thus preferring longer observation windows.

The old data acquisition system required the observation time window to be set to a fixed value during the
experiment. This was a major drawback, e.g. in the case of unknown relaxation times, since optimising the
observation window for the relaxation time was not possible in the post processing of the data. The new data
acquisition VCS resolves this problem. As described in Section 4.4, VCS characterises all 3 events by a number
of properties during a maximum acquisition time of 17 s per frequency step. Among these pulse properties is
the time of arrival of the 8 particles. It is therefore not required by the user to specify an observation time
window a priori, regardless of the relaxation time. Instead, VCS enables to modify the observation time
window in post-processing based on the time of arrival to retain full flexibility during the analysis.

Relative difference to fitted peak center / ppm
-8 -6 -4 -2 0 2 4 6

B decay asymmetry / %

138.7105  138.7110 138.7115  138.7120 138.7125
Frequency / MHz

Figure 5.4.: The B decay asymmetry of one B-NMR measurement of 4/K in EMIM-DCA shown for different
observation time windows: from 0s to 5.5 (red), 0s to 8s (green) and 0s to 17 s (yellow). Respec-
tive fits with Lorentzian line shapes are also shown. One can see the decreasing amplitude and
changing baseline due to the relaxation of the polarisation.

Presented here is a method designed to find the optimum observation time, which represents a compromise
between the amplitude of the signal and the number of § events by using the data recorded with VCS. The
aim is to minimise the uncertainty of the determined frequency vy, during the post-processing. Figure 5.4
shows the same 3-NMR measurement of /K implanted into EMIM-DCA but using three different observation
time windows that start with the proton trigger at 0s and have a duration of 5.5s (red), 8s (green) and 17s
(yellow). The respective fits were performed under the assumption of a Lorentzian line shape and are depicted
in the same Figure. Shorter observation time windows offer higher amplitudes of the resonance but also larger
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Figure 5.5.: The fitted resonance amplitude (a) and the Larmor frequency v, (b) for the data from Figure 5.4
as a function of the observation time window since the proton trigger. The Larmor frequencies
are shown with respect to 1, 3 55 = 138 711 530(8) Hz obtained for an observation window of 3.5s.
Highlighted in red, green and yellow is the data corresponding to the three resonances shown in
Figure 5.4.

uncertainties in the 8 decay asymmetry due to fewer 3 events being taken into account. VCS then enables to
evaluate the fit parameters as a function of the observation time window. This is presented in Figure 5.5 for
the amplitude and the resonance position, i.e. the Larmor frequency vy, of the previously shown data.

It is clearly visible how the relaxation influences the 3-NMR resonances by decreasing the amplitude of the
B-NMR resonances for longer observation windows. More relevant, however, is its influence on the Larmor
frequencies determined with the fits. While the difference between them is a fraction of a ppm and therefore
negligible compared to their uncertainty, the uncertainty varies with the observation time. Figure 5.6 shows
how the uncertainty dv;, decreases, reaching a minimum at an observation window of 3.5, before increasing
again. This is the case since extending the observation time will at first include more 8 events which improves
statistics, before the observation time window is so long that it includes more and more 3 particles for which
the signal has already relaxed. The observation window of 3.5 s thus offers the best compromise and allows
reaching the smallest uncertainty in the determined Larmor frequency vy, with the resulting resonance being
plotted in Figure 5.7 for comparison to the other observation windows of 5.5, 8 s and 17 s from Figure 5.4. In
addition, Figures 5.5 and 5.6 also show the respective fit parameters of the 3.5s observation time window
in blue, illustrating that neither the largest amplitude nor the highest number of 8 events guarantees the
most precise determination of the Larmor frequency vy,. Instead, the approach presented here considers the
relaxation of the signal and the number of  events.

All measurements conducted in the scope of this thesis were processed accordingly by choosing the
observation time window that minimised the uncertainty in the fitted Larmor frequency vy,. The resonance
of 4K in EMIM-DCA from Figure 5.7 with an observation time window of 3.5 s is shown again in Figure 5.8
together with a 4’K resonance recorded in a KCl crystal with an observation time of 7.5 s selected in the same
way as that for EMIM-DCA. While the FWHM of the resonance in the crystal is 167(6) ppm, the ionic liquid
offers a FWHM of 3.4(2) ppm. The uncertainty in the determined Larmor frequency v, is 1.6 ppm for the
crystal and 0.06 ppm for the ionic liquid. The advantages of a lower FWHM and lower uncertainty in the
Larmor frequency for EMIM-DCA are caused by the molecular tumbling in the ionic liquid that averages out
anisotropic effects, which enables high-precision 3-NMR studies.
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Figure 5.6.: The uncertainty v, of the Larmor frequency v, depending on the observation time window. The
data highlighted in red, green and yellow correspond to the three resonances shown in Figure 5.4.

5.2.4. Two-dimensional fitting along frequency and time axes

The approach introduced in the previous section aims to determine an observation time window that offers a
compromise between the decreasing amplitude of the signal and the number of considered 8 events. All events
occurring during that time window are integrated to compute the  decay asymmetry. While this method
offers the freedom of modifying and systematically optimising the observation window even in post processing,
it is still a compromise that comes with two inherent drawbacks. First, it considers only a single time bin per
frequency step and integrates over the corresponding (3 events, which will inevitably discard the relaxation of
the signal during that time bin. A one-dimensional fit thus does not represent the signal comprehensively.
Second, all 3 events that do not fall into the observation time window are discarded, therefore removing large
proportions of the data set and thus valuable information. Especially in the case of short relaxation times, this
results in utilising only a fraction of the recorded data.

Presented here is a second approach which bins the time of arrival of the § events recorded with VCS to
obtain the asymmetry as a function of time for each frequency step. The method then applies a two-dimensional
fit along the frequency and the time axes of a measurement to consider all 3 events of the entire data set
while taking the relaxation of the signal into account. It then allows to extract additional information on
the B-NMR spectrum, such as the relaxation curves or the expected amplitude over time. To illustrate this
approach, Figure 5.9 shows a spectrum of 4/K in EMIM-DCA. This is the same data set as in the previous
section with frequency steps of 25 Hz and with the time of arrival of the 8 events being binned in steps of 0.2s.
Note that this bin width of 0.2 s is taken only for the purpose of a more intuitive visualisation for this thesis,
while the fit itself may be executed with smaller bin widths.

Two-dimensional fitting model

Several contributions need to be taken into account to model the change in 3 decay asymmetry for 3-NMR
resonances [63]. This model is simplified with the assumption that all polarised nuclei are implanted at the
time ¢t = 0. The first part to be included in the fitting function is the spin lattice relaxation that represents
the ensemble of nuclear spins returning to thermal equilibrium conditions. It is described by an exponential
function with the time constant 7}, see Section 3.1.2, and occurs evenly irrespective of the rf frequency v of the
applied B; field . An additional time constant 71, needs to be considered as the applied frequency v approaches
the Larmor frequency vy, of the nuclei. It expresses that the 8 decay asymmetry relaxes more rapidly and is
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Figure 5.7.: The B decay asymmetry of the measurement from Figure 5.5 is shown again with an additional
observation window of 0s to 3.5s (blue) which offered the lowest uncertainty vy, in the fitted
Larmor frequency vr,.

effectively being ‘destroyed’ in the resonance case. A Lorentzian function scales this time constant depending
on the applied frequency v to represent the line shape of the 3-NMR resonance, thus resulting in the biggest
contribution of 71, for » = vy, and basically no contribution for v < vy, and v > vy,. The final component to
describe the data is a constant that reflects the instrumental § decay asymmetry to which the signal converges
for ¢ — oo. Following these deliberations, the two-dimensional 3-NMR spectra can be described with

2

1 w 1
PRI " )

Ay, t) = ae t( (vovp)? 4w TL) +b. (5.2)

Here, ¢ is the time, « is the initial 3 decay asymmetry generated by optical pumping, equivalent to the change
asymmetry from ¢ = 0 to ¢ — oo, and 77 is the time constant of the spin-lattice relaxation characterising the
interaction of the nuclear spins with their immediate environment. w is the width of the Lorentzian function
that describes the contribution of the time constant 71, depending on the difference between the applied
frequency v and the Larmor frequency vy, while the constant b represents the instrumental § decay asymmetry.
Summing the two time constants 73 and 73, yields the time constant T, = (1/T1 + 1/71,)~! which describes
the relaxation in the resonance case of v = vy, It is important to ensure that the bin width of the time axis is
smaller than the expected time constants. The fitting function is implemented in a Python programme using
the LMFIT package [83]. To obtain the statistical uncertainties, the uncertainties from the fits are multiplied

with y/x2 ;. It is worth noting that the fitting routine is only applied to {3 events that were recorded after the
implantation of the isotope beam into the sample had stopped, i.e. when the beam gate is closed or ISCOOL
is closed in the case of working with bunched beams. This avoids processing data that is a convolution of 3
particles emitted from newly implanted, polarised nuclei and those that have already relaxed. In the case of
B-NMR with crystals that have a long relaxation time, it may occur that previous isotope bunches contribute to
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Figure 5.8.: Comparison of a #/K B-NMR resonance in a KCI crystal and the ionic liquid EMIM-DCA during
the May 2022 beam time. The resonance in the crystal has a FWHM of 167(6) ppm whereas
EMIM-DCA has a FWHM of 3.4(2) ppm.

the recorded signal. This can lead to a change in the baseline asymmetry that can then no longer be described
only by the constant b but may require additional terms to reflect this effect in the fitting function.

