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Résumé

La résonance magnétique nucléaire détectée par asymétrie de désintégration
béta (B-RMN) est une technique de résonance magnétique de spin qui utilise
des isotopes émetteurs béta radioactifs comme sondes. Deux des principaux
avantages de la technique sont la large gamme d’isotopes ayant des propriétés
nucléaires différentes pour le méme élément chimique et sa grande sensibilité.
Traditionnellement, cette technique a été utilisée pour la recherche en science
des matériaux, pour étudier les champs électromagnétiques internes d’hotes a
I’état solide, et pour la recherche en physique nucléaire, pour étudier comment
les moments électromagnétiques changent dans différents noyaux en fonction de
leur distribution propre de protons et de neutrons. La présente these explique
les techniques et méthodes utilisées pour appliquer 3-RMN a des hotes a 1’état
liquide. Ces techniques et méthodes sont démontrées par la détermination du
moment dipolaire magnétique de *Na avec une précision en ppm. Les mémes
étapes pourront étre utilisées a I’avenir pour des études chimiques, biochimiques
et de moment électromagnétique nucléaires de haute précision.

Au cceur de ces mesures se trouve la boucle de stabilisation et de mesure du
champ magnétique basée sur la mesure RMN des protons dans des molécules
d’eau, dont la mise en ceuvre a été décrite dans High-accuracy liquid-sample
B-NMR setup at ISOLDE, Nucl. Int. & Meth. A (1020), 2021, 165862, ainsi
que d’autres adaptations de la ligne de faisceau 3-RMN d'ISOLDE.

La méthode de mesure des moments dipolaires magnétiques nucléaires de
haute précision, telle qu’énoncée dans Magnetic moments of short-lived nuclei
with part-per-million accuracy, Phys. Rev. X (10), 2020, 041061, contient les
éléments suivants: Tout d’abord, une mesure de la fréquence de Larmor nucléaire
avec une largeur de raie inférieure au kHz, ceci ayant été réalisé en utilisant un

liquide ionique & température ambiante (LITA) comme héte d'implantation, en
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réduisant les écarts spatiaux du champ magnétique (homogénéité) au niveau
ppm au moyen de bobines de calage PCB, et en stabilisant les fluctuations tem-
porelles au niveau ppm en utilisant une boucle de rétroaction; Deuxiemement,
une référence externe et une carte de champ précise pour déterminer le rapport
des fréquences de Larmor entre I'isotope d’intérét et la référence; Troisiemement,
le méme rapport pour un isotope stable du meéme élément chimique dans le méme
matériau hote (un LITA) par rapport a la méme référence; Quatriemement, une
mesure précise de la fréquence de Larmor de l'isotope stable; Cinquiemement,
une constante de blindage RMN précise pour ’environnement dans lequel la
mesure précise de l'isotope stable a été effectuée, par exemple déterminée par
des calculs de blindage RMN ab wnitio; Enfin, le déplacement chimique entre
les environnements de mesure chimiques utilisés dans les troisieme et quatrieme
étapes.

En combinant ces éléments, on peut calculer un moment magnétique tres
précis de l'isotope stable et 1'utiliser pour calculer le moment magnétique de
Iisotope d’intérét au moyen du rapport corrigé du déplacement chimique des
fréquences de Larmor. Le résultat obtenu pour **Na est de 2,849390(20) magnétons
nucléaires. Ceci est en accord avec, mais deux ordres de grandeur plus précis que,
la détermination précédente du moment dipolaire magnétique de *Na. Etant
donné que les moments dipolaires magnétiques de 2* 3'Na étaient déterminés par
leur rapport & 2Na, leurs moments dipolaires magnétiques pourraient également

étre améliorés.



Summary

Beta decay asymmetry detected Nuclear magnetic resonance (-NMR) is a spin
magnetic resonance technique that uses radioactive beta-emitting isotopes as
probes. Two of the main benefits of the technique are the wide selection of
isotopes with different nuclear properties for the same chemical element and its
high sensitivity. Traditionally this technique has been used for material science
research to study internal electromagnetic fields of solid-state hosts, and for
nuclear physics research to study how the electromagnetic moments change for
different nuclei based on their proton and neutron distribution. This thesis
expounds on the techniques and methods used to apply 3-NMR to liquid state
hosts. They are demonstrated by the determination of the magnetic dipole
moment of *Na with ppm precision. The same steps can be used in the future
for chemical, biochemical, and high-precision nuclear electromagnetic moment
studies.

Central to this measurement has been the magnetic field stabilization and
measurement loop based on the NMR measurement of protons in water molecules.
The implementation of which has been described in High-accuracy liquid-sample
B-NMR setup at ISOLDE, Nucl. Ints. & Meth. A (1020), 2021, 165862 to-
gether with other adaptations of ISOLDE’s 3-NMR-beamline.

The method for measuring high-precision nuclear magnetic dipole moments
as set forth in Magnetic moments of short-lived nuclei with part-per-million ac-
curacy, Phys. Rev. X (10), 2020, 041061 contains the following elements. First,
a measurement of the nuclear Larmor frequency with sub-kHz line-width. This
has been achieved by using a room temperature ionic liquid (RTIL) as implan-
tation host, reducing the spatial deviations of the magnetic field (homogeneity)
to the ppm level by means of PCB shimming coils, and stabilizing the temporal

fluctuations to the ppm level using a feedback loop. Second, an external ref-



erence and an accurate field map to determine the ratio of Larmor frequencies
between the isotope of interest and the reference. Third, the same ratio for a
stable isotope of the same chemical element in the same host material (a RTIL)
with respect to the same reference. Fourth, a precise measurement of the Lar-
mor frequency of the stable isotope. Fifth, an accurate NMR shielding constant
for the environment in which the precise measurement of the stable isotope was
performed, e.g. determined by ab initio NMR shielding calculations. Last, the
chemical shift between chemical measurement environments used in the third
and fourth steps.

Combining these elements one can compute a very accurate magnetic mo-
ment of the stable isotope and use it to compute the magnetic moment of the
isotope of interest by means of the chemical shift corrected ratio of Larmor
frequencies. The result obtained for **Na is 2.849390(20) nuclear magnetons.
This is in agreement with, but two orders of magnitude more precise than, the
previous determination of the magnetic dipole moment of *®Na. Because the
magnetic dipole moments of 2" 3'Na were determined by their ratio to *’Na

their magnetic dipole moments could be improved as well.
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Chapter 1
Introduction

”OQur imagination is stretched to the utmost, not, as in fiction, to imagine
things which are not really there, but just to comprehend those things which
‘are’ there.” — Richard Feynman (chapter 6, “Probability and Uncertainty

— the Quantum Mechanical View of Nature,” p. 127-128)

"And now as I said concerning faith - faith is not to have a perfect knowledge
of things; therefore if ye have faith ye hope for things which are not seen, which
are true.” — Alma the younger (Alma 32:21, The Book of Mormon)

1.1 Motivation

Recently there has been an increased interest in the potential application of beta
decay asymmetry detected nuclear magnetic resonance (3-NMR) to (bio-)chemical
studies [1], [2]. The reason for this interest can be attributed to three main ad-
vantages of this technique over conventional nuclear magnetic resonance (NMR)
spectroscopy. First, an increased sensitivity (of up to 10 orders of magni-
tude) due to the high polarisation of the nuclear ensemble used as probes and
due to the sensitive detection by means of beta decay asymmetry [3]. Sec-
ond, radioactive ion beam (RIB)-facilities allow for a wide selection of isotopes
with beneficial nuclear properties compared to their stable counterparts [4], [5].
Last, one of the prerequisites for (bio-)chemical investigations, viz. liquid (bio-

compatible) samples can potentially lead to an improved accuracy for 3-NMR
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1.2. NUCLEAR MAGNETIC RESONANCE

investigations for nuclear (structure) physics. In solid-state samples NMR reso-
nance peaks are widened due to anisotropic spin interactions [6], [7]. In liquids,
on the other hand, due to molecular tumbling, these anisotropic interactions
are averaged out and thus the observed resonance peaks are very narrow [7].
This effect could be used to increase the precision of the measured resonance
frequencies by two to three orders of magnitude leading to a similar increase
in the precision of the derived nuclear magnetic dipole moment which is one of
the parts needed to learn more about the still little understood distribution of
magnetization within the nucleus [8], [9].

In the following sections, some background to NMR, 3-NMR, and a proof of
principle biochemical experiment will be given. Following this, the facility and
the beamline where this research took place will be shortly described. After that
two publications are introduced and added as chapters. The first ” High-accuracy
liquid-sample S-NMR setup at ISOLDE” [10] describes in detail the additions to
the beamline that enabled the experiments done within the scope of this thesis.
It will thus function more or less like a traditional ”Methods” chapter. The
second ”Magnetic Moments of Short-Lived Nuclei with Part-per-Million Accu-
racy: Toward Novel Applications of S-Detected NMR in Physics, Chemistry,
and Biology” [11] describes the main results gained by this experimental setup
and discusses the potential application of this new methodology.

This thesis will be finalized with a discussion and outlook chapter in which
the main points already discussed in the publications will be summarized and
slightly expanded upon and an outlook will be given to plans for future modifi-

cations and expansions of the setup including potential new investigations.

1.2 Nuclear Magnetic Resonance

From its first measurement in molecular beams by I.I Rabi [12] and its consec-
utive post world war II development by Bloch and Purcell [13], [14] the NMR
phenomenon has become widely applied in spectroscopic and imaging techniques
in physics, material science, (bio)chemsitry, medicine, and many more fields. At
its core, it is a spin magnetic resonance technique, like Electron Paramagnetic
Resonance (EPR) and Muon Spin Resonance (LSR). Many excellent textbooks

exist that give either an introductory or in-depth explanation of the matter, for
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CHAPTER 1. INTRODUCTION

example references [7], [15]-[17]. In this thesis, the explanation of NMR will be
kept as general as possible, accompanied by some useful mental models, while
mostly touching on the essentials needed to understand the importance of the

presented results.

1.2.1 Spin

A particle can have a quantum mechanical property called spin angular mo-
mentum, or spin for short, whose mathematical description is analogous to the
classical angular momentum. Because of this analogy, nuclei and other particles
with spin are often depicted as a sphere rotating or spinning around its axis. It
must however be stated that even though this spinning globe serves as a use-
ful mental image, for elementary (point) particles, like the electron, spin is an
intrinsic property and they are not actually spinning. All quantum mechanical
particles can be divided into two categories: those whose spin has an integer
value (0, 1, ..) are called bosons, and those for which it is half-integer (1/2, 3/2,
..) are called fermions. Bosons follow Bose-Einstein statistics, while fermions
follow Fermi-Dirac statistics and the Pauli exclusion principle, meaning that no
two identical fermions can be in the same quantum state.