The two-dimensional fit of the 4’K implanted into EMIM-DCA data from Figure 5.9 is depicted in Figure 5.10.
As seen here, the residuals of the fit show no structure, indicating that the two-dimensional fit based on
Equation (5.2) represents the data set appropriately including the 7} relaxation and the faster relaxation
around the Larmor frequency vr,. This is also underlined by x2 ; = 1.03. An additional example of a 3-NMR
resonance of 4’K in a KCI crystal is on display in Figure 5.11 to illustrate the fitting result in the case of a
longer T; relaxation. No changes to the fit routine were made apart from adapting the initial fit parameters.
The behaviour of the 3 decay asymmetry is again represented appropriately by the fit with x2 ; = 1.16.

Comparison of the one-dimensional and two-dimensional fits

In order to benchmark the two-dimensional fits against their one-dimensional counterparts, the fit results for
x2.4 and the determined Larmor frequencies vy, are given for K in EMIM-DCA in Table 5.1 and for 4’K in KCl
in Table 5.2. The one-dimensional fits along the frequency axis were executed with observation time windows
selected according to Section 5.2.3 and the two-dimensional fits along the frequency and the time axes were
conducted as presented in this Section.

In the case of K in EMIM-DCA (Table 5.1), the two approaches are in agreement with the deviations
between them being smaller than the 1o uncertainties for most measurements. A lower average x>, and a
median uncertainty in the Larmor frequency of 18 Hz (0.13 ppm) show benefits of the two-dimensional fits
compared to their one-dimensional counterpart that have a median uncertainty of 24 Hz (0.17 ppm). Similar
differences of up to 1o are found between the two approaches for 3-NMR measurements of 4’K in KCl, as
listed in Table 5.2. While the one-dimensional fits have a x? ; ranging from 1.08 to 5.05 with a median of
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Figure 5.9.: A two-dimensional representation of a B-NMR resonance as a function of frequency and time.
Shown here is a measurement of #/K in the ionic liquid EMIM-DCA with frequency steps of 25 Hz
and time bins with a duration of 0.2s.

2.04, the two-dimensional routine offers significantly more consistent results with a median x2 ; of 1.1. This
is also expressed in the median uncertainty which is 117 Hz (0.8 ppm) for the two-dimensional fits as opposed
to 223 Hz (1.6 ppm) for the one-dimensional fits. The two-dimensional approach is hence favourable as it leads
to a higher consistency in fitting the 3-NMR resonances and lower uncertainties. The differences between the
two approaches can be explained with the ability of the two-dimensional fits to reproduce the line shape of
the B decay asymmetry using both its frequency and time dependency. This aspect is discussed in more detail
later on.

Three-dimensional visualisation

In order to gain a better understanding of the two-dimensional fits and their line shape, they are now visualised
in three dimensions, with the § decay asymmetry as a function of the applied frequency v and the time ¢.
Figure 5.12 shows such representation of the data sets from Figures 5.10 and 5.11 for /K implanted into
EMIM-DCA and KCIl. While only the ¢ events recorded after the isotope beam implantation had stopped are
considered for the fit, here 0.6 s for EMIM-DCA and 3 s for KCl, this three-dimensional plot illustrates the
expected 3 decay asymmetry from 0.1s to 17s. The wire mesh in the form of black lines across the surface
plot serves as a guidance for the viewer. It indicates the course of the fit along the time axis for the Larmor
frequency v, and along the frequency axis for ¢ = 0.5s, ¢t = 1s as well as ¢ being one of the ticks of the time
axis.

The line shape is first similar to a Lorentzian function, see Figure 5.12, when the applied rf interacts
with the nuclear spins and causes a faster relaxation in the resonance case (v = v1,). As the polarisation is
being ‘destroyed’ by the rf, the 3 decay asymmetry converges towards the instrumental asymmetry b (see
Equation (5.2)) when the nuclear spins have relaxed and the resonance broadens. This has an effect on
the line shape, which can then be described as a saturated Lorentzian that establishes a plateau. While the
background (v <« v, and v > 1) relaxes with 7} and converges towards b, the resonance continues to
broaden and the plateau becomes more pronounced. The change in 3 decay asymmetry across this plateau is
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Table 5.1.: Comparison of x2 ; and the Larmor frequencies v, obtained with the one-dimensional fits and the
two-dimensional fits for K in EMIM-DCA.

Table 5.2.: Comparison of x2 ; and the Larmor frequencies v, obtained with the one-dimensional fits and

Timestamp ‘ SamplelD H Xood.1d ‘ v1q / Hz H XZod.2d ‘ voq / Hz
20220522-011603 EP1 K47 NMR 5 1.02 138711 585(17) 1.02 138711 540(14)
20220522-025524 EP1 K47 NMR 7 1.02 138711 592(33) 1.00 138711 608(44)
20220522-032022 EP1 K47 NMR 8 1.04 138711 527(25) 1.02 138711 522(24)
20220522-034518 EP1 K47 NMR 9 1.25 138711 558(30) 1.03 138 711 540(23)
20220522-045844 | EP1_K47 NMR_13 114 | 138711551(22) || 1.02 | 138711538(17)
20220522-062619 | EP1_K47 NMR_14 1.09 | 138711501(20) || 1.01 | 138711526(15)
20220523-075809 |  EP2 K47 NMR 1 117 | 138711533(13) || 1.04 | 138711541(9)
20220523-090149 | EP2 K47 NMR_2 114 | 138711530(8) || 1.03 | 138711529(7)
20220714-223719 EP1_NMR_008 1.05 | 138710533(29) || 1.01 | 138710522(26)
20220715-000047 EP1 NMR 009 1.17 138710 582(48) 1.00 138710 524(41)
20220715-002510 EP1 NMR 010 1.22 138710 591(40) 0.97 138710 604(30)
20220715-005209 EP1 NMR 011 1.89 138710 528(45) 1.05 138710 558(46)
20220715-011631 EP1 NMR 014 1.26 138710 571(20) 1.05 138 710571(19)
20220715-025208 EP1 NMR 015 1.17 138 710607(21) 1.06 138 710630(21)
20221123-061849 | K47 mica E1_NMROOI || 1.08 | 138710674(28) | 1.06 | 138710707(19)
20221123-063419 | K47 mica E1 NMROO3 || 1.73 | 138710658(24) || 1.01 | 138710676(12)
20221123-065249 | K47 mica E1 NMR0O4 || 1.33 | 138710592(10) || 1.13 | 138710626(3)

the two-dimensional fits for 4K in KCI.

Timestamp ‘ SamplelD H Xoed.1d ‘ v1q4 / Hz H Xfed.2d ‘ Voq / Hz
20220521-190257 | KCl_K47 NMR24 5.05 138 710635(223) 1.16 138710477(78)
20220521-195430 | KC1 K47 NMR25 || 1.08 | 138 710666(187) | 1.11 | 138 710309(117)
20220521-202957 | KCl K47 NMR26 3.22 138710421(236) 1.10 138 710592(115)
20220521-204508 | KCl K47 NMR27 1.95 138 710197(213) 1.12 138 710402(111)
20220521-210021 | KCl K47 NMR28 1.19 138710 821(150) 1.08 138 710636(121)
20220521-211558 | KCl K47 NMR29 3.46 138710 589(331) 1.07 138710 538(126)
20220521-213107 | KCl K47 NMR30 2.04 138710 940(306) 1.06 138710 628(225)
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(a) Two-dimensional fit.

Figure 5.10.: Two-dimensional fit (a) and the corresponding residuals (b) of the B-NMR resonance of /K in
EMIM-DCA shown in Figure 5.9 as a function of frequency and time.

negligible. It is essential to take this line shape into account when analysing the two-dimensional fits of the
B-NMR resonances. To obtain a better understanding of the line shape, the following Sections assess it in
more detail by considering projections of the fit along the time and the frequency axes, similar to the wire
mesh indicated in Figure 5.12. These projections then enable a more intuitive evaluation of the parameters of
the 3-NMR resonance, such as the relaxation, the amplitude and the FWHM.

Relaxation times

Projecting the two-dimensional fits along the time axis for constant frequencies gives direct access to the
relaxation curves of the acquired 3-NMR spectra. The two cases considered here are the relaxation ‘off
resonance’ (v < v, and v > 1)) and ‘on resonance’ (v = vr,), whose corresponding time constants 77 and
Ton = (1/T1 +1/11,)~! can be obtained directly from the fitting parameters, see Equation (5.2). As mentioned,
only the 8 events detected after the implantation into the sample has stopped are considered for the fits. It
is hence beneficial to work with bunched isotope beams to ensure a simultaneous implantation of all nuclei
into the sample. If this is done, all § events can be taken into account for the fit to yield a more precise
determination of the relaxation.