In the case of composite particles, like nuclei, the charge and current distri-
bution can be described by a multipole expansion of the electric and magnetic
moments. The electric moment Q(r) and the magnetic moment M(r) can thus

be expanded as follows:

Q(r) =Qr) + QM (r) + Q®(r) +... (1.1)
M(r) = MO (r) + MW (r) + M@ (r) 4 ... (1.2)

with (0) being the monopole term, (1) the dipole term, (2) the quadrupole term
and so forth. One can find the proof that the magnetic monopole term M© =
0 in many introductory textbooks on electrodynamics [18]. Furthermore for
nuclei, when assuming conservation of parity, all odd electric and even magnetic
multipole terms vanish [19]. Using the Wigner-Eckart theorem the following
relation between the shape of the nucleus (and thus its charge and current

distributions) and the nuclear spin I can be found [15], [16].
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1.2. NUCLEAR MAGNETIC RESONANCE

N T
\
b\

Figure 1.1 A magnetic dipole placed in a magnetic field acts like a compass needle does
in the earth’'s magnetic field.

Q™ =0 & M™ =0 for all n > 21 (1.3)

This means that the order of the multipole expansion is limited to 2 times the 1.
For example, a nucleus with I = 0 will have an electric monopole term Q) (the
total charge of the nucleus), but not a magnetic dipole term M®. A nucleus
with I = 1/2 will also have an M® but won’t have an electric quadrupole term
Q® and so forth.
The spin is related to the magnetic dipole moment g = M® in the following
way:
n=1sS, (1.4)
where S is the spin angular momentum vector and v = g x ¢/(2m) is the

gyromagnetic ratio, with g the g-factor of the particle, ¢ its charge, m its mass.

1.2.2 Larmor Precession

When placed in a magnetic field a dipole moment will experience a torque which
will bring it into alignment with the external field. One can think of this as the
spindle of a compass that aligns with the earth’s magnetic field as illustrated in
figure 1.1 (In fact, the spindle of a compass is a dipole magnet).

However, a particle with non-zero spin also has an (intrinsic) angular mo-

mentum. Therefore, when placed in a magnetic field the torque exerted on the
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CHAPTER 1. INTRODUCTION

- il [y = - e S
e -7 - — el el .
~ & - —— - -——- g

Mv | 103 Wp

S Fg

S - - e = - - -

Figure 1.2 A particle with non-zero spin undergoes precessional motion when placed in a
magnetic field similar to a gyroscope or spinning top under the influence of gravity.

particle functions similarly to gravity on a spinning top or a gyroscope, making
the particle precess around the axis of the magnetic field as shown in figure 1.2

This precession of a magnetic moment around the magnetic field is called
Larmor precession and the associated angular frequency of this motion is called

the Larmor frequency wy, which is given by:
wp =B, (1.5)

where B is the magnitude of the magnetic field vector B.

Speaking about the nuclear Larmor precession, and experiments to measure
its frequency, Edward Mills Purcell made the following poetic remark during his
Nobel Lecture.

Commonplace as such experiments have become in our laboratories, I have not
yet lost that sense of wonder, and delight, that this delicate motion should
reside in all ordinary things around us, revealing itself only to him who looks
for it. — E. M. Purcell (Nobel Lecture, 1952)
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1.2. NUCLEAR MAGNETIC RESONANCE

Figure 1.3 The eigenvalues of the angular momentum operator along the z-axis can be
seen as the projections of the angular momentum along the z-axis. Maschen, Public
domain, via Wikimedia Commons

1.2.3 Spin orientation

Since spin is an angular momentum, the corresponding quantum mechanical
operators apply to it. It is customary to choose the coordinate system in such a
way that the z-axis lies along the magnetic field. The angular momentum opera-
tor along the z-xis [, has 21+1 eigenstates with eigenvalues —I, —[+1,...,[—1,1.
As this eigenvalue describes the quantum state, it is also called the projection
quantum number. This name becomes very intuitive as the eigenvalues of L,
can be seen as the different projections of the angular momentum vector on the
z-axis, as shown in figure 1.3.

The magnetic energy of a particle with spin S is given by:

H™ = — - B (1.6)

Notice the minus sign in front of this dot product, which implies that the mag-
netic energy is lowest when the magnetic moment is aligned with the field.
Combining equations 1.6 and 1.4 and the eigenstates of [, directly leads to the

Zeeman effect: the degeneracy of the projection substates is lifted when the
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particle is exposed to a magnetic field. They are therefore also referred to as
magnetic or Zeeman substates.

When looking at an ensemble of spins, a metric is useful that describes the
distribution of the ensemble over these magnetic substates. Since the substates
identify the orientation of the spin angular momentum vector by its projection
on the z-axis, the parameters describing the distribution over the sub states are
called orientation parameters. The first and second-order orientation parameters
are named Polarisation P° and Alignment P! [20], [21]:

o _ L)
Pl =2 = > (m/I)am (1.7)

m

1 2 /72 I+1

P :;(m /I)am—g—], (1.8)
with () denoting the expectation value, m the projection quantum number and
a,, the normalized population or the population probability of the sub-state m.
Though each individual spin in the ensemble might be in an arbitrary superposi-
tion state, P gives a measure on how much the ensemble on average is oriented
with or opposite to the quantization axis. P! indicates how well the ensemble

on average lies along the quantization axis.
The equilibrium distribution over the Zeeman states is temperature depen-

dent and is given by the Boltzmann distribution:

o—Em/kpT

Om = 7=
TR e kT

(1.9)

with kp the Boltzmann constant and ), indicating the sum over all Zeeman
states.

When the distribution deviates from the thermal equilibrium the ensemble
will return or relax back to an equilibrium distribution due to interactions with
the environment. Two time constants are important in the description of relax-
ation. The first, 77, is the longitudinal relaxation time constant, which describes
the return to the thermal equilibrium state distribution. The second, 75, is the
transverse relaxation time constant which describes the loss of coherent behavior

of the spin ensemble in the transversal plane.
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Y/

Figure 1.4 Moving to a rotating reference frame makes it easier to visualize the dynamic
behavior of spins.

1.2.4 Rotating reference frame

To visualize the effect of longitudinal and transversal relaxation on the spin
ensemble one needs to expand further on our mental model of a precessing and
spinning sphere. First of all, the sphere now should not represent a single spin,
but the ensemble average. Second, it would be useful to perform a reference
frame transformation. Moving to a reference frame that is rotating at exactly
the Larmor frequency allows one to evaluate the dynamic behavior of the spins

in a static picture. Figure 1.4 depicts the reference frame transformation.

Figure 1.5 shows how the two relaxation effects can be depicted in the ro-
tating reference frame. The top three images show that as the individual spins
move back to their equilibrium the polarisation vector shrinks and/or moves
back to its equilibrium position and magnitude. The bottom three images show
that as individual spins in the ensemble might experience slightly different mag-
netic fields they process at slightly different frequencies causing them to fan out
in the rotating frame and thus the coherent behavior of the ensemble is lost and

the transversal polarisation vector shrinks.
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Figure 1.5 77 and T, can be depicted in the rotating frame as shrinking polarisation
vectors. The thick arrow represents the ensemble polarization vector and the small arrows
represent the orientation of some individual spins from the ensemble. From left to right the
images depict the effect of relaxation on the individual spins as well as on of the ensemble
over time. The top three figure show that starting from a non-equilibrium polarization, the
amount of polarization (magnitude of the thick arrow) decreases as time progresses, and
the individual spins re-orient due to longitudinal relaxation. The bottom three figures show
that because not each individual spin in the ensemble constantly experiences the same
magnetic field, in the rotating frame they will start to fan out (transversal relaxation).
This eventually leads to 0 transversal polarization.
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7

Figure 1.6 A resonantly applied rotating magnetic field B perpendicular to the quantiza-
tion axis will be seen as a static field in the rotating frame, (green arrow). In the rotating
frame, the spin precesses around this field (purple arrows). Due to this precession, the
angular momentum vector of the spin (orange arrow) will move from one angular mo-
mentum eigenstate (i.e. the projection or magnetic substrates) to the next. In between
two eigenstates, the spin will be in a superposition. This rotation between (two) different
sub-states is a Rabi oscillation.

1.2.5 Resonant field

One last thing is to show how a magnetic field rotating at the same frequency as
the rotating frame, applied at an angle to the quantization axis would look like in
this reference frame. Please note that as the spin is not precessing in the rotating
frame, the magnitude of the static magnetic field along the quantisation axis
reduces to 0 within this reference frame. The aforementioned rotating magnetic
field, however, would appear static in the rotating reference frame. The direction
of its projection on the x-y plane is determined by the phase difference between
the rotating reference frame and the applied rotating magnetic field. The spin
will now start to precess within the rotating frame around this field, making the
spin shift between orientation states and effectively preform Rabi oscillations,
as shown in figure 1.6.
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Detecting this resonance condition, or the frequency at which one starts to
drive the Rabi oscillation will enable the measurement of the Larmor frequency.
In Continuous Wave (CW)-NMR and CW-EPR this is identified by an increased
absorption of the applied rotating field. In pulse-NMR and EPR and with the
Qubit gate operations in Quantum Computing and Communication, the applied
field is turned on (pulsed) for only a very short time, allowing for a controlled
rotation of the polarisation vector. With pulse-NMR and -EPR one measures the
field induced by the precessing magnetization after such a pulse. In 3-NMR and

SR the resonance condition is observed by a decrease in [3-decay asymmetry.

1.3 A-NMR

Anisotropicaly emitted radiation from ensembles of oriented nuclei have be-
come a staple technique in the toolbox of nuclear physicists. The profile of the
anisotropic distribution can be used to determine the spin and parity of either
the decaying nucleus or its product. When coupled with other techniques it can
be used as a very sensitive means of measuring the HyperFine Structure (HFS)
in radioactive atoms and ions, or detecting NMR resonances.

In the following subsections the decay profile measured during a 3-NMR

measurement will be described.

1.3.1 Simple radioactive decay

Given a pure isotopic ensemble of radioactive nuclei the number of remaining
nuclei after a time period ¢ can be found by solving the following first order
differential equation that describes the expected change in the number of nuclei
dependent on the amount of nuclei present.

dN
—— = AN 1.1

where N is the number of radioactive nuclei, t the time and A the decay constant,
which is correlated with the half-life (t;/2) as A = %

The solution describes the amount of expected nuclei left after the passage
of an amount of time t dependent on Ny the number of nuclei present at time

t=0.
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_yn(2)

N(t) = Noe /2 (1.11)

1.3.2 Beta particle emission in all space

Assuming a uniform spherical distribution the radiation resulting from this decay
will be evenly emitted in all directions. The amount of radiation emitted in a
time window dt is equal to the change in the number radioactive nuclei in the
sample within dt. Thus N§(T) = N(T) — N(T + dt). Differentiating equation
1.11 for N(t) gives:

dN l”(2>Noe—tiﬁj2; (1.12)

dt — tiy

Because of the geometry of the experimental setup the detectors typically will

not cover all directions from the source. Therefore, the number of beta particles

detected will be modified by the solid angle €2 that the detectors cover, as well as

the efficiency €4 of these detectors. This will modify equation 1.12 as follows:
dN In(2) —tn)

ey Nye 12 1.13
dt Cdet t/2 0¢ (1.13)

1.3.3 Emission asymmetry

For a spin-polarized ensemble, due to the parity non-conservation of the weak
interaction governing beta-decay, the emission of beta particles is not equal in
all directions as first observed by Wu et. al. [22]. The anisotropy that can
be observed can be described by the angular distribution formula which in its

well-known form is given by:

W(6) = 1+ a-PPcos(6), (1.14)
C

where 6 is the angle between the orientation axis of the polarized ensemble and
the direction of emission, v is the velocity of the emitted beta particle, ¢ is
the speed of light in vacuum, P? is the nuclear spin polarization as given by
equation 1.7, and a the asymmetry factor which is dependent on the difference
of the nuclear spin Al between initial and final state. The values of the a

parameter for Al = —1,0 or 1 are given in table ??.
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Table 1.1 The Spin change dependent value of the Asymmetry factor a.