Figure 5.13 shows the relaxation curves on and off resonance for /K in EMIM-DCA and KCl, with the shaded
areas in the plots illustrating the 1o uncertainties. Seen here are clear differences in the relaxation depending
on the host of 4’K. The relaxation time off resonance is significantly shorter for EMIM-DCA (7} = 3.0(1)s)
than for the KCl crystal (77 = 22.7(4)s). In the resonance case of v = vy, the additional contributions to
the time constant 77 for EMIM-DCA and KCl take values of 71, = 0.51(7) s and T, = 0.57(11) s, respectively.
This results in the constants T, = (1/7} + 1/71,) ! = 0.43(5) s for EMIM-DCA and T,,, = 0.56(10) s for KCI
describing the relaxation on resonance. It is then computed at what time ¢ 9g the resonances are saturated
to a factor of 0.98, i.e. A(vy,9.98) = 0.98A(vy,,t = 0). This is the case at ¢y 9g = 1.7(2) s for EMIM-DCA and
to.98 = 2.2(4) s for KCI. The change of the 3 decay asymmetry is negligible for ¢ > ¢ 9s, as seen in Figure 5.13,
meaning that effectively the entire nuclear spin polarisation has been destroyed and the resonance is saturated.
This is equivalent to the § decay asymmetry reaching a plateau in the three dimensional representation in
Figure 5.12.

Another observable that can be extracted from the two-dimensional fits is the amplitude of the 3-NMR
resonances, which can be computed as the difference of the relaxation curves on and off resonance with
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Figure 5.11.: A two-dimensional B-NMR measurement of #’K implanted into a KCl crystal (a) and the corre-
sponding fit (b) as a function of frequency and time.

their time constants T;,, and 7;. The amplitude of the resonances is thus also time-dependent, as shown in
Figure 5.14 for the measurements of 4K in EMIM-DCA and KCI. These plots are helpful to determine e.g.
the maximum amplitude that can be observed for a 3-NMR resonance. Being aware of the initial § decay
asymmetry generated through optical pumping, cf. parameter a in Equation (5.2), this knowledge can be
utilised to optimise the rf amplitude, see Section 5.3.1. The two-dimensional fits thus add valuable information
compared to their one-dimensional counterpart by yielding the relaxation times of the 3-NMR measurements
as well as the amplitude of the signal over time.

Line shape

As seen in the three-dimensional representations in Figure 5.12, the line shape of the 3-NMR resonances
changes over time. In order to assess the evolution of the line shape and judge how representative it is of
the underlying data, projections of the two-dimensional fits are now evaluated along the frequency axis for
different times t.

Figure 5.15 shows three projections of the 3-NMR resonance of 4K in EMIM-DCA and another three for 4K
in KCl, with the black lines indicating the amplitude at the half maximum and the shaded areas depicting the
relevant 1o uncertainties. The lowest times of ¢ = 1.0s for EMIM-DCA and ¢ = 2.1 s for KCI are depicted since
this is when respective 3-NMR resonances reach their maximum amplitudes, see Figure 5.14, while the other
times ¢ of the projections are chosen to illustrate how the line shape evolves over time. The line shape can
initially be approximated as a Lorentzian function when the resonance reaches its maximum amplitude at
t =1.0s and ¢t = 2.1s for EMIM-DCA and KCl, respectively. A substantial broadening of the 3-NMR resonance
of 4K in EMIM-DCA is observed at 3.0s. This is consistent with the nuclear spins having effectively relaxed
after ¢9.93 = 1.7(2) s in the resonance case, resulting in the plateau to prevail for later points in time. With the
background continuing to relax with the time constant 77, it is apparent that the amplitude of the resonance is
significantly diminished after 8.0 s and the plateau dominates the line shape. For KCI, the maximum amplitude
at t = 2.1s again takes a shape close to a Lorentzian function. Given that ¢y 9g = 2.2(4) s for KCl, it is clear
that the resonance has saturated for the times 7s and 16 s when severe broadening is visible. The resonance
still shows a significant amplitude even after 16 s though, which is due to the longer 7} relaxation for KCl
compared to EMIM-DCA.
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Figure 5.12.: Three-dimensional representations of the fits of the B-NMR measurements of #/K in (a) EMIM-
DCA (see Figure 5.10) and (b) KCI (see Figure 5.11), with the B decay asymmetry as a function of

frequency and time. The black wire mesh serve as guidance at the determined Larmor frequency
v, and along the time axis.
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Figure 5.13.: The relaxation of the two-dimensional fit of the B-NMR resonance of 4K implanted into (a)
EMIM-DCA and (b) KCI from Figures 5.10 and 5.11 evaluated for two different cases: First is the
applied frequency being far away from the Larmor frequency (off resonance, v < v, and v >> vy)
and second is the case of the applied frequency being in resonance with the Larmor frequency
(on resonance, v = v1,). The shaded areas indicate the 1o uncertainties at the respective time.

A typical property to describe and compare different peaks or resonances is the FWHM. In order to yield
a meaningful characterisation of a resonance, the FWHM is required to be constant over time, which is the
case e.g. for Gaussian or Lorentzian functions. Fitting a 3-NMR spectrum in one dimension, as presented in
Section 5.2.3, is done under the assumption that the spectrum takes a Lorentzian line shape. However, as
demonstrated above, the line shape of the 3-NMR resonances is not constant over time. In return, the FWHM
is not constant over time. Briefly introduced here is a method to numerically determine the time-dependent
FWHM: First, the half maximum over time is derived as half of the amplitude shown in Figure 5.14. Second,
the frequencies at which the two-dimensional fit and the half maximum intersect are obtained over time.
These intersections are illustrated with red circles in the projections in Figure 5.15. In order to obtain the
uncertainty of the FWHM, the frequencies at the intersections of the uncertainties of the fit and the half
maximum are found to infer a lower and an upper boundary of the FWHM. This is shown with blue circles in
Figure 5.15. The difference between the intersection and the half maximum to the lower and upper boundary
is then taken as the uncertainty of the FWHM. In the example of 4’K in EMIM-DCA in Figure 5.15, the FWHM
differs from 2.8(1) ppm at ¢t = 1.0s, 4.8(1) ppm at ¢t = 3.0s to 8.2(6) ppm at ¢t = 8.0s. For KCl, the FWHM is
determined to take values of 100(2) ppm at ¢ = 2.1, 193(1) ppm at ¢ = 7.0s and 298(3) ppm at ¢ = 16.0s.
Figure 5.16 shows how the FWHM evolves over time for these measurements of 4’K in EMIM-DCA and KCl.
Evidently, the FWHM of the 3-NMR spectra monotonically increases over time, which is incompatible with the
assumption of a Lorentzian line shape for the one-dimensional fitting approach introduced in Section 5.2.3.
Note that the FWHM of the spectrum with the EMIM-DCA host cannot be derived for the whole acquisition
duration of 17s because the uncertainty of the half maximum and the fit projection will at some point be
continuously overlapping as the resonance amplitude decreases.

At this point, it is worth verifying that the line shape of the two-dimensional fits including the broadening
of the resonance and the establishment of the plateau represents the measured (3 decay asymmetry. To do
so, the fits of the 3-NMR resonances of 4/K in EMIM-DCA and in KCl are evaluated for different times ¢ to

58



(6] [o)]
1 1
(¢, o))

1

I
1

B-NMR amplitude / %
N w

B-NMR amplitude / %
W

—_
1
—_
1

T T T T T T 0 T T T T T T
2.5 5.0 7.5 10.0 125 15.0 0.0 2.5 5.0 7.5 10.0 125 15.0

Time /s Time /s

(a) K in EMIM-DCA. (b) “’K in KCl.

o
o
o

Figure 5.14.: The amplitude of the B-NMR resonances as a function of time for 4K implanted into (a) EMIM-
DCA and (b) KCI computed as the difference of the relaxation on and off resonance from
Figure 5.13. The shaded areas indicate the 1o uncertainties at the respective time.

obtain projections that illustrate the evolution of the line shape. These projections are then plotted together
with the measured  decay asymmetry of the 0.2 s-time bin corresponding to the respective evaluation time ¢.
Figures A.1 and A.2 in the Appendix A.1 show the results for EMIM-DCA and KCl at four times ¢ each. As to
be expected with x?2 , = 1.03 for EMIM-DCA, the projections and thus the two-dimensional fit represents the
data appropriately along the frequency axis at all times ¢. It is moreover important to emphasize that the
broadening and the plateau becoming more prevailing over time are indeed clearly visible in the measured
spectrum. This evolution of the line shape is even more evident in the case of 3-NMR of 4’K in KCl. While the
recorded asymmetry first takes a line shape that is similar to a Lorentzian function at 3.4, a saturation is
already notable. For later points in time, the plateau and its broadening are palpable. This evolution of the
line shape is also observed for the two-dimensional fit, which results in a low x2 ; of 1.16. The illustrations of
the projections together with the acquired § decay asymmetry and the obtained values of x2 ; show that the
two-dimensional approach of fitting along the frequency and the time axis is able to reproduce the line shape
of the measured -NMR resonances at all times.

The evaluation conducted in this section demonstrates the advantage of the two-dimensional approach over
its one-dimensional counterpart. As listed earlier in the comparison of the fitting results of the two methods,
Tables 5.1 and 5.2, the two-dimensional approach offers lower uncertainties and yields consistently a x2., in
the order of 1 for all measurements. This is the result of the fitting function in Equation (5.2) yielding a line
shape that enables a profound representation of the 3-NMR spectra along the frequency and the time axes,
including the relaxation on and off resonance, the time-dependent FWHM and the plateau when the nuclear
spin polarisation has relaxed. The in-depth analysis of the two-dimensional approach and its verification with
the measured 3 decay asymmetry furthermore emphasize that it is indispensable to treat these time-dependent
signals as such.

Summary

The approach of processing the data in two dimensions brings enhancements in addition to a more precise
determination of the Larmor frequency vr,. Unlike in one-dimensional fits, it is not necessary to compromise
the signal by manually evaluating and selecting observation time windows. Instead, only a single fit is applied
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Figure 5.15.: Projections of the two-dimensional fits of the B-NMR resonance of /K implanted into (a) EMIM-
DCA and (b) KCI from Figures 5.10 and 5.11 evaluated for different times ¢. The projections and
their respective half maxima are shown with their uncertainties as shaded areas. A more and
more pronounced plateau establishes over time nuclear spins relax and the resonance saturates.
The intersections of the fit and the half maximum are exploited to numerically determine the
FWHM, as indicated with red and blue circles, see text for details.

to the whole data set of a measurement, which renders it less susceptible to errors, easier to execute and
more efficient. It yields a consistent, more comprehensive and more complete representation of the 3-NMR
signal that exploits the full data set with all detected g events and considers the relaxation of the signal. This
means that the relaxation constants 7} off resonance and 7T, on resonance can be obtained as a by-product
for every 3-NMR measurement. In return, they allow to determine the amplitude of the spectrum as a function
of time. An evaluation of the two-dimensional fit comparing it to the measured 3 decay asymmetry shows a
good agreement with x2 ; in the order of 1. The two-dimensional fits are thus a precise and efficient way of
analysing time-resolved 3-NMR spectra. Therefore, all 3-NMR resonances recorded for this thesis were fitted
in two dimensions as a function of frequency and time to prepare for the data analysis in the next section of
this thesis.

Future considerations with VCS

The one-dimensional and two-dimensional fitting presented in the above Sections currently utilise only the
time of arrival of the  events recorded by VCS. Other pulse properties determined by VCS are not exploited,
such as the amplitude of the signal or the integral. These can yield information on the energy of the detected
B particles which in return enables advanced options for processing the data. For example, it allows discarding
B events depending on their energy and thus depending on their parent nuclei. The thin 3 detectors that were
used for the experiments in this thesis, however, do not allow the {3 particles to fully deposit their energy into
the scintillators. A meaningful energy resolution is thus hindered and the amplitude and integral properties
cannot be utilised at this point. When new {3 detectors are implemented, future experiments will make use of
this functionality to push the possibilities of the analysis further.
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Figure 5.16.: The FWHM as a function of time determined numerically for 4K implanted into (a) EMIM-DCA
and (b) KCI, with the 1o uncertainties shown as shaded areas.

5.3. Experimental data

Presented in this section is an overview on the data relevant to determine the hyperfine anomaly and the
magnetic moment of 4’K. First, rf saturation curves of 3-NMR measurement of /K in KCl and EMIM-DCA are
discussed. This is followed by the Larmor frequencies of the precision measurements with EMIM-DCA and the
corresponding reference frequencies recorded with the 2H probe.

5.3.1. Saturation curves

When the B-NMR spectra of 4’K presented in this thesis were recorded in 2022, the two-dimensional fitting
routines introduced in Section 5.2.4 did not exist yet. Instead, the spectra were originally fitted during
the experiment with the conventional, one-dimensional approach explained in Section 5.2.3. The effects
of broadening and saturation of the resonances were accounted for by evaluating saturation curves that
show the dependency of the amplitude of the 3-NMR resonances and their FWHM on the rf amplitude. In
order to acquire such saturation curves, a number of 3-NMR spectra with varying rf amplitude were recorded
while all other parameters were kept constant, such as the sample and the scanned frequency range. The
spectra would then be fitted under the assumption of a Lorentzian line shape. Changes in the determined
amplitude and FWHM of the resonances would thus be solely dependent on the rf amplitude. The aim of these
saturation curves was to determine the rf amplitude that maximises the amplitude of the §-NMR resonance
while minimising its broadening, thereby optimising the conditions for applying a one-dimensional Lorentzian
fit.

An example of such saturation curves is shown in Figure 5.17 for measurements of /K implanted into KCI
with rf amplitudes from 5mV to 50 mV. While an increase in the rf amplitude first results in an enhancement
of the amplitude of the 3-NMR resonance, a saturation appears to be occurring at an rf amplitude of 20 mV
when the signal amplitude reaches about 4.5 %. Increasing the rf amplitude further does not yield a higher
B-NMR amplitude. On the other hand, the FWHM keeps increasing monotonically. Therefore, the resonances
would be considered saturated at an amplitude of 20 mV. All subsequent measurements with this sample
would hence apply this setting.
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Figure 5.17.: Saturation curves of /K implanted into a KCI crystal with the amplitude and the FWHM of the
B-NMR spectrum as a function of the rf amplitude. While the amplitude (a) of the resonance
saturates at 20 mV, the FWHM (b) indicates a monotone increase.

However, as presented in Section 5.2.4, the amplitude and the FWHM of the 3-NMR resonance vary with time.
Figure 5.18 illustrates this time dependency of the amplitude and the FWHM for the saturation measurements
of 7K implanted into KCI. In fact, the saturation curves in Figure 5.17 can be obtained from this figure by
evaluating the amplitude and the FWHM at a time of ¢ = 7s. It is hence not fully correct to state that the
rf amplitude of 20 mV saturates the resonance since this discards the time dependency. Clearly visible in
Figure 5.18 is that a higher rf amplitude results in broader resonances irrespective of the time. In addition, the
time at which the resonance reaches its maximum amplitude is rf-dependent. This is the case since the 3-NMR
amplitude is the difference of the asymmetry on and off resonance. While the applied rf field does not alter the
T, relaxation off resonance, it does affect the relaxation time 75, on resonance. A higher rf amplitude results
in a faster relaxation and thus a shorter time ¢( gg until effectively full relaxation on resonance. Consequently,
the maximum amplitude of the B-NMR resonance is increased and occurs earlier. The amplitude and the
FWHM depicted in Figure 5.17 would thus show the saturation at a different rf amplitude if the evaluation
time ¢ was varied. For example, none of the rf amplitudes of 5mV to 50 mV would be considered to saturate
the resonance at a time of ¢ = 2.5s whereas all rf amplitudes except for 5mV appear to reach the saturation
condition at 17s. It is therefore impossible to assess what rf amplitude is preferable solely based on the
evaluation of the amplitude and the FWHM of the resonance.

Another aspect that speaks against the evaluation of the amplitude and the FWHM for one-dimensional fits
is the change of the line shape discussed in Section 5.2.4. Since the 8 decay asymmetry is integrated over
the entire observation time window, these windows have a tendency of being longer than ¢ 95, because the
low signal amplitude shortly after the implantation is compensated by the higher amplitude at later times.
However, the line shape will at this later time already include a plateau, resulting in the Lorentzian function
no longer being applicable to fully reproduce the resonance.

The 3-NMR resonances that were originally recorded for evaluating the saturation curve based on one-
dimensional fits are now considered for the two-dimensional fitting approach. A three-dimensional repre-
sentation of the results for all six measurements with varying rf amplitude is shown in the Appendix A.2

62



6
300 |
5 -
2 250 -
@ 41 £
E § 200 -
g3 5mv =
o« 1omy | = 1501
S 2- —— 20mV -
A —— 30mV 100 |
1 —— 40mV
—— 50mV 50
O 1 T T T T T T T T T T T T
0.0 2.5 5.0 75 100 125 150 0.0 2.5 50 75 100 125 150
Time /s Time /s
(a) B-NMR amplitude. (b) FWHM.

Figure 5.18.: The amplitude (a) of the B-NMR resonances and their FWHM as a function of the rf amplitude
and the time for measurements of #’K in KCI. It is clearly visible how a higher rf amplitude
causes the B-NMR resonances to reach their maximum amplitude earlier.

in Figure A.3. Even though the line shape clearly shows a plateau at higher rf amplitudes, values of x2
ranging from 1.06 to 1.16 indicate that the two-dimensional fits allow for an appropriate representation of
the measured 3 decay asymmetry across the entire frequency and time range regardless of the applied rf
amplitude. It is therefore not relevant for the fitting approach at what point the resonances are (partially)
saturated nor when the plateau establishes.