Asymmetry factor | Spin change

-1 Al = —1

L/(I; + 1) Al =+1

—1/(; + 1) Al = 0 (Gamow-Teller transition)
0 AT = 0 (Fermi transition)

Since the asymmetry factor depends on the beta decay branch, a total asym-
metry factor for a given isotope can be defined as a;so = > aqgbr? in which ag is
the asymmetry factor for the given decay branch and br its probability (branch-
ing ratio).

Replacing the fixed solid angle €2 from the radioactive decay with the above
angular distribution, one obtains the following formula for the number of beta
particles emitted over time dt at an angle 6:

4 In(2)
ON(t,0) In(2) Noe ey [1+ ajsoPrcos(6)] (1.15)

= —€det

ot 12

1.3.4 Relaxed Asymmetry

The spin polarization of a nuclear ensemble in an environment will eventually

relax back to thermal equilibrium in the following way:
Pi(t) =Py bue T (1.16)

Here, F, is the initial polarization, b, the fraction of nuclei experiencing a spe-
cific chemical environment with b, > 0 and ) b, = 1 and T}, the longitudinal
relaxation constant belonging to environment n. This gives the following equa-
tion that has to be integrated from T to T'+ dt to determine the amount of beta

radiation emitted during a time window dt after time T

————— = —€gu——Noe "2 |1+ a;5c08(0) Py

ON(t,0) In(2) = 4@ e
> i zﬂ: bpe Tin (1.17)

Integrating this formula from time 7" to T" + dt and over the solid angle of the

detectors gives the following formula for the expected amount of beta’s seen by
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a detector in a time window dt after time 7"

T4-dt 2w B
— / / / —dN(t,0)d0dedt
1+ ajsoc0s(0 POZb e Tin | dOdedt,

T+dt ()
/ / /Gdet Noe 172
t1/2
(1.18)

with « and [ the opening and closing angles of the detector respective to the
axis of orientation (with 0 < o, 8 < 7). When €4,y and n =1, v &~ ¢, « = 0, and

p = m/12, the equation reduces to:

T+dt 2 w/12 ln tln(2) :
Ngt / / / ; b1/2 [1 + aisocos(ﬁ)Poe_TT] dfdepdt
1/2
(1.19)
or
In(2 2r T+dt pr/12 n(2) 1, In(2)
NG(T) = ?(/ )No/ dﬁb/ / e iz + a0 e t(T1+t1/2)cos(9)d0dt
1/2 T 0
(1.20)

Solving the integrals gives:

In T+dt pw/12 _yn(2)
N§UT) = P)2" / / e 02 dodt

t1/2

T+dt pmr/12 (1 2
—|—/ / a;so o€ t(T +tl/Q)cos(H)d@dt}
T
w/12 T+dt _n(2)
/ d@/ ¢ "

/12 T+dt (1, n@) (1.21)
+ CLisoPO/ COS(@)dQ/ e t<T1+f1/2 >dt}
0

T

In(2 " ()] Tt
_ inf >N02W{mgm [~ e 5]

tiy2 In(2) -
THdt
1 (A +ln(2)
+ aisoPO [82n(9>]g/12 _1—ln(2)€ (Tl t1/2 )
T 4
/2 T
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@) T+dt
= ln(2) N027T _1 t1/2 |:€ tt1/2 :|
t1/2 12 l?’L(Q) T

T+dt
~1+v3 1 —t(4+22)
(&
2v/2 2+ In(2)

t1/2

in(2) In(2)
mw =T —dt
= =27 Ny {ﬁ@ ‘172 (6 ‘12— 1)

— _p( L in(2) _ 1, In(2)
+ ;500 Lt \/§ Tlln(2) e T<T1+f1/2> e dt(T1+t1/2) -1
2\/§ t1/2 + Tlln(Q)

- aiSOPO
T

Notice that when dt = 0, then N§'(T) = 0 because in a time window of size
0, no [ particles can be physically detected. Following these same steps the

general equation will be:

@) [ in@)
NGUT) = — 2meqes N {(5 —a)e "2 (e Wi 1) + aisoPo (511(B) — sin(a))

" tl/g + ln(2)T1n)

(1.22)

1.3.5 Experimental Asymmetry

Equation 1.22 can be used to compute the expected amount of radiation counted
by one of the detectors used in a 3-NMR experiment. However, because the
asymmetry is usually in the per-cent range, during an experiment, it is difficult
to see the effect of the asymmetry by looking at absolute counts registered
in each detector. When one takes the normalized difference of the radiation
counts of two detectors positioned on opposing sides of the quantization axis, the
effect of radioactive decay on the number of counts cancels out and only the 3-
decay asymmetry is left. This normalized difference, known as the Experimental

Asymmetry Apg,,, is given by equation 1.23.

Acep = Npeta — Npetn/Npeta + Npets, (1.23)

with Npeia and Npgp being the counts measured in detector "A” and "B”,

respectively. If an ensemble of beta-emitting nuclei is polarized, an asymmetry
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will be observed due to the angular distribution. The moment an ensemble has
a non-equilibrium polarization the spins start to relax back to thermal equilib-
rium due to interactions with the environment and the polarization starts to
decrease. This can be observed by a change in the Experimental Asymmetry.
The relaxation curve can be fitted to determine the longitudinal relaxation time

constant 7.

1.3.6 Resonance detection

If a magnetic field B; perpendicular to the static magnetic field By and ro-
tating at the resonance frequency is applied for a relatively long time to the
sample during the implantation and observation time, the ensemble of spins will
start to perform Rabi oscillations. Because the angular distribution is defined
in reference to the polarization vector of the spins, this distribution will fol-
low the Rabi oscillations, effectively averaging out the experimental asymmetry.
Thus, to measure the resonance frequency the polarization, implantation, and
relaxation observation steps are repeated while applying By with different fre-
quencies. When the observation window is chosen to be in the order of 77 and
the integrated asymmetry is plotted against the frequency of B; a change in

asymmetry can be observed around the resonance frequency.

1.4 Optical Pumping

The amount of equilibrium polarization produced by the Boltzmann distribution
at room temperature in a 1T field is generally on the order of parts-per-million
(ppm). To increase the amount of polarization of the ensemble upon implanta-
tion the laser optical pumping method is used. Here, the atoms are allowed to
interact repeatedly with resonant circularly polarized light. This will excite the
atom while transferring angular momentum to it. Fig. 1.7 shows this process
on the example of a *Na atom. Following the selection rules, this excitation
also shifts the atom into a magnetic substate with a higher (or lower) mp quan-
tum number. Upon de-excitation, following the selection rules the mpr quantum
number can only change by —1,0 or 1. Repeated excitation and de-excitation

cycles will eventually transfer all (or most) of the atoms to the magnetic substate
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Hyperfine Structure of *Na Magnetic sublevels Zeeman Splitting
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Figure 1.7 The hyperfine structure of the D2 line of 2°Na is shown on the left. On the
right, the magnetic mp substates of the F' = 7/2 2S5 ground state and the F' = 9/2
2P3/2 excited state are shown. The yellow arrows indicate excitation with circularly o™
polarized light. The blue lines indicate the decay back to the ground stage. Repeated
cycles of excitation and de-excitation will move (most off) the atomic population into the

mp =17/2 251/2 ground state leading to atomic polarization. Figure from [23]

with the highest or lowest mpr quantum number, leading to atomic polarization.

As the magnetic field is increased the splitting of the magnetic substates due

to the Zeeman effect increases. At a certain point this stops being linear and
even later the coupling between the nuclear spin I and the electron spin J breaks.
From that magnetic field strength onward the atomic magnetic substate can no
longer be described by the mpr quantum number but only by the combination of
the nuclear m; and electron m; spin magnetic substates. The breaking of the
coupling between the nuclear and electron spin at high magnetic fields is called
the Paschen-Back effect. The splitting and re-arranging of selected magnetic

substrates of *Na is shown in figure 1.8.
After a controlled transition from a low magnetic field area where optical

pumping was achieved, to a high magnetic field area, the ensemble will be left

with nuclear polarization.
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Figure 1.8 The splitting and reordering of some of the magnetic sub-states of 2°Na
showing the Paschen-Back effect. Figure from [23]

1.5 Applications

Equations 1.4 and 1.5 give a direct relation between the Larmor frequency, the
magnetic dipole moment, and the magnetic field. When one of these is known
a measurement of the second allows a determination of the third. For example,
in a known magnetic field, a measurement of the Larmor frequency gives the
magnetic dipole moment of a particle with spin greater than zero. This is of
keen interest in the realm of nuclear (structure) physics, where the measurement
of the ground-state electromagnetic moments is a vital tool to learn more about
the shape and structure of the nucleus. This includes the distribution of electric
charge as well as magnetization within the nucleus. The reverse measurement
also holds where a particle with a known magnetic dipole moment can be used
as a local magnetometer by measuring its Larmor frequency. The use of spins
as local magnetometers leads to many interesting applications. Within the field
of NMR spectroscopy, for example, the minute shielding effect the neighboring
electrons have on the magnetic field experienced by the nuclei causes small shifts
in the measured Larmor frequency. The available electrons and their orbits

depend to some extent on the chemical bonds between the atoms, thus this shift
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in the Larmor frequency is known as the chemical shift ¢. The chemical shift
can be used to identify molecules and, when the effect of different interactions
is taken into account, can be used to elucidate the chemical structure. As
another example, 3-NMR measurements have been used routinely to determine
the internal magnetic fields of solid-state samples as a function of temperature
and applied external magnetic field [24]. An interesting test case for applying
this technique to non-solid state samples would be the interaction between a
bio-molecule and an (implanted) atom/ion. An example of such a molecule is a
Guanine Quadruplex (GQ).

1.5.1 Guanine Quadruplexes

The DNA molecules play a central role in molecular biology, and thus life in gen-
eral. They fulfill the role of the long-term storage of genetic information. Within
DNA, the blueprints (genes) for the proteins that life depends on, are encoded
via four nucleobases: adenine (A), cytosine (C), guanine (G), and thymine (T).
The genes encoded in DNA are preserved, accessed, copied, and used through
the protein machinery involved in duplication, transcription, and translation.
Due to hydrogen bonding, the nucleobases pair up. The most common type of
base-paring called the ”Watson—Crick—Franklin” base-paring leads to the famil-
iar double helical structure of DNA. Another type of base-pairing, "Hoogsteen”
base-pairing, allows for other DNA structures. One of the DNA structures in
which "Hoogsteen” base pairing is observed is the GQ. GQs are observed in
nucleic acid regions that are rich in guanine. This is the case in the transcrip-
tional regulatory regions of several genes and in the repeat sequence section at
the ends of chromosomes (the telomeric regions). At these places GQs are in-
volved in several processes that have been identified to contribute to aging [25],
gene regulation [26], and oxidative damage compensation [27]. For these reasons
alone the study of GQs is of high interest. Outside of living systems GQs have
been used as catalysts for chemical reactions [28] and in therapeutics [29].