Next, the six 3-NMR measurements recorded with different amplitudes are utilised to investigate if there
is nonetheless a tendency for a preferable rf amplitude. The fit parameter relevant for the 3-NMR studies
is the Larmor frequency vr,. Hence, v, and its uncertainty dvp, are evaluated as a function of the applied rf
voltage, with the results for the saturation measurements of 4’K in KCI shown in Figure 5.19. The Larmor
frequencies vy, are comparable for the different rf amplitudes, while a decrease in the uncertainty as a function
of the rf amplitude is notable. In the case of an amplitude of 50 mV, this results from the applied frequency
having a finer resolution of 2 kHz as opposed to 5 kHz for the other four measurements with rf amplitudes
of 5mV to 40 mV. Moreover, the uncertainties for rf amplitudes of more than 5mV are around a factor of
two smaller than at 5mV. The combination of two aspects is responsible for this observation. First, higher rf
amplitudes result in enhanced -NMR amplitudes and cause their maximum amplitude to occur earlier, as seen
in Figure 5.18 and Figure A.3. Second, taking into account the decay of the isotope, the number of detected [3
particles is higher at the beginning of the acquisition than towards its end. In return, the uncertainty of the
computed 3 decay asymmetry is smaller for earlier time bins. It is hence beneficial to shift the time of the
maximum amplitude of the B-NMR resonance to the time of the smallest uncertainty in the 3 decay asymmetry
by optimising the rf amplitude and thus increasing the statistical significance of the signal.

Similar to 3-NMR measurements implanting 4’K into KCl, saturation curves were also recorded for /K in
EMIM-DCA. These are presented in Appendix A.2 together with a brief explanation analogous to the saturation
curves of 4K in KCl. With 4K in EMIM-DCA having a T relaxation time that is one order of magnitude
smaller than in KCl, it is essential to have a sufficiently high rf amplitude to minimise the relaxation time on
resonance described by T, and thus increase the signal amplitude, as seen in Figure A.5, to enhance the
statistical significance. Consequently, the uncertainties of the Larmor frequency vy, should be evaluated with
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Figure 5.19.: Larmor frequencies vy, (a) of B-NMR spectra of 4’K in KCl as a function of the rf amplitude and
(b) their respective uncertainties. The lower statistical significance of the resonance signal
at an rf amplitude of 5mV results in a larger uncertainty. The spectrum recorded with an rf
amplitude of 50 mV offers a lower uncertainty due to the applied frequency v having a step size
of 2 kHz rather than 5 kHz for all other shown spectra.

the two-dimensional fits as a function of the rf amplitude for every sample in future experiments.

5.3.2. B-NMR measurements of 4K in EMIM-DCA

A variety of 3-NMR measurements was conducted over the course of three beam times in 2022 to study the
isotope 4K in different host materials, i.e. KCl and EMIM-DCA. The acquired spectra were fitted with the
two-dimensional approach introduced in Section 5.2.4. EMIM-DCA showed consistently narrow resonances
with very small uncertainties in the Larmor frequency vy, of less than 1 ppm. This results from the molecular
tumbling in the ionic liquid averaging out anisotropic effects that occur in solid states. Therefore, EMIM-DCA
is considered a suitable host for the precision studies of the differential hyperfine anomaly and the magnetic
dipole moment of 4’K. The respective measurements were fitted in two dimensions according to Section 5.2.4
to yield the Larmor frequency v K47 T.EMIM o 47K jn EMIM-DCA in a magnetic field of By ~ 4.7T. To
precisely determine By at the time of the respective 3-NMR scan, FIDs were recorded with the 2H reference
probe and processed as described in Section 5.2.2. The determined frequencies v,.s and the carrier frequency
Vearrier = 30752710 Hz will then give »”"H:P20 with Equation (5.1). An uncertainty of 10 Hz (0.3 ppm) is
considered for v aier to take into account possible deviations in the positioning of the 2H probe. Table 5.3
lists the determined Larmor frequencies of the measurements. Further parameters of these 3-NMR resonances
of 47K in EMIM-DCA are given in the Appendix A.2.3, including the relaxation time constants 7} off resonance
and 7,, on resonance.

As can be seen in Table 5.3, the Larmor frequencies v' K:47T.-EMIM gcquired during the beam times in
July and November are consistent. They show a comparable chemical shift of about 20 ppm between /K in
EMIM-DCA and in KCI (not presented here), leading to the conclusion that these data sets are reliable. In
comparison to that, the Larmor frequencies v* K:47T-EMIM acquired in May 2022 deviate by about 1kHz
(7 ppm). Furthermore, the chemical shift between EMIM-DCA and KCl is about —10 ppm which is not consistent
with the measurements in July and November. The reason for this discrepancy is not fully understood and
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merits further investigation. One suspicion is that the two rf generators used for the 3-NMR measurements and
the 2H reference probe were not sharing the same reference clock. For the above reasons, the measurements
acquired in May 2022 are not taken into account for the determination of the differential hyperfine anomaly
and the magnetic moment in the following sections.

Table 5.3.: The Larmor frequencies ' K:47T.EMIM of the B8-NMR studies of 4K in EMIM-DCA and the re-
spective reference frequencies “H: D20 that are considered for the evaluation of the hyperfine
anomaly and the magnetic moment of #/K.

Timestamp SampleID ‘ Vot / Hz ‘ ) HATT, D20/ Hy ‘ y K ATT,EMIM /iy
20220522-011603 |  EPL K47 NMR_5 1125(1) | 30751585(11) 138 711 540(14)
20220522-025524 | EPL K47 NMR 7 | 1125(1) | 30751585(11) 138711 608(44)
20220522-032022 EP1 K47 NMR 8 1125(1) 30751585(11) 138711 522(24)
20220522-034518 EP1 K47 NMR 9 1125(1) 30751585(11) 138 711 540(23)
20220522-045844 | EP1 K47 NMR_13 | 1125(1) | 30751585(11) 138711 538(17)
20220522-062619 | EP1 K47 NMR 14 | 1125(1) | 30751585(11) 138711 526(15)
20220523-075809 |  EP2_K47 NMR_1 1126(1) | 30751584(11) 138711 541(9)
20220523-090149 |  EP2 K47 NMR 2 | 1126(1) | 30751 584(11) 138711 529(7)
20220714-223719 EP1 NMR 008 1102(1) 30751 608(11) 138710 522(26)
20220715-000047 EP1_NMR_009 1102(1) | 30751608(11) 138710 524(41)
20220715-002510 EP1_NMR_010 1106(1) | 30751 604(11) 138710 604(30)
20220715-005209 EP1 NMR 011 1106(1) 30751604(11) 138710 558(46)
20220715-011631 EP1 NMR 014 1106(1) 30751604(11) 138 710571(19)
20220715-025208 EP1 NMR 015 1106(1) 30751604(11) 138 710630(21)
20221123-061849 | K47 mika_E1_NMROO1 | 1207(1) | 30751503(11) 138710707(19)
20221123-063419 | K47 mika E1L NMR003 | 1207(1) | 30751503(11) 138710676(12)
20221123-065249 | K47 mika EL_ NMR0O4 | 1207(1) | 30751 503(11) 138710 626(3)

5.4. Determining the hyperfine anomaly of /K

One of the aims of the studies presented in this thesis is to determine the hyperﬁne anomaly of 4K with
great precision based on 3-NMR measurements. The required Larmor frequencies ' K: 4T T, EMIM of 47K jp
EMIM-DCA and the respectlve reference frequencies v°H 47T D20 are presented in the previous Section 5.3.2.
First, the ratio RO K/PK of the magnetic moment z;(*"K) of 47K and the magnetic moment of a reference
isotope, here 17 (>?K) for stable 3°K, is determined. Second, the result is compared to the ratio R47K/ YK of
the hyperfine structure parameters A(*’K) and A(*°K) of the 4s 2S;/» ground state. A(*"K) was measured at
the COLLAPS experiment at ISOLDE using laser spectroscopy [88] while A(3°K) was identified using atomic
beam magnetic resonance [7]. The difference between the two ratios then yields the differential hyperfine
anomaly of 4K and 3°K, as explained in Section 2.3.3.