A GQ is formed by the stacking of Guanine tetrads, squares of planar G
bases formed through Hoogsteen bonding. These stacks are stabilized by the
presence of an alkali metal cation (e.g. sodium or potassium) in the central

channel in between the tetrads as seen in figure 1.9.
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Figure 1.9 The G-Quadruplex structure: A Guanine bases coordinated in a tetrad around
a central monovalent cation. B Schematic structure of G4 with metal ions located in-
between tetrads coordinating the partial charges of 8 oxygen-groups. C 3-dimensional
structure of a G4 (pdb: 1XAV) [30]. Figure and caption from [2]

The alkali metal ions in the GQ have an influence on its stability, structure,
and dynamics. A better understanding of the interactions of the alkali metal
ion with the GQ could help to better comprehend its influence and could help
with better understanding the folding landscape. However, NMR on stable Na
and K is very difficult due to the large electric quadrupole moments of stable
?Na and ***'K, which lead to broad resonance peaks.

As 3-NMR uses unstable isotopes, an isotope with a smaller electric quadrupole
could be selected for these studies. And because 3-NMR is an implantation-
based technique it lends itself exceptionally well for fast titration (like) experi-

ments.

1.5.2 Hyperfine anomaly

The magnetic pohyperfine interaction is the interaction between the nucleus and
(its atomic) electrons that happens because the electrons and the nucleus have a
spin. It gives rise to a splitting in the atomic energy levels known as the hyperfine
splitting (HFS), which is proportional to the nuclear magnetic moment. The
hyperfine anomaly is a small correction needed in the derivation of the value of
the nuclear magnetic moment from HFS. It appears because the HFS formula
includes an approximation that the nucleus is a point-like particle. However,
nuclei have an extended distribution of charge and magnetisation inside them.
The extended magnetisation gives rise to the magnetic hyperfine anomaly, or

the so called Bohr-Weisskopf effect [31]. This correction is at the level of a per-
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cent or less. To derive it one needs to compare the independently determined
nuclear magnetic moment (e.g through (3-)NMR) with a magnetic moment for
a (hypothetical) point-like nucleus derived from HFS data. To determine it
with high-enough precision both the Magnetic moment and the HF'S need to be
measured with high enough accuracy.

The size of the hyperfine anomaly, or size difference between two isotopes of
the same element is very interesting for nuclear structure studies. Namely, the
magnetisation distribution is mostly determined by the unpaired nucleon. Thus,
it might give unique access to determine the distribution of valence neutrons
which are otherwise much more difficult to address than protons. This can
be especially interesting for halo nuclei, such as ''Li or "Be, in which 1 to 2
neutrons are very far away from the core. A proposal to study 'Be has been
recently accepted by ISOLDE [32].

1.6 CERN

The work presented in the thesis was performed at ISOLDE, CERN’s RIB facil-
ity. CERN, the European Organization for Nuclear Research, is located on the
French-Swiss border near Geneva, Switzerland. It was founded in 1954, right
after the Second World War, to help unite European physics research, and to
set up a laboratory that provides the larger infrastructure needed for nuclear
and particle physics research. CERN currently maintains and operates a se-
ries of accelerators as shown in Figure 1.10. The protons commence along this
accelerator chain when Hsy gas is injected into a linear accelerator (LINAC).
LINAC 4 (LINAC 2 before 2020, at the time when most of this work was done)
accelerates H™ ions to an energy of 160 MeV and feeds them through a stripper
foil to remove the electrons, before injecting them into the proton synchrotron
booster (PSB). The PSB, with its four superimposed synchrotron rings, in turn,
accelerates the created proton bunch to 1.4 GeV and sends it with an average
intensity of 2.1 pA to ISOLDE. The proton bunches arrive at ISOLDE at inter-
vals which are an integer multiple of 1.2s [34]. Because the PSB has to provide
proton bunches to all subsequent accelerators in the chain, the operators arrange
the proton bunches in a sequence dependent on their final destination. This se-

quence is called the super-cycle. There is no fixed length of the super-cycle [35],
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The CERN accelerator complex
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Figure 1.10 A schematic representation of CERN's accelerator complex showing the
different accelerators, facilities, and experiments. The dark purple line in the bottom
center represents linear accelerator (LINAC) 4, which feeds the proton synchrotron booster
(PSB), shown in pink. This is the start of all the accelerated protons at CERN. From the
PSB the protons are delivered to ISOLDE, shown in green, with an energy of 1.4 GeV[33]
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but it usually consists of around 20-40 cycles. ISOLDE generally receives more
than 50 % of all the protons accelerated by the PSB [36], [37].

1.7 ISOLDE

ISOLDE (Isotope Separator OnLine DEvice) is CERN’s oldest still running fa-
cility. The first experiments were performed in 1967 when ISOLDE was still
connected to CERN’s first accelerator, the 600 MeV Synchro-Cyclotron (SC)
[34]. In the more than fifty years since then, ISOLDE has seen multiple major
upgrades, numbered IT to IV. These upgrades allowed the facility to make use
of more intense beams from the SC (II), have an increased mass resolving power
by use of an additional separator with higher resolution(III) [38], and move to
its current location at the PSB in 1992 (IV)[39]. Even though ISOLDE is still
thought of as being at version IV, it has seen several extensions and improve-
ments to the building and the equipment since then. Additional laboratories,
more space in the experimental hall, a normal conducting LINAC, a supercon-
ducting LINAC[40] and a Radio Frequency Quadrupole (RFQ) cooler-buncher
have been added over the years. Several plans have been and are being made for
even further additions to the facility to be able to cater to the ever-increasing
demands of beam time at ISOLDE[41], [42]. Currently, as part of the EPIC (Ex-
ploiting the Potential of ISOLDE at CERN) project, it is also planned to take
advantage of the recent increase in energy and intensity of the PSB beams|[42].
So far, ISOLDE has delivered beams of 1300 different isotopes from 73 chemical
elements to the experimental setups[43]. The current layout of the Low-Energy
side of the ISOLDE Experimental hall is shown in figure 1.11.

1.7.1 Production and separation

At ISOLDE, the proton bunch coming from the PSB impinges on a thick target
of material usually containing elements with a high mass number (A). Figure
1.12 shows a 3D CAD model of a typical ISOLDE target unit. One of the
most commonly used target materials at ISOLDE (>60 %) is Uranium Carbide
(UC,). The target material is contained in a Tantalum tube of 20 cm in length

with a radius of 1 cm. The high-energy proton beam induces spallation, frag-
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Figure 1.11 An overview of the ISOLDE Low-Energy Experimental Hall. The proton

lines coming from the proton synchrotron booster are indicated with p™. The General
Purpose and High-Resolution Separators, indicated with GPS and HRS respectively, each
have their own Front Ends and target stations. The HRS is followed by ISCOOL, the
ISOLDE Radio Frequency Quadrupole Cooler-Buncher. From there, both separators feed
into the merging switch-yard which allows for the radioactive ion beams to be guided
into the central beamline and onwards to the different experiments. The Versatile lon-
polarized Techniques On-line (VITO) beamline, which includes the polarization beamline
and B-NMR setup, is located at the center of the experimental hall[44].
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mentation, and fission reactions in this irradiated material, creating a plethora of
different isotopes. Alternatively, the proton bunch impinges on a tungsten rod,
located next to the target material, to create spallation neutrons. The target
material is then irradiated by these neutron-inducing fission reactions[45]-[48].
The produced isotopes are stopped in the target material and need to diffuse
to the surface and evaporate in order to be extracted. To increase the diffusion
and evaporation rate, the target container is usually heated to around 2200 K
by applying a current of about 800 A. To further increase the diffusion rate,
there have been ongoing efforts to reduce the grain size of the target material.
An example of this is the nano-UC, target[48]. The trade-off for using ever
smaller grain sizes is that the maximum heating temperature of the target is
limited by the sintering temperature, which decreases with smaller grain sizes.
Notwithstanding the lower maximum temperature, the decreased grain size has
led to an increased yield. Once the isotopes are out of the target material, they
effuse out of the target container into the transfer line. This line can be heated
or cooled, which allows for coarse means of chemical selection. Next, the iso-
topes are ionized by one of the three available techniques: plasma ionization,
resonant laser ionization, and surface ionization. Due to their small ionization
potential, caused by the single electron in their outer shell, alkali metals are
readily surface ionized. For example, sodium has an ionization potential of only
5.139076(2) eV[49]. The surface ion source consists of a 3cm long hot tungsten
cavity which is heated to 2000-2600 K. Within 2 ms after the proton bunch ar-
rives at the target, an electric potential of 30-60kV is applied to the target unit
[50]. The extraction electrode (shown in figure 1.12) is kept at ground poten-
tial and this potential difference supplies the electric field which accelerates the
isotopes once they are ionized. The typical ISOLDE yield for ?*Na is around
5 x 107 ions/pC[4].

A target unit is used for one to two weeks and is highly radioactive after use.
Thus, a pair of industrial robots handle the target changes. The ISOLDE front-
end (see figure 1.13) is therefore designed in such a way that the target units can
be easily taken off. The front ends furthermore supply all connections needed by
the target e.g. vacuum, current, cooling, gas-inlet, acceleration potential, etc. It
also houses the extraction electrode. Next, the now accelerated ion beam arrives

at one of two mass separators. Depending on which target station is used, this

40



1.7. ISOLDE

Figure 1.12 A cut-through of a 3D CAD Model of an ISOLDE target unit. Indicated are
the tantalum target tube (20 cm), transfer line, extraction electrode, current leads used to
heat the target by applying up to 1000 A, the direction of the incoming proton beam, and
the direction of the outgoing ion beam consisting of a mixture of the produced isotopes.
CAD Image courtesy of M. Delonca