Following Equation (3.9), the ratio R, of two nuclear magnetic dipole moments p; and p;(ref) can be
written as
pr - vl BEt

Ry = = .
0 pr(ref)  pgetref By

(5.3)
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In the context of this thesis, the corresponding isotopes are 4’K and K. Consequently, the ratio of interest
is
47 47 39
R47K/39K B u[(47K) R KK B, K

0 C w(PK) KUK BTK? (54)

with 1, ¥ and v, ¥ being the Larmor frequencies of 47K and 39K in the respective magnetic fields B, ¥ and
By K. While the fields are known to be By X ~ 4.7T and B, ¥ ~ 1.8 T, it is crucial to determine them with
great precision at the time of the 3-NMR measurement. As explained in Section 5.2.2, this is done with 2H
reference probes that acquire the Larmor frequencies u;H’“T and V;H’ 18T, Rearranging Equation (3.9) then

yields the magnetic fields B, ¥ and B, X via

2H,4.7T 721
I'"h
BE]WK — VO/JQH and (5.5)
I
°H,1.8T ;24
39 Uy ' I'%h
By K=" (5.6)
My

Substituting these expressions into Equation (5.4) gives

47 47 2 2 2
R _ vo ST ST PR,
0 = T39K 39K 2 2H, 47T ;2
WRIPR g AT

A7l (5.7)
= T2 47T 39K 39K
VO 4.7 1/0 I
—_——
;—C ::1/5

where the factor ¢ represents the ratio of the Larmor frequencies of /K and the corresponding 2H reference
probe and ¢ is the ratio of the Larmor frequencies of 3°K and its 2H reference. It is required to correct the
measured Larmor frequencies for the magnetic susceptibility and the NMR shielding of the nuclei in their
respective environment to obtain these Larmor frequencies 1/, as explained in Section 3.1.3. To be considered
for the measured Larmor frequency v' 47T, EMIM £ 47K jn EMIM-DCA are the orientation of the sample
at an angle of 45° with respect to By (see Section 4.3.1) for the magnetic susceptibility correction and the
shielding of the K nuclei in EMIM-DCA. The reference probe is oriented perpendicular to the magnetic field
and its Larmor frequency v 4.7 T:D20 peeds furthermore to be corrected for the 2H nuclei being hosted in
D>O. It follows from Equation (3.12) that

2H,D,0
y47K,4,7T,EMIM [1 + (1/3 _ al)HDQO] (1 -0 2 )

¢= (5.8)
VHATT D0 1 4 (1/3 — agge )PV (1 — o BMIM) 2
::VN
where o is the shape factor of a perpendicular orientation of the sample to By, x”2° and xPM™M are the

volume magnetic susceptibilities of DoO and EMIM-DCA. (1 — 02H7D20> and (1 — o™ FMIM) correct for the

NMR shielding of 2H in D,0 and K in EMIM-DCA. The term N := (1/3 — ays0 )x"™M™ with the shape factor
aus0 of the sample being oriented at an angle of 45° to By and the volume magnetic susceptibility x®MM of
EMIM-DCA was simulated in CST Studio. Analogously to ( follow the corrections for £ with
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2
VUK ST O [1 4 (1/3 — ) )aP20)] (1 _ oH, DQO)

{ = PH1sT.D,0 [+ (1/3 — ay)s™20] (1— % M20)
—_—
=S

(5.9

The shape factor o indicates that both samples were oriented along the magnetic field By. xP29 and

1H20 represent the volume susceptibility of DO and H,0, while 0" H: P20 and % H20 are the NMR shielding
of 2H in D0 and K in H,O, respectively. The frequency ratio "% H20 /,*H.1.8T. D0 .— g i taken from
literature [101]. It is then possible to insert the corrected frequency ratios ¢ from (5.8) and £ from (5.9) into
Equation (5.7) to obtain

2
TR K ATT.EMIM ¢ ] 4 (1/3 — o )xP20] /(1/_,;}(9507

0 T JPHA4TT,D,0 § 1+ N (1 — oK EMIM)
[1+(1/3 — o)st20] (1 - g% M20) 17K
[1+ (1/3 — a)KP20] (1 — g2H-B50) [7K

(5.10)

Rk _ v OATEEMINGG 14 (1/3 — g )iP20] [L 4 (1/8 — ay)s'20] (1 - o0120) K

0 T JPH4TT,D,0 § 1+ N [+ (1/3 — ay)sD20] (1 — oK EVINM) 77K (5.11)

This ratio is then computed for all Larmor frequencies v 4.7 T, EMIM gpq 3, *H, 4.7T, D50 [jsted in Section 5.3.2
with the following parameters: S = 0.30398485(9) from [101], a; = 1/2 and o = 0 from [54, 6],
kP20 = —8.866 ppm from [48] and xM2© = —9.035 ppm from [2]. The nuclear spins of the isotopes are
I"¥ =1/2 and I"’¥ = 3/2. CST Studio was used to simulate the susceptibility correction of EMIM-DCA on
the mica sheet at an angle of 45° with respect to By and thus obtain the parameter N = 1.1(1) ppm. The
NMR shielding ¢ 120 = 1285(12) ppm of K in H,0 and ¢ MM — 1947(10) ppm of K in EMIM-DCA were
determined with molecular dynamics simulations by collaborators [56].

Consequently, the mean of all individual computations yields the final ratio i (*"K)/u;(3**K) based on the
B-NMR measurements:

AT BK pur(AK)
0 11 (*K)

This ratio of magnetic moments based on the Larmor frequencies of the nuclei is then compared to a
different ansatz. As explained in Section 2.3.3, a magnetic moment y; can also be determined based on the
hyperfine structure constants A with respect to the magnetic moment y;(ref) of a reference isotope, confer
Equation (2.18). Analogue to Equation (5.4), this approach gives

— 4.94599(8). (5.12)

AT IR pr(YK) - ATK[TK
A - ,UI(39K) - A39K139K'

(5.13)
A"K and A™X are the hyperfine structure constants of the 4s 251/, ground state. Their values A(‘'K) =
3413.2(3) MHz and A(*°K) = 230.859 860 1(7) MHz are obtained from references [88] and [7]. This yields
the ratio
AT K MI(47 )
Ry =
1 (*PK)

= 4.9282(4). (5.14)
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47K/39K 47K/39K

Computing the difference between R, and R, yields
R47K/39K
SIAIT — W —1=10.360(9) %. (5.15)
A

The ratio of the magnetic moments y; (*'K) /u; (*?K) computed based on the 3-NMR measurements and
the laser spectroscopy measurements thus indicate a differential hyperfine anomaly of 3°A*" = 0.360(9) %
between the two isotopes 4’K and 3?K. An interpretation of this result follows in Chapter 6.

5.5. Determining the magnetic dipole moment of 4K

In addition to the differential hyperfine anomaly presented in the previous section, the 3-NMR studies of 4’K
in EMIM-DCA can also be exploited to determine the magnetic dipole moment 17 (*"K) with great precision.
To do so, p7(*’K) is put into relation with the magnetic dipole moment of another reference isotope, here 2H.
This isotope is selected since all 3B-NMR spectra of 4K already have corresponding NMR measurements with
the 2H reference probe that were originally recorded to obtain the magnetic field B, see Section 4.3.2. From
Equation (5.3) follows

TR/ ,u1(47K) _ ng 7K B(Q)H '
0 17 (2H) VSH 2H BS7K

(5.16)

The ratio v, X /! is already known as ¢ from Equation (5.8). Furthermore, the -NMR measurements of
47K and the NMR measurements of ?H were recorded in the same field at effectively the same time, hence
B2H — B K Rearranging Equation (5.16) thus leads to the simple expression

0 0 gmng Lq P p

47K

I
o 1 (CH). (5.17)

i (YK) = ¢ 7

With literature values of I"'X = 1/2, I"H = 1 and y;(*H) = 0.857 438 233 8(22)ux [113], it is finally possible
to obtain
w1 (1K) = 1.936 182(19) ux. (5.18)

The B-NMR studies of #’K thus enabled the determination of 7 (7K) = 1.936 182(19)ux with an uncertainty
of 10 ppm.

68



6. Discussion

This chapter gives a brief comparison of the magnetic moment 1;(*"K) and the differential hyperfine anomaly
39 AT determined based on the 3-NMR measurements to literature values. The data analysis is then concluded
by discussing how the differential hyperfine anomaly be exploited to obtain new information on the nuclei. In
particular, it will be described how to derive the ratio of the spin contribution and the orbital contribution to
the magnetic moment [9].

The magnetic moment of *’K was determined to be p; = 1.936 182(19)uy, with an uncertainty of 10 ppm.
This uncertainty is an improvement by two orders of magnitude with respect to the literature value of
1.9292(58) un that was measured with laser spectroscopy [88].

In addition, the 3-NMR studies yielded a differential magnetic hyperfine anomaly of 3 A*7 = 0.360(9) %, see
Section 5.4, which is in very good agreement with the previous measurements from the COLLAPS experiment
that determined 3°A%7 = 0.28(16) % [88]. It improves the uncertainty by one order of magnitude. The
uncertainty in the value determined in this thesis mostly results from the literature values of the hyperfine
structure parameters A, while the uncertainty from the g-NMR measurements is in the range of several ppm.
This differential hyperfine anomaly 3°A%7 is now exploited in combination with state-of-the-art nuclear
and atomic theory to obtain new information on the spin and orbital angular momentum contributions to
the magnetic dipole moment of the nucleus [9]. Hartree-Fock approximations are applied by atomic theory
collaborators (J. Ginges and B. Roberts, University of Queensland, Brisbane) to obtain the atomic wave
functions for Equations (2.29) and (2.30). The nuclear magnetisation distribution and the spin asymmetries,
see Section 2.3.2, are calculated with Density Functional Theory (DFT) by nuclear theory collaborators (groups
of J. Dobaczewski, University of York, and M. Kortelainen, University of Jyvaskyla) [102, 15, 31] for the
isotopes 2?K and #’K [9]. Individual contributions from the spin and the orbital angular momentum of the
proton and the spin contribution of the neutron were obtained. The magnetic moments of the two isotopes,
their differential hyperfine anomaly and the quadrupole moment 3°K based on these DFT calculations are
listed in Table 6.1 together with the experimental values [88, 108]. As seen here, the calculations yield a good
agreement for the quadrupole moment (). However, the magnetic moments obtained with DFT for the two
isotopes do not show an agreement with the experimental results. In the case of 3°K for example, the magnetic
moment has two large contributions from the spin and the orbital angular momentum, which should cancel
out and result in a small magnetic moment [108]. Only small uncertainties in either of the contributions
thus results in large deviations for the magnetic moment from the observed values. The values obtained for
the magnetic moment with DFT are more comparable to those of the single particle model, which are also
listed in Table 6.1 for reference. Moreover, the differential hyperfine anomaly based on the DFT calculations is
significantly too large.