is either the General Purpose Separator (GPS) or the High Resolution Sepa-
rator (HRS). Both are essentially magneto-static mass-spectrometers spatially
separating the incoming beam based on the mass-over-charge (m/q), by use of
the Lorentz force. The GPS has an H-magnet type with a bending radius of
1.5m and a bending angle of 70°. Tts resolution m/Am is approximately 800
[50]. Two pairs of movable electrostatic plates are located inside the vacuum
chamber between the magnet poles. These plates allow for the deflection of parts
of the separating ion beam into two different beamlines. The m/q of the beam
that is guided in these beamlines is up to 15 % higher or lower compared to that
of the beam transported into the central beamline. The lower mass fraction is
sent to the General Low Mass (GLM) beamline and the higher mass fraction to
the General High Mass (GHM) beamline [23]. The HRS has a 90° and a 60°
C-magnet type magnet, with a bending radius of 1 m. The combined resolution
of the HRS magnets has been measured to go up to 6000 [50], which is for a very
large part determined by the emittance and vertical size of the beam entering
the HRS. Due to the limited space in the ISOLDE hall and due to the con-
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Figure 1.13 A cross-section view of the ISOLDE Frontend showing 1. The X-Y deflector
plates 2. The modified piston for target coupling and 3. The tripod support system.
Image and caption from [50].
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figuration of the beamlines, the RFQ-Cooler-Buncher could only be positioned
behind the HRS [50]. It is known as ISCOOL. It allows for the cooling and
bunching of the ion beam. Cooling the beam is achieved by thermal collisions
with a low density (0.1 mbar) He gas. The rest of the beamlines operate at high
vacuum. To maintain a constant pressure of 0.1 mbar within ISCOOL, without
destroying the vacuum in other parts of ISOLDE, a cooled gas is continuously
leaked into its vacuum chamber. At the same time, a series of apertures on its
entrance and exit makes it possible to apply differential pumping. To prevent
the scattering of the ions, the RFQ is used as a linear Paul trap, constricting
the beam to its central axis [51]. The bunching is done by creating a potential
well by applying a gradually decreasing and then a sharply increasing potential
on the RFQ’s electrodes. The ions get trapped in this potential well, effectively
bunching the beam. By pulsing the potential on the final electrodes, the ion
bunch can be released towards the rest of ISOLDE. Up to 1 x 107 ions can be
contained in ISCOOL, this is limited due to space charge effects[51]. The trans-
mission efficiency lies between 50-80 %, depending heavily on the emittance of
the incoming beam, as well as on the mass of the selected isotope [50]. After
ISCOOL or after the GPS the beam arrives at the merging switchyard which
allows either the beam from the GPS or the HRS to be sent down the central
beamline. For the measurement of the longitudinal relaxation, it is beneficial
for all nuclei to be implanted at the "same” time (within a very narrow time
window). For this reason, the HRS separator was used for all the experiments
described in this thesis, as it allowed to bunch the beam for the measurements

of the longitudinal relaxation using 3-NMR.

1.8 Versatile Ion-polarized Techniques On-line

The central beamline is divided up into four sections (CA0, CB0, CC0 and CDO0).
In between these sections there are kicker-bender type switchyards which allow
the beam to travel to the different branches of the ISOLDE beamline. Versatile
Ion-polarized Techniques On-line (VITO)[52] is located at the RBO beamline,
this means that it is the right branch of the beamline after the second section of
the central beamline (CB0). An extensive description of the different parts of

the VITO beamline is given in references [23], [53]-[55]. For completeness, an
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Figure 1.14 Top view of the VITO beamline. The axes indicate the magnetic field
directions referenced in this section. The ion and laser beams enter from the right and
are overlapped in the 5° Deflector. The ions are Doppler tuned and neutralized in the
Charge Exchange Chamber (CEC). The optical detection section allows for the detection
of fluorescent photons coming from the atom beam. The polarising region lets the laser
light and atom beam interact repeatedly resulting in an atomic spin polarised ensemble.
The Adiabatic rotation section causes the spin polarisation to rotate from the X-direction
toward the Z-direction. Next, the electronic and nuclear spins are decoupled in the fringe
field of the magnet resulting in a nuclear spin polarized ensemble which is implanted on
the sample in the sample chamber housed between the poles of the electromagnet. At
the end of the beamline (left side) some beam diagnostics including a Faraday cup are
located [23].

overview will be given here as well. Once the ion beam enters RBO, it first passes
through a Quadrupole Doublet which allows to steer and to focus the beam. The
size of the final beamspot and the quality of the laser and ion beam overlap later

on in the setup is for a significant part determined by this Quadrupole.

1.8.1 Ion/laser beam overlap

After the quadrupole, the beam passes through the 5°-deflector (see figure
1.15a). The deflector bends the ion beam by 5° with a radius of 2m, which
allows the ion beam to be overlapped with a laser beam. A top view of the
VITO beamline from the 5°-deflector onward is given in figure 1.14. The 5°-
deflector section ends with a gate valve. Right behind this gate valve, beam
diagnostic elements are mounted on a vacuum cross. An insertable plate and an
iris are used to read out the current produced by the impact of the ion beam.

This gives a coarse measure of the total intensity and width of the beam.
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1.8.2 Doppler tuning and neutralization

The section following the 5°-Deflector, is the Charge Exchange Chamber (CEC).
The elements inside the CEC are shown in figure 1.15b. The beam first enters
a voltage scanner made of a crown-shaped electrode. By applying an electri-
cal potential of up to £1kV, the beam can be de-/accelerated such that the
overlapped laser light Doppler-shifts in resonance in the rest-frame of the beam.
Next, the beam passes through the Charge Exchange Cell. This cell is a stain-
less steel cup that is kept at 230°C by six RS Components RS-8607016 220 W
heating cartridges [53]. When the cup is filled with solid Na and heated, a dense
Na vapor is created within the cup. As the ion beam passes through the vapor
it exchanges electrons with it and neutralizes. The neutralization efficiency of
Na™ on Na can be up to a 100 %. The arms connected to the cup are slightly
slanted upwards and are cooled by a liquid-cooled heat sink to 100°C. This
is slightly above the melting point (97.8°C) of sodium, allowing the condensed
sodium to flow back into the cup. The last part of the CEC is an ion-deflector

that kicks any remaining non-neutralized ions out of the beam path.

1.8.3 Optical Pumping and Spin Rotation

After the CEC, the beam enters the Optical Detection and Optical Pumping
sections of the beamline. The optical detection section starts with a collimator
with a pair of knife edges. The purpose of this collimator is to decrease the
photon background by reducing the amount of scattered laser light that enters
the optical detection region. A pair of optical lenses and Photo Multiplier Tubes
(PMTs) are used for the collection of the fluorescently emitted light. The design
is based on the light collection region used in the COLLAPS experiment [56].
The CEC and optical detection section, in principle, make it possible to perform
collinear laser spectroscopy to determine the atomic hyperfine structure. At
VITO this can be used to detect the resonant laser frequency of a reference
isotope from the same chemical element by means of the fluorescence signal in
order to predict the resonance position of the isotope of interest. However, for
the work on sodium, this option was not needed. The optical pumping section
is a 1.6 m section of vacuum pipe surrounded by a Helmholtz coils array (four

coils with a diameter of 80 cm each). The Helmholtz coils provide a magnetic
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TOP VIEW
Vertical steerer

Horizontal deflector

Beam direction

(a) 2D CAD drawing of the
5° ion-deflector.  The ion
beam coming from ISOLDE
(left) is bent 5° with a ra-
dius of 2m to overlap the ion
beam with the laser beam.

[53]

Fluid Circulator

(b) 3D Schematic of the inner components of Versatile lon-
polarized Techniques On-line (VITO)'s Charge Exchange Cham-
ber (CEC). The ion and laser beams enter from the left of the
diagram. The voltage scanner allows for the modulation of the
ion beam energy. The Charge Exchange Cell (indicated with
CEC in this figure) is filled with sodium and heated to create a
sodium vapor. The arms of the cell are cooled using a liquid-
cooled block, to condense the sodium traveling along the arms
and allowing it to flow back into the cell. The lon Deflector kicks
any remaining non-neutralized ions out of the beam path.[23]

Figure 1.15 Internal components of the 5° Deflector and Charge Exchange Chamber of

VITO beamline.
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field of 2mT, along the beam axis, which defines the spin orientation axis of
the atoms. The magnitude of the field is sufficiently large to avoid the spin
orientation to be impacted by stray fields from the environment. While the
beam traverses this section, the atom- and laser-beam overlap is maintained
and the atoms experience repeated excitation/de-excitation cycles. Through this
optical pumping in the 'D2 line’ of atomic sodium (*S;, —? Pj» transition), the
ensemble of atoms is spin-polarized. The length of the optical pumping section
was a compromise between achievable polarization and available space in the
ISOLDE hall [53]. The typical laser power recorded at the end of the beamline
is 80 mW cm~2, This induces a theoretical maximum atomic spin polarisation
of =~ 60% for *Na over 1.6m [53]. The optical pumping section ends with a
segmented collimator with a 1cm diameter bore. Its four segments can be read
out similarly to the plate and iris in between the 5°and CEC. These beam
diagnostic elements allow the optimization of the atom- and laser-beam overlap.

Because the magnetic field supplied by the 1.2 T Bruker BE25 electromagnet
is perpendicular to the beam axis, the atomic spins will need to be rotated into
this reference frame. For this purpose, two solenoids and two smaller Helmholtz
coils are used together with the stray field of the main magnet to generate a
gradually changing field. The field produced by this combination of coils was
simulated in COMSOL. The simulation results as well as the measured field can
be seen in figure 1.16 [23]. As the atom beam travels through this field the
spin adiabatically rotates into the direction of the magnets’ field. A detailed
description of this adiabatic spin rotation can be found in reference [53]. For
*Na, about 10 % of the polarization is lost during the spin rotation. Once the
magnetic field experienced by the *Na atom beam, exceeds = 0.1 T the electron
and nuclear spin are decoupled and a purely nuclear polarisation can be observed
[57]. Behind the magnet, a Faraday cup and wire scanner are located. These
help with the initial tuning of the beam such that it travels through the magnet

and through the sample zone.
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Figure 1.16 The magnitude of the transitional field along the beam axis as a function
of the distance from the crystal at the center of the magnet. The results of a COMSOL

simulation are shown as red +'s and the experimental results are shown as blue x's. The
atom beam travels from the right to the left [23].
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Paper 01: High-accuracy
liquid-sample S-NMR setup at
ISOLDE

The following paper was published in Nuclear Instruments and Methods in
Physics Research Section A: Accelerators, Spectrometers, Detectors and Associ-
ated Equipment. It describes in detail the remaining parts of the setup specifi-
cally focusing on the elements surrounding the experimental vacuum chamber.
These components are essential for performing 3-NMR measurements. They
includs, among others, the -detectors, the RF-coil, and the sample holder.
Instrumental to the measurements presented in chapter 3 was the shimming
and locking of the magnetic field. The implementation of both systems is also

presented in this chapter.
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2.1. INTRODUCTION

Abstract

Recently there has been an increased interest to apply the sensitive [-decay
asymmetry detected nuclear magnetic resonance (5-NMR) technique to biolog-
ical studies. A liquid-sample S-NMR setup was build at ISOLDE to allow such
investigations and to use the resolution gain of liquid-state NMR in nuclear
physics. As part of this setup a magnetic field locking system, a set of printed
circuit board shimming coils, a sample exchange system, a set of compact (-
detectors and a custom experimental vacuum chamber were developed. The
main magnetic field was stabilized down to the ppm level by the locking sys-
tem while allowing the direct determination of the absolute magnetic field. The
homogeneity of the magnetic field was improved to < 5 ppm over the sample
volume by the shimming coils. Time spent on changing samples was reduced by
a factor of five by the liquid sample exchange system. During experiments it was
possible to continuously observe the liquid sample thanks to the custom chamber
and compact [-detectors. The absolute field determination allows for a novel
way to reference S-NMR measurements, removing the need for time consuming
reference measurements. The improved accuracy and resolution resulting from
these innovations allows the study of the distribution of nuclear magnetization

and (bio)chemicals using high-accuracy liquid-sample S-NMR.

2.1 Introduction

The emission of f-radiation from an ensemble of oriented nuclei can exhibit a
high degree of asymmetry. This was first observed by Wu et al., with a low
temperature spin-oriented sample of ®°Co nuclei proving that the weak force
does not conserve parity[22]. Due to the magnitude of the observed asymmetry
compared to other types of anisotropically emitted radiation, this effect is a
promising probe for several nuclear effects[21]. In particular, it can be used as
a very sensitive means of detecting nuclear magnetic resonance (NMR) signals,
which can be up to ten orders of magnitude more sensitive when compared to
conventional NMR on stable isotopes|3| as it allows one to measure signals from
as few as 107 nuclei.

The [-asymmetry that is observed in [-decay asymmetry detected NMR
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(B-NMR) experiments, scales linearly with the nuclear polarisation[21], i.e. the
amount of first order nuclear orientation within an ensemble. Therefore, the
larger the polarisation is, the better the signal to noise ratio (SNR) is. The high
level of polarisation of the ensemble of nuclei is one of the reasons for the high
sensitivity of the technique, the other being the detection by [-radiation.

The Larmor precession frequency of the nucleus and the spin-lattice relax-
ation time are directly affected by the electromagnetic (em) environment it ex-
periences. Therefore, the implanted nuclei can be used as probes of these local
environments in the host material by measuring the resonance (Larmor) frequen-
cies and relaxation times in S-NMR experiments. To do so, nuclei that have
a non-negligible beta-decay asymmetry parameter, that can be spin-polarised
and have a short lifetime are required. Examples of such nuclei are *''Li[58],
$Mg[59], 2%*"2¥Na[11], [54]. Other experimental requirements are: a stable and
homogeneous magnetic field (either externally applied or internal to the sam-
ple), a radio-frequency (rf) source, a set of beta-detectors and the sample to be
studied.

Radioactive ion beam (RIB) facilities, of either the in-flight or ISOL-type[60],
provide many nuclei that are suitable for f-NMR. Our experiment is located at
ISOLDE, which falls into the ISOL-type category[39], [40]. This facility uses a
1.4 GeV proton beam as a light projectile impinging on heavy target materials,
containing e.g. uranium or lead[61]. The diverse mixture of simultaneously
produced isotopes is selectively ionised and consecutively accelerated, mass-
separated, and electrostatically guided to different experimental setups[50].

The resulting low-energy ion beam does not exhibit any nuclear polarisa-
tion. Laser optical pumping, the method used at our polarisation beamline at
ISOLDE [53], [54], is a very efficient method to produce a sample of highly ori-
ented short lived isotopes[54]. This is however dependent on an available closed
excitation-deexcitation loop which is generally available for alkali and alkaline-
earth metals. Moreover, when multiple-frequency pumping is used other ele-
ments (e.g Argon)[53] can be efficiently polarized using this technique as well.

Using an accelerating/decelerating electrode the ion beam is tuned into res-
onance with the laser light to allow for the optical pumping process to happen,
next (in the case of alkali metals) the beam passes through a charge exchange

cell which neutralises the beam. A space of 2 m is left for the atoms to interact
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with the laser light, after which the beam goes through a transition magnetic
field which allows the spins to adiabatically rotate into the direction of the main
magnetic field (Bg)[53], [54]. Next the beam is implanted into the sample ma-
terial from where the [-radiation is emitted and observed by a set of detectors
located with and against the direction of By. After each ion bunch, the S-count
asymmetry between the two detectors is recorded. To record a resonance spec-
trum the frequency of the applied rf-field is modified at each bunch. To extract
from the measured Larmor frequency either the nuclear g-factor or the magnetic
field felt by the nuclei, one usually performs a reference measurement. A refer-
ence measurement can be performed by implanting another isotope of the same
element in the same sample, yielding then a ratio of g-factors. Alternatively, the
isotope of interest can be implanted in another sample, yielding then a ratio of
the magnetic fields felt by the isotope (and thus sensitivity to e.g. a chemical
shift or a Knight shift).

[-NMR measurements have been applied in nuclear structure studies and in
material science studies on solid-state samples compatible with the high vacuum
environment present at RIB facilities[62]. In nuclear structure studies, they can
be used to determine magnetic dipole and electric quadrupole moments of short-
lived nuclei [59], [63]-[65]. In material science, they serve as a sensitive local
probe of the internal and interface em-fields[66].

Recently, there has been increased interest in extending the scope of appli-
cations of the technique to (bio-)chemical studies, which typically make use of
liquid samples in which small chemical shifts of the NMR signal are measured[1],
[3]. This goal poses several design and engineering challenges: first, the need to
combine the liquid environment with high vacuum and second, the requirement
of a part-per-million (ppm) homogeneous and stable magnetic field. Addition-
ally, several practical aspects that improve the operation and throughput of the
setup are also important to consider. Such as minimising the footprint of the
[-detectors and the time spent on changing liquid samples.

Here, we report on the developments that have led to the high-accuracy
liquid-sample S-NMR experiments using our experimental setup at ISOLDE[53],
[54]. The upgrades described below have enabled us to determine with unprece-
dented accuracy the nuclear magnetic dipole moment of the short-lived *Na

isotope[11].
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2.2 Methods

2.2.1 Field locking

Bo (1.2 T) was supplied by a Bruker (Billerica MA) BE25 electromagnet cor-
responding to a 'H resonance frequency around 52 MHz. This is generally
considered low-field for modern day NMR spectrometers[67], [68]. Due to the
crowded environment of the ISOLDE experimental hall, which contains lots of
devices that generate (fluctuating) stray fields, fluctuations of By are to be ex-
pected. However, a stable B is essential for S-NMR experiments, especially
those performed in liquid samples, where chemical shifts of a few ppm are often
measured[69]. These shifts can easily become unidentifiable by peak broadening
due to poor magnetic field homogeneity and/or stability. Therefore a magnetic
field stability and homogeneity on the level of a few ppm or less is required.
Systematic By measurements showed that besides rapid fluctuations of low am-

plitude a significant drift could be observed.

In order to reduce these field changes and to stabilize the magnetic field, a
feedback system was implemented. As part of this system the magnetic field
was measured using the pulsed NMR method on 'H inside H,O enclosed in a
3 mm (outer) diameter vacuum-tight vial. The applied pulse length was tuned
to cause a m/4 rotation of the magnetization vector. The free induction de-
cay (FID) of 'H nuclei in water was measured using a transmitter /receiver coil
tightly wound around the outside of the vial. This signal was acquired by a
PS2204a PicoScope (Pico Technology, Cambridgeshire, UK). A LabVIEW (Na-
tional Instruments, Austin TX) [70] program was used to compute a zero-filled
Fast Fourier Transform (FFT) of the acquired signal to obtain the 'H Larmor
frequency, which is proportional to the magnitude of the magnetic field. This
frequency was in turn compared to the set point using the LabVIEW built-in
PID control function. The output of the PID function was used to determine the
number of steps required by a stepper-motor driving a 10 k{2 variable resistor,
connected in parallel to the magnet. The variable resistor was in series with
two 1 k€2 resistors, to avoid short-circuiting the power supply. When coupled
to the magnet’s power supply (providing 38 A) the stepper-motor afforded an
adjustment range of By of 350 ppm.
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The 'H frequency measurement was repeated every 200 ms. A faster repeti-
tion rate was not feasible due to the long spin lattice relaxation times (77) of 'H

in water, and the subdued signal strength of the FID in a low magnetic field.

2.2.2 Absolute-field measurement

The measured 'H frequency also allowed the determination of the absolute value
of the external magnetic field By at the position of the 'H magnetometer, ac-
cording to the following equation:
By = ML (2.1)
u(l—o)
Here, vy, is the measured Larmor frequency, h Planck’s constant, I the proton
spin, 0=25.71(3) ppm is the absolute shielding of 'H in water at 300 K[71], [72],
i is the magnetic moment of the proton 2.79284734462(82) py [73]. To include
the effect of the magnetic susceptibility of the probe, see Eq. (2) in ref. [11].
To determine the magnetic field in the center of the magnet, where the
sample is located, the field difference between the magnetometer and the sample
positions has to be taken into account. We have done so by measuring the
field with the "H magnetometer at both locations, and the relative difference
amounted to 20(3) ppm. The biggest source of uncertainty in the determination
of the absolute magnetic field at the location of the sample was due to the

uncertainty in the probe’s position.

2.2.3 Magnetic field shimming

To address the 2"? order spatial fluctuations, or inhomogeneities, of the magnetic
field in the center of the magnet, two shimming coils were designed. They were
installed concentric and in contact with the magnet poles. For the design of the
coils, the patent of Gilinthard et al. was used [74], which states that a pair of
shimming coils placed directly against the poles of a magnet with a mean radius
(A) of 0.43 times the distance between the poles (G) can effectively correct for
2" order inhomogeneities, without introducing any inhomogeneities of the 4"
order. Giinthard et al.[74] also describe that the required current (I) can be

calculated with:
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2By A°

where i is the magnetic permeability of air, N the number of coil windings and

(2.2)

By the second order inhomogeneous contribution to the field. For ease of use
and precision, the coils were manufactured as a double-layered printed circuit

board (PCB). Figure 2.1 shows a picture of one of the shimming coils.

2.2.4 [-detectors

As can be seen in the exploded view of the experimental chamber in Figure
2.2, a pair of double-layer plastic scintillator detectors were placed close to both
magnet poles, i.e. along and opposite to the direction of spin polarisation.
Within the detectors, both 2-mm scintillator layers (Eljen Technology EJ-212)
were insulated against light travelling between them with a 23.62 um layer of
aluminum. Silicon Photon Multipliers (SiPMs) (onsemi MICROF J-60035) were
coupled to the scintillators, and the signal was amplified by on-board opera-
tional amplifiers. This kept the detector system small, power efficient, and very
resistant to external electronic noise sources. Because of the use of SiPMs, the
detectors were not affected by the 1.2T magnetic field, thus eliminating the need
for light guides.

2.2.5 Sample exchange system

To reduce the time spent on changing liquid samples, a sample ladder shown
in Figure 2.3 was developed. The entire ladder fits within the 30 mm internal
diameter of the rf excitation coil. Individual sample holders, made of 8 mm
diameter mica sheets (i) or reference crystals (ii), are mounted on 3D printed
Polylactic acid (PLA) structures, (iii) connected to two ceramic rods (iv), which
are fixed to a vacuum flange (v). This flange, in combination with a linear
translation stage (vi) and tilt adjust (vii), allows for coarse and fine adjustments
of the sample position in all 3 dimensions.

To align the sample a theodolite is used to look through the end of the
beamline at the back of the sample ladder. The centre of the mica is indicated
by a contrasting dot made at the back of the PLA structures. This dot is used
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Figure 2.1 Detailed picture of a double layered printed circuit board shim coil.
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Figure 2.2 Exploded view of the experimental measurement chamber. The following parts
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are shown: (a) PCB shimming coil, (b) S-detectors, (c) H magnetometer, (d) sample
ladder, (e) S-windows, (f) rf-excitation coil, (g) collimator, (h) front viewport, (i) bottom
plate with viewport, and feedthroughs, and two empty flanges for expansion purposes
(j,k). See text for further details.
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to position the sample in the centre of the pole axis and the vertical axis by
changing the position of the linear stage and tilt adjust. To centre the sample
in the beam axis a similar dot on the lowest sample holder is observed through
a viewport on the bottom-plate of the experimental chamber (Figure 2.2 (i)) as
the tilt adjust is changed. After the tilt adjust has been correctly set only the
position of the linear stage had to be moved to change between the different

sample positions.