To investigate these discrepancies, it is now assumed that the orbital angular momentum contributions
(Lr)prr to the magnetic moments obtained from the DFT calculations are correct since these isotopes have
simple configurations that are doubly-magic with one proton hole. The spin contributions (s, )prr of 3°K and
47K are then scaled to meet the experimental magnetic moments, see last column in Table 6.1. This in return
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Table 6.1.: The experimental magnetic moments, the hyperfine anomaly and the quadrupole moment com-
pared to calculations based on the single particle model and DFT. The last column lists the values
based on the scaled contributions from the DFT. For details, see text.

| Experiment | Single Particle | DFT | Scaled

pr(*K) / ux | 0.391470(8) 0.1243 0.1259 | 0.391470
pr(Y'K) / px | 1.936 182(19) 2.7928 2.6630 | 1.936 182
A% 0.360(9) 1.425 1.269 | 0.372

Q(*K) /b 0.0585(6) 0.0562 0.0546

also results in a significantly better agreement of the differential hyperfine anomaly that differs only 1.3 o
from the experimental value.

As a next step, the spin contribution (S;)ppr and the orbital contribution (L, )prr of the protons are both
scaled under the constraint that their combination yields the magnetic moment of the respective isotope,
confer Equation (2.4). The very small spin contribution from the neutrons is not scaled and will be considered
negligible. In the single particle model, the orbital angular momentum contributions from s;,, protons are
zero. However, in the DFT calculations other nucleons can contribute to the magnetic moment, giving a small,
non-zero orbital contribution. This results in an infinite number of scaled spin contributions (S;)/(Sz)prr that
with their associated scaled orbital contribution (L)/(L,)prr reproduce the magnetic moments. Figure 6.1
shows some of these combinations: The two z-axes represent the relative spin contribution (lower axis) and
the associated relative orbital contribution (upper axis) of 3K that together reproduce the magnetic moment
of 39K. Conversely, the two y-axes represent the relative spin contribution (left axis) and the associated relative
orbital contribution (right axis) of /K that together reproduce the magnetic moment of 4’K. Shown in blue
and red are the unscaled DFT results (L)/{L)prr = 1 of the orbital contributions and the associated scaled
values (S;)/{(Sr)prr of the spin contributions.

Similar to the magnetic moment, the Bohr-Weisskopf effect is dependent on contributions from the spin
and the orbital angular momentum, as seen in Equations (2.27) and (2.28). However, the dependency is
different compared to that of the magnetic moment, confer Equation (2.4). The differential hyperfine anomaly
can thus serve as an additional constraint on the possible combinations of (S;)/(Sz)prr and (Lr)/{Lx)prT.
These combinations of the spin and orbital contribution now have to reproduce not only the corresponding
magnetic moments but also the differential hyperfine anomaly 3° A%7 linking the two isotopes. If this constraint
is considered, the number of possible combinations of (Sr)/(Sx)prr and (Lr)/(Lx)prr for the two isotopes
is significantly reduced. The black band in Figure 6.1 shows the spin contributions of 3°K with their associated
orbital contributions and the spin contributions of /K with their associated orbital contribution that reproduce
the experimental differential hyperfine anomaly of 3° A*" = 0.360(9) %.

The orbital angular momentum contributions (L, )ppr to the magnetic moments are again considered to be
correct due to the isotopes having a doubly-magic configuration with one proton hole. Therefore, relative
orbital contributions (L, )/(L.)prr far from one are unlikely. Consequently, the spin contribution of 4’K needs
to be reduced to around 74 % of (S;)prr to reproduce the magnetic moments and the differential hyperfine
anomaly, as seen in Figure 2.1. Small deviations from this 74 % contribution would require large changes
in the orbital contribution, as seen in the corresponding axis on the right, to still correctly reproduce the
differential hyperfine anomaly. At the same time, if the relative orbital contribution of 3°K is slightly different
from one, the orbital contribution of /K also requires large changes.

The above behaviour implies that the discrepancies of the magnetic moments and the hyperfine anomaly
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Figure 6.1.: The two z-axes show the scaled spin and orbital contributions of 3°K that reproduce the magnetic
moment of 3°K. Conversely, the two y-axes indicate the scaled contributions of 4’K that reproduce
the magnetic moment of /K. The grid serves as guidance to see the associated spin and orbital
contributions of the respective isotope. The blue and the red line indicate the unscaled DFT results
(Lr)/{Lz)prr = 1 of the orbital contributions and the corresponding scaled values (S:)/{(Sx)prr
of the spin contributions. Shown in black is the combination of the contributions of 3°K and #’K
that when linked reproduce the differential hyperfine anomaly 3 A%7 presented in this thesis.

arise from spin-like contributions. In return, this speaks in favour of the theoretical description of the nucleus
missing a spin-like term. The deliberations in this section can thus serve as an input to nuclear theory to
improve the ability of nuclear structure models to predict the magnetic moment [9].
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7. Summary and Outlook

This thesis presented technical developments at VITO, the 3-NMR setup at the ISOLDE facility, with the aim of
enabling precision-studies of the hyperfine anomaly. It also demonstrated a proof-of-principle experiment for
such studies.

Preparatory work for these measurements included the installation of a 4.7 T superconducting magnet and
a pair of new 3 detectors. A crucial component in the scope of these upgrades, and also a main part of this
thesis, was a new data acquisition system (DAQ) that provides the user with full flexibility and comprehensive
features during and after the experiment. The implemented system is called VCS. It is a fully-digital DAQ that
also controls all measurement hardware necessary to record hyperfine structure scans, 77 scans and -NMR
scans. At its core is an FPGA-based oscilloscope that handles signals which require a high time-resolution.
The FPGA not only receives and sends trigger signals from and to ISOLDE, but also processes the detected
B particles with a temporal resolution of 8 ns. Each registered event is characterised in real time on the
FPGA through a selection of properties, including the time of arrival, amplitude and the integral. Only these
properties are then streamed to the host computer, where they are saved and provide a live view of the
incoming data. This approach allows for an in-depth data analysis since all relevant information on each
individual  event is available even in post-processing. For example, it is possible to select events based on the
integral of the signal and thus the energy of the {3 particle.

A comprehensive analysis approach that exploits the time of arrival of each (3 event registered with VCS
are the two-dimensional fits introduced in this thesis. They consider not only the frequency dependency of
the 3-NMR spectra but also take into account the time dependency of the signal. To achieve this, the fitting
model comprises two time constants, one for the 77 relaxation and another one for the faster relaxation in the
resonance case. This second time constant is dependent on the applied frequency v with a Lorentzian function.
x2.4 ~ 1 was obtained for the evaluation of all data sets. The two-dimensional fits thus show an excellent
agreement with the measured § decay asymmetry. This is remarkable since the line shape of the resonances
changes over time. The broadening as well as the plateau occurring when the resonance is saturated are
reproduced properly by the two-dimensional fits, regardless of the type of the sample or the relaxation time
of the signal. Consequently, it could be demonstrated that it is beneficial to increase the rf amplitude and
thus the B field for the 3-NMR measurements, which enhances the statistical significance of the resonance,
even if a saturation occurs. The two-dimensional fits yield an improved precision in the Larmor frequency
compared to one-dimensional fits that consider only the frequency dependency. Moreover, the presented
approach yields complementary information on the 3-NMR studies. For example, it is possible to directly
extract the 7 relaxation constant and the initial value of the  decay asymmetry after the polarisation. Future
experiments will therefore benefit from the two-dimensional fits due to their more precise, comprehensive
and complete representation of the acquired 3 decay symmetry.

The upgraded VITO beam line including VCS was then commissioned with 3-NMR studies of ¥’K (I = 1/2,
ti2 = 17.5s) implanted into KCl crystals and the ionic liquid EMIM-DCA. It was the first time that K
was spin-polarised at VITO through optical pumping. The Larmor frequencies of the 4’K in EMIM-DCA
measurements were consistent, with uncertainties of typically less than 0.3 ppm. The magnetic moment
pr(*TK) = 1.936 182(19) ux presented here is two orders of magnitude more precise than the literature value
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[88]. It could thereby be verified that the VITO beamline in its upgraded form will be able to perform the
high-precision 3-NMR studies required to determine differential hyperfine anomalies.

The differential hyperfine anomaly 39 A*7 = 0.360(9) % of 4’K with respect to the reference isotope 3°K was
derived based on the data recorded during the commissioning experiments. Its uncertainty is one order of
magnitude smaller than that of the literature value [88]. Next, it was presented how the differential hyperfine
anomaly can be exploited to derive the ratio of the spin contribution and the orbital contribution to the
magnetic moment. The distribution of magnetisation in the nucleus was obtained by collaborators using
Hartree-Fock calculations and DFT. It is then used to determine combinations of spin and orbital contribution
that result in a correct reproduction of the experimental values of the magnetic moments of 3°K and 4’K. In
addition, the differential hyperfine anomaly 3° A% also needs to be reproduced by the respective combinations
of spin and orbital contribution. This constraint results in a significant reduction of the possible combinations,
all of which require the spin contribution to be scaled down with respect to the DFT result in order to reproduce
the two magnetic moments and the differential hyperfine anomaly. Hence, it is probable that missing terms
in the theoretical description of the nucleus behave like the spin contribution to the magnetic moment. This
information can help to improve the ability of nuclear structure models to predict magnetic moments. Here,
the sensitivity of the differential hyperfine anomaly to the composition of the magnetic moment is illustrated.

More studies of the differential hyperfine anomaly are foreseen at the VITO beamline in the future. The
first experiment is planned with 1Be [10] to determine the magnetic moment of !!Be with ppm-precision. In
combination with equally precise hyperfine A factors [110, 115], it will be possible to derive the differential
hyperfine anomaly * A!! between °Be and '!'Be with great precision and thus investigate the nuclear structure of
these isotopes. The uncertainty in 3° A% determined in this thesis predominantly results from the uncertainty
in the hyperfine structure parameters A, while the uncertainty from the 8-NMR studies is in comparison
negligible. Therefore, it is essential to measure the A parameters with greater precision. With this objective,
the VITO setup will be adapted to enable measuring the hyperfine structure A parameters with laser-rf double
excitations in the near future.

The work presented here also prepared for another experiment named DeVITO, which extends the VITO
beamline at ISOLDE by adding v ray detectors and neutron time-of-flight detectors. This allows to acquire
B-y-neutron coincidences of spin-polarised beams, with the aim of firmly assigning spins and parities of the
involved excited states. Further measurements that are currently being prepared at VITO include 3-NMR
studies of 8Li. It is planned to investigate the diffusion of Li ions, which are a promising candidate for
electrolytes in future solid-state batteries [94]. The two-dimensional fitting approach presented in this thesis
will greatly facilitate these measurements by yielding the relaxation times for every 3-NMR spectrum in
addition to a precise Larmor frequency.
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A. Appendix

This appendix provides supplementary figures that contribute to the understanding of the two-dimensional
approach of fitting 3-NMR resonances that was developed in Section 5.2.4.

A.1. Evaluation of the line shape of the two-dimensional B-NMR fits

In order to evaluate how representative the line shape of the two-dimensional fits of the 3-NMR resonances is
to the acquired 3 decay asymmetry, projections of the fit along the frequency axis are presented for different
times ¢ together with the corresponding 0.2 s-time bin of the data. This is presented for 3-NMR measurements
of 47K in EMIM-DCA in Figure A.1 and for 47K in KCl in Figure A.2. The frequency axis was not re-binned
for this representation. It is evident that the line shape of the two-dimensional fits reproduces the measured
B decay asymmetry appropriately over all frequencies and at all times, including the broadening and the
establishment of a plateau when the resonance saturates. More information on this is found in Section 5.2.4.

A.2. Evaluation of saturation curves

Presented here is supplementary material for a better understanding of the influence of the rf amplitude of the
B; field on the B-NMR measurements of 47K implanted into KCl and EMIM-DCA, as discussed in Section 5.3.1.

A.2.1. Three-dimensional visualisation of saturation measurements for 4K in KCl and EMIM-DCA

The three-dimensional representations of the measurements of 4’K in KCl, seen in Figure A.3, and in EMIM-
DCA, seen in Figure A.4, illustrate the influence of the rf amplitude on the amplitude and the width of the
B-NMR resonances. Stated with the rf amplitude is furthermore the x2 ; of each respective fit.

A.2.2. Saturation curves of ¥K in EMIM-DCA

Analogous to the saturation measurements of 4K in KCl, 3-NMR resonances with varying rf amplitude were
also recorded for 4/K in EMIM-DCA. Three-dimensional visualisations of the corresponding fits are shown
in Figure A.4. The amplitudes of the B-NMR resonances and their FWHM as a function of the time and the
applied rf amplitude are depicted in Figure A.5. Seen here is that the amplitude of the 3-NMR resonance
diminishes faster compared to the measurements of 4K in KCl. This is the case because 4’K in EMIM-DCA
has a shorter 77 relaxation off resonance that is more comparable to the relaxation 7T, on resonance. It is in
return beneficial to increase the rf amplitude in order to shorten Ty,, and thus enhance the amplitude of the
resonance.

Figure A.6 shows the Larmor frequency v, and the corresponding uncertainty dvy, of the saturation mea-
surements. The value of v, corresponding to the rf amplitude of 25 mV differs significantly and indicates
the highest uncertainty. This results from a relatively low 3-NMR amplitude, which is around a factor of
two smaller compared to the resonance recorded with an rf amplitude of 50 mV, as seen in Figure A.5.
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Table A.1.: Additional fitting parameters of the B-NMR measurements of /K in EMIM-DCA.

Timestamp \ SampleID | X244 | Stepsize /Hz | T1 /s | TOn /s
20220522-011603 EP1 K47 NMR 5 1.02 20 4.1(2) | 0.6(1)
20220522-025524 | EP1 K47 NMR 7 | 1.00 50 3.4(3) | 1.6(2)
20220522-032022 | EP1 K47 NMR 8 | 1.02 50 2.5(2) | 0.8(1)
20220522-034518 | EP1 K47 NMR 9 | 1.03 50 2.7(2) | 0.7(1)
20220522-045844 | EP1 K47 NMR 13 | 1.02 25 3.0(2) | 0.9(1)
20220522-062619 | EP1 K47 NMR 14 | 1.01 50 2.6(1) | 1.1(1)
20220523-075809 |  EP2 K47 NMR 1 | 1.04 25 3.0(1) | 0.6(1)
20220523-090149 | EP2 K47 NMR 2 | 1.03 % 3.0(1) | 0.4(1)
20220714-223719 EP1_NMR_008 1.01 100 2.0(1) | 0.8(1)
20220715-000047 EP1 NMR 009 1.00 100 2.1(1) | 0.7(2)
20220715-002510 EP1_NMR_010 0.97 100 2.1(1) | 0.7(2)
20220715-005209 EP1_NMR 011 1.05 100 2.3(3) | 0.9(2)
20220715-011631 EP1_NMR 014 1.05 100 2.1(1) | 0.8(1)
20220715-025208 EP1_NMR 015 1.06 100 2.3(1) | 1.0(1)
20221123-061849 | K47 mika_E1_NMROOL | 1.06 139 4.6(5) | 0.4(1)
20221123-063419 | K47 _mika_E1_NMRO03 | 1.01 100 45(3) | 0.5(1)
20221123-065249 | K47_mika E1_NMROO4 | 1.13 100 13(1) | 1401

In combination with the maximum amplitude occurring later when fewer (3 particles are detected and the
uncertainty in the determined 3 decay asymmetry is larger, the statistical significance of the 3-NMR resonance
is reduced. Applying a sufficient rf amplitude is therefore particularly important for measurements with short
T relaxation times, such as 4K in EMIM-DCA.

A.2.3. Additional parameters of the B-NMR spectra of K in EMIM-DCA

Additional parameters of the two-dimensional fits of the 3-NMR measurements implanting 4’K into EMIM-DCA
are listed in Table A.1. These include the relaxation constants x2,, the step size of the applied frequency v
as well as the time constants 7} and T,,, of the data sets that are considered for the precision studies of the
hyperfine anomaly and the magnetic moment of 4’K.
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Figure A.1.: Projection of the two-dimensional fit of the B-NMR resonance of 4K in EMIM-DCA along the
frequency axis for different times ¢. The measured 3 decay asymmetry corresponding to this

time (bin width 0.2 s) is shown as well.
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Figure A.2.: Projection of the two-dimensional fit of the B-NMR resonance of 4/K in KCl along the frequency

axis for different times ¢t. The measured B decay asymmetry corresponding to this time (bin
width 0.2 s) is shown as well.
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Figure A.3.: Three-dimensional representations of the fits of the B-NMR measurements of #’K in KCl recorded
with different rf amplitudes of 5mV to 50mV. Given is also the x2 ; of the respective fit. It is
clearly visible how a higher rf amplitude results in a faster relaxation in the resonance case and

in return an earlier saturation and a higher statistical significance of the resonance as well as a
more pronounced plateau.
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fit. A higher rf amplitude causes a faster relaxation in the resonance case and an enhanced

statistical significance.
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