The sample exchange system allows to measure up to five samples in rapid
succession, reducing the time spent changing samples (more than an hour per

sample) during the measurement time by a factor of five.

2.2.6 Experimental vacuum chamber

The experimental vacuum chamber, shown in Figure 2.2, was designed and
CNC-machined to tightly fit in-between the magnet poles, and to maximize the
available space inside it. On each side of the vacuum chamber, a plate housing
a Printed Circuit Board (PCB) shimming coil on one side (a), and a S-detector
on the other (b), is mounted on the outside of the chamber. Concentric with the
magnet, 200 pm thick aluminum sheets act as ” f-windows” (e). They form the
boundary between the vacuum inside the chamber and the atmospheric pres-
sure outside, while still allowing the -particles to pass through to the detectors
with as little absorption as possible. Inside, the vacuum chamber (100x40x200
mm) accommodates a 30 mm inner-diameter rf-excitation coil (f), the "H mag-
netometer (c), and movable sample ladder (d), with a NaF reference crystal and
mica sample holders. At the front of the chamber, there is an in-vacuum pocket
that can be used to mount a collimator (g) or a differential pumping cone. The
upper part of the front side houses a large viewport for sample observation (h).
The bottom of the chamber is closed off with a bottom plate equipped with a
viewport for sample alignment purposes (i) and two vacuum feedthroughs with
SMA connectors for rf connections. In the back, two additional flanges (j,k) are
available for future setup expansions, e.g. sample manipulation and temperature

control.
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Figure 2.3 Sample exchange ladder that allows for the rapid exchange of samples. Shown
are (i) the mica sheet sample holder, (ii) reference crystals, (iii) PLA mounting structures,
(iv) ceramic rods, (v) vacuum flange, (vi) the linear translation stage and (vii) tilt adjust.

60



2.3. RESULTS

2.3 Results

In this part, we present the results achieved thanks to the upgrades described
in the previous section.

The implemented locking system has allowed us to effectively stabilize the
magnetic field down to the ppm level. As shown in Figure 2.4, the fluctuations
of the magnetic field were substantial when the locking system was turned off.

When powered without the locking system, the magnet exhibited significant
field instability while the power supply and magnet coils reached a temperature
equilibrium. This can take up to 10 hours. The field change observed during
this period has been as high as 300 ppm. Following this initial instability the
field shows an oscillation with a period of roughly 5 hrs and an amplitude of
17 ppm, which correlates with periodic changes in the ISOLDE cooling water
temperature. By comparison, with the locking system enabled (see the insert of
Figure 2.4), the field deviates around a set point by approximately £+ 0.6 ppm.
The disturbances in the otherwise smooth lines are caused by manual interven-
tions in the direct vicinity of the magnet during which the regulation system
was turned off. Upon restarting the system it cycles through most of its range
before finding back the locked frequency. This is the cause of the large spikes at

the end of the intervention.

The shimming coils improve the homogeneity of By within the sample volume
to the single digit ppm level in every direction as shown in Figure 2.6. With
the shimming coils turned off, By follows a parabola deviating by over 20 ppm
from the center to 9 mm outwards on either side along the pole-axis. With the
shimming coils turned on, the deviation is reduced to only 4 ppm over the same

distance.

Because the sample is oriented with a 45 degrees angle to the horizontal
plane (Figure 2.3) the sample volume extends 3 mm from the magnet center in
the vertical and beam axis directions, and 4mm in the magnet-pole axis. Figure
2.6 shows the final shimmed magnetic field (By) along all three axes around
the centre of the magnet. This is the highest achieved homogeneity across the
three combined dimensions, as trying to optimize the homogeneity in one axis
further, decreases it in the others dimensions. Between the magnet poles and

the vertical axis By follows a flat parabola with the center approximately in
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Figure 2.4 The change of the magnetic field compared to a reference value over time
with the locking system off (blue) and on (orange). The insert shows a zoom of the
regulated data. The spikes in the data are due to interventions on the experimental
chamber requiring the regulation to be temporarily turned off. Once turned back on, the
system cycles through most of its range before regaining the locked frequency. The initial
drift of the unregulated data is due to slow equilibration of the magnet and power supply.
The subsequent oscillations are caused by fluctuations in the cooling water and ambient
temperature.
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Figure 2.5 Spatial deviation of the magnetic field when going away from the magnet’s
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Figure 2.6 Final shimming results for the magnetic field along all three axes, relative to
the magnetic field in the centre of the magnet (taken as 0 ppm). Blue symbols: field
deviation along the central pole-to-pole axis, orange symbols: deviation along the vertical
axis, green symbols: deviation in the horizontal (beam) direction. The shaded blue area
indicates the sample space in the pole-to-pole direction, and the shaded red area the
sample space in the other two directions.

the magnet’s middle, resulting in a maximum deviation from the median field
along these axes at the sample site of 0.8 and 0.2 ppm respectively. However,
along the beam axis By follows almost a straight line, resulting in a maximum

deviation from the median field of 2.1 ppm.

This field stability has allowed us to determine the magnetic moment of an
unstable nucleus with two orders of magnitude higher accuracy than possible
before. Until recently[11], [75], studies of the magnetic moment of exotic nuclei
through 5-NMR have relied on solid-state hosts as implantation sites [76]—[79].
In the case of sodium, magnetic moment studies were performed using a NaF

crystal, with cubic lattice structure, which retained the nuclear spin-polarisation
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Figure 2.7 A comparison between the resonance width of ?°Na in a solid state host (NaF;
blue), and a liquid state host (BMIM-HCOO; green). The deviation from the centre of
each peak is given on the x-axis. The insert shows the resonance in the liquid host.

for up to 40 s [54], [65]. Resonances were achieved with a full width at half max-
imum (FWHM) in the order of 10™* of the resonance frequency [65]. However,
with liquid-state hosts, it is possible to obtain resonances with a FWHM down to
two orders of magnitude smaller, whilst retaining the nuclear polarisation long
enough to observe it through S-NMR. The narrowing of the resonance lines is
due to fast molecular tumbling within the liquid sample, effectively averaging
out the anisotropic contributions found in solid-state NMR spectra. Figure 2.7
shows a comparison the resonance width of 2°Na in a solid state host (NaF;
blue), versus a liquid state host (BMIM-HCOO; green). The insert in Figure
2.7, is a zoomed in part of the spectra in order to show the resonance from the

liquid host.
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2.4 Discussion

In this article, we have presented in detail the technical solutions that allow to
perform S-NMR studies in liquid samples with high absolute accuracy.

One of the key innovations we introduced is the magnetic field locking and
measurement system that maintains the stability of the magnetic field down to
the ppm level over hours and which allows us to determine the absolute value of
the field with ppm accuracy. Another improvement is the PCB-shimming coils,
which improve the magnetic-field homogeneity to 1-5 ppm within the volume
of the sample. Furthermore, the use of state-of-the-art SiPMs has allowed us
to obtain a very compact [-detection system opening up the space to observe
the behavior of liquid samples in real time. Finally, a special sample handling
system shortened the time spent on changing samples by a factor of 5. With
the combination of these features, frequencies of 5-NMR resonances in different
hosts have been measured with unprecedented accuracy, paving the way for
new applications of the technique. At the same time, further improvements are
possible, and these and some general characteristics are covered in the following

sections.

2.4.1 Locking system

The present field locking system reads out the magnetic field every 200 ms, and
adjusts the current at least once per second. This measurement rate is 5 times
faster than the previously used commercial Metrolab PT2025 magnetometer
(Geneva, CH). In addition, the probe is smaller and is fully vacuum compatible.
However, the rate at which the current in the electromagnet can be adjusted is
the limiting step in the feedback loop. Specifically, the control and adjustment
of the stepper-motor-driven variable resistor takes longer than the measurement
time of the '"H NMR magnetometer. Decreasing the time it takes to adjust the
current can improve the field control further by making use of every measured 'H
frequency, thus reducing the time interval between consecutive field adjustments.

The 'H magnetometer’s other strength comes from the fact that it is based
on the "H NMR frequency in water. The absolute NMR shielding for 'H in water
has been calculated much more accurately than in other liquid or solid hosts,

thus leading to a more accurate magnetic field readout at the NMR probe’s
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position. The determination of the absolute magnetic field can be done concur-
rently with S-NMR measurements. Relative measurements via the resonance
frequency of a reference S-NMR nucleus in a known host, which is both time-
consuming and less accurate, are therefore unnecessary.

Furthermore, our '"H magnetometer uses pulsed NMR, which eliminates the
need to modulate the static magnetic field (as is done in the PT2025 probe).
Thanks to this, the magnetometer does not disturb the magnetic field experi-
enced by the probe nuclei at the sample location. Additionally the diameter of
the magnetometer’s rf coil is much smaller than the continuous-wave S-NMR
excitation coil and the applied frequencies are far apart, excluding cross-talk
between the two rf coils.

At the same time, because the S-NMR coil is relatively large, the 'H probe is
positioned 25 mm away from the sample location, where the field is different and
less homogeneous than at the sample’s location in the magnet’s center. Though
this does not affect the locking capabilities of the system, it leads to a field offset
that needs to be measured and corrected for, in order to accurately determine
the magnetic field at the sample position. As the field’s gradient increases, so
does the uncertainty of this correction. Even a small change of the probe’s
position can then result in a slightly different measured field. At present, this
uncertainty is the largest contribution to the total uncertainty in the value of the
magnetic field at the sample’s position. Higher accuracy in the determination
of the magnetic field at the sample position can be reached, e.g. by measuring
the magnetic field very close to, or even at, the exact position of the sample.
For example, in conventional NMR spectrometers, this is done by measuring the
resonance frequency of 2H present in heavy water (D2O) mixed into the solvent.
In S-NMR, protons in the solvent molecules can be used for the same purpose if
an excitation and pickup coil is used to acquire a conventional "H NMR signal

from the sample itself.

2.4.2 Shimming coils

The main achievement of the shimming coils was to reach 1 ppm homogeneity
over a distance of several millimeters. Because the coils are made as PCB boards,

they are very robust compared to wire wound coils. They are also cheap and
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easy to manufacture reproducibly. The optimal current setting can easily be
calculated using Eq. 2.2, requiring only minor fine tuning afterward.

A consequence of this design, which is dependent on the distance between
the poles of the electromagnet, is that the corrections of the field in the axial and
radial directions are coupled. This means a compromise must be found between
the field homogeneity in different directions. Thus, a small gradient arising from
the tail of the transitional field used to adiabatically rotate the atomic spin and
consecutively decouple the nuclear and electron spin of the incoming beam of
probe isotopes [54], can not be corrected by this system.

The magnetic field homogeneity could be further improved by analysing the
field map, and by designing additional coils to correct for remaining field in-
homogeneities. This would however quickly become very complicated, as one
would need to take into account not only the field at the sample site, but also
along the beam path, to make sure that field adjustments made by any addi-
tional shimming coils do not negatively affect the aforementioned transitional
field. The extra space required for additional shimming coils will also be a

limiting factor.

2.4.3 Sample handling system

Because the sample handling system reduces the time spent on exchanging sam-
ples 5 fold, it significantly increases the number of samples that can be tested
during an experimental campaign. It also allows for the fine adjustment of
each sample’s position, resulting in reproducible sample alignment. When used
in combination with the upstream collimator at the front of the experimental
chamber, the sample handling system allows to have the polarised beam im-
planted solely in the well-aligned sample. This prevents background [-counts
that could arise from parts of the beam being implanted in materials other than
the sample.

During previous experiments, a NaF crystal was mounted at the bottom of
the ladder, for reference and inspection purposes. The mica substrate used to
hold the liquid samples is compatible with biological samples, easy to clean, and
allows to create a thin, sub-millimeter layer of the liquid hosts (corresponding to

5-20 pL of liquid), which also makes it possible to use solvents only available in
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very small quantities. As with all other parts situated between, or close to the
magnet poles, the sample handling system is made of non-magnetic material,

and thus does not disturb the static magnetic or the rf fields.

The sample handling system is actuated manually. A clear improvement from
the operational standpoint would be the automation of sample positioning. In
addition, it does not yet include sample temperature measurements and control.
These will be implemented in future developments of the system. Due to the
lack of an efficient vacuum-liquid barrier and the sample orientation at 45° to
the vertical, the sample handling system is only suitable for relatively viscous
vacuum-resistant solvents. Low viscous solvents would simply flow off of the
sample holder and non-vacuum-resistant solvent will evaporate and/or freeze

due to the low pressure.

Ideally, for biochemical studies, one would want to perform measurements in
water, as this is what is routinely done in conventional NMR studies. To achieve
this goal, new technical approaches will be necessary to combine the no/low-
vacuum environment required by water (because of its high vapour pressure),
with the high-vacuum environment of RIB facilities. Solutions that warrant in-
vestigation for that specific purpose are differential pumping setups, allowing
poor vacuum around the sample, combined with better vacuum along the path
of the beam of unstable nuclei, or the encapsulation of samples to protect the
high vapor pressure solvents from evaporation in the vacuum. Both of these
approaches present their own hurdles. In the case of a high final pressure in
a differential pumping setup, the gas present right before the sample will sig-
nificantly scatter the incoming beam due to beam-gas interactions, which will
significantly decrease the S-NMR SNR. In the case of encapsulation, the win-
dow material must be able to withstand the pressure gradient, but also transmit
most of the beam without affecting its spin polarisation. Interactions between
the beam and the window heavily depend on the material used for the window,
its thickness, and the energy of the beam. For low energy beams such as in
our setup (up to 50 keV), the window should be less than 100 nm thick, even
possibly only 50 nm thick, which makes it very brittle. For high energy beams
used at in-flight facilities, the window can be thicker. This allowed Mihara et

al. [75], to perform a f-NMR measurement of ''N in water.
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2.4.4 Beta detectors

The current beta-detection system is a significant improvement compared to
previous systems, which also relied on two pairs of thin plastic scintillators,
however these were coupled to conventional PMs. Since conventional PMs are
very sensitive to magnetic fields, they needed to be covered in Mu-metal and
kept almost 1 m away from the center of the magnet, necessitating the use of
light guides. The whole system took up lot of space, making any manipulation
impractical, and mostly preventing visual inspection of the implantation site.
It was also very heavy, and thus cumbersome to assemble and to get ready for
operation. The present system is lighter and more compact, with S-detectors
(scintillator and SiPMs) located inside the magnet, but still outside of the NMR
chamber. In the future it should be possible to craft a set of detectors to
be placed closer to the sample in vacuum. These could be made significantly
smaller if the covered solid angle is kept constant. Besides this, one can consider
designs with more complex geometries, so as to take full advantage of the beta
decay angular distribution and the effect of the magnetic field on beta-particle

trajectories.

2.4.5 Experimental chamber

Our experimental chamber design was to a large degree determined by the vac-
uum regime (no need for vacuum better than 107% mbar), the magnet to be used,
and by respecting previously made design decisions. It allows to accommodate
all necessary elements: S-NMR excitation coil, "H magnetometer, samples, de-
tectors and shimming coils. Additionally, it has 2 viewports, combined with the
viewport at the end of the beamline, allowing to check the alignment, circular
polarisation, and power of the laser beam, to define the position of each sample
holder after sample change and finally to observe the behaviour of the liquid
sample on the substrate. The chamber is made of heat treated (T6) 6082 alu-
minium alloy and has standard-sized flanges compatible with the UHV standard
CF (using elastomer instead of copper gaskets), which makes the installation and
alignment easier.

The rf-excitation coil was designed to not obstructed the incoming beam,

allow for the maximum solid angle of S-radiation through the ” f-windows, and
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the best homogeneity of the applied rf-field perpendicular to By over the sample
volume given these two boundary conditions.

Different magnet configurations, however, come with significantly different
constraints. For example, for a solenoidal magnet, the chamber design will not
easily give access to a viewport for sample observation. The design of a sample

ladder would also not be a trivial task.

2.5 Conclusion

The upgrades described in the present manuscript open new avenues for (-
NMR studies. They have already allowed for the determination of the magnetic
moment of the short lived nucleus **Na with ppm precision [11]. This achieve-
ment, together with accurate hyperfine structure measurements [80], should al-
low for the study of the distribution of nuclear magnetism through the hyperfine
anomaly (the effect of the non-point like size of the nucleus on the hyperfine
structure[81]). The distribution of nuclear magnetisation can in turn shed light
on open questions in nuclear structure physics, in particular about the distribu-
tion of neutrons inside the nucleus [8], [9].

Another application that these upgrades will be essential for, is the study of
interactions between metal ions and biomolecules with S-NMR [82], [83]. One
example of such interactions is the interaction between DNA G-Quadruplexes
and sodium or potassium ions [84]-[87]. Presently, we are exploring the most
suitable potassium probes for G-quadruplexes studies [2], as well as isotopes of
several other elements relevant to protein folding [1]. Together with our previous
26Na measurement [11] this will be of direct use in our current investigations into

this topic.
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Chapter 3

Paper 02: Magnetic Moments of
Short-Lived Nuclei with
Part-per-Million Accuracy

As described in the introduction one of the main observables in NMR, the Lar-
mor frequency, is directly linked to the nuclear magnetic moment. With the
beamline built and improved, the first study of magnetic moments of short-lived

isotopes implanted into a liquid host could be performed.
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3.1. INTRODUCTION

Abstract

We determine for the first time the magnetic dipole moment of a short-lived nu-
cleus with part-per-million (ppm) accuracy. To achieve this two orders of mag-
nitude improvement over previous studies, we implement a number of innova-
tions into our -detected Nuclear Magnetic Resonance (-NMR) setup at ISOL-
DE/CERN. Using liquid samples as hosts we obtain narrow, sub-kHz linewidth,
resonances, while a simultaneous in-situ 'H NMR measurement allows us to
calibrate and stabilize the magnetic field to ppm precision, thus eliminating the
need for additional S-NMR reference measurements. Furthermore, we use ab
initio calculations of NMR shielding constants to improve the accuracy of the
reference magnetic moment, thus removing a large systematic error. We demon-
strate the potential of this combined approach with the 1.1 s half-life radioactive
nucleus ?°Na, which is relevant for biochemical studies. Our technique can be
readily extended to other isotopic chains, providing accurate magnetic moments
for many short-lived nuclei. Furthermore, we discuss how our approach can open
the path towards a wide range of applications of the ultra-sensitive S-NMR in
physics, chemistry, and biology.

3.1 Introduction

The magnetic dipole moment p is a fundamental property of atomic nuclei, and
it is one of the primary observables used to investigate the nuclear wave-function
[59], [88]-[96]. At the same time, it serves as a versatile probe to measure the
local magnetic field at the nucleus. This ability lies at the core of various spectro-
scopic techniques, among which a prominent role is played by nuclear magnetic
resonance (NMR), which is an indispensable tool for determining structural de-
tails and dynamics in chemistry, biology and materials science [97], [98].

In NMR experiments, one measures the Larmor frequency vy of nuclei of
spin [ precessing in a magnetic field. This frequency is the product of the
gyromagnetic ratio v of the nucleus and the local magnetic field B at the site
of the nucleus, i.e. the applied magnetic field corrected for the effect of the

electrons in the sample,
B uB

=5 T Wl (3.1)

vy

75



CHAPTER 3. PAPER 02: MAGNETIC MOMENTS OF SHORT-LIVED
NUCLEI WITH PART-PER-MILLION ACCURACY

If one wants to employ NMR to extract a nuclear magnetic moment p, two
inputs are thus essential. First, the Larmor frequency r; must be measured.
For stable nuclei v, has been determined with sub-ppm precision since the early
years of NMR [99]-[102], thus is not the dominant source of uncertainty in the
derived magnetic moment. The second essential input to derive p is the NMR
shielding, describing the local effect of electrons in the sample on the applied
magnetic field. Until recently, this effect has been poorly quantified and some-
times even neglected [5]. However, the introduction of reliable NMR shielding
constants, provided by modern ab initio methods [103], [104] enabled correction
of this source of the systematic error in nuclear magnetic moment data [105],
[106], which in extreme cases reached per-mill or per-cent levels [107]-[110]. This
correction turned out to be crucial for the tests of QED in the strong electro-
magnetic fields of highly-charged ions [111], [112]. Here, a more accurate value
of the magnetic moment of 2Bi [108], [109] resolved a significant discrepancy
between the measured and predicted hyperfine splitting (an effect of the inter-
action between p and the magnetic field produced by the atomic electrons) of
highly-charged 2*Bi [113], showing that QED is still valid in such a strong mag-
netic field. Based on the corrected magnetic moments a new referencing scheme
in NMR spectroscopy was also proposed [114], which allows a direct measure-
ment of the NMR shielding instead of a chemical shift (i.e. a difference in NMR
shieldings in different hosts).

More accurate nuclear magnetic moments can clearly bring new applications
in different fields of research, as shown above for stable nuclei. However, mag-
netic moments of short-lived nuclei have not yet been measured with equally
small uncertainty. In the present work, we demonstrate for the first time the de-
termination of a magnetic moment of a short-lived nucleus with ppm accuracy.
This has been achieved for the 1.1 s half life 2Na using an improved version of
the S-NMR technique, combined with ab initio calculations of NMR shielding for
the stable reference 2*Na. The isotope 2°Na was used for the proof-of-principle

experiment, because of sodium importance for biochemistry applications [2].

The S-NMR technique is based on the directional asymmetry of g-particle
emission from spin-polarized S-decaying nuclei [115], [116]. The most attractive
feature of the method is its sensitivity, which is up to 10'° times higher than in

conventional NMR [3], with down to 10° resonating nuclei leading to an NMR,
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spectrum. The technique has been applied to measure the magnetic moments
of short-lived nuclei down to per-mill precision [59], [63]-[65], [117]-[123] and
for electronic, magnetic, and structural investigations in materials science [66],
[124]-[130]. However, in chemistry and biology, S-NMR is far from being a
routinely applicable spectroscopic method [3], [131], [132], due to numerous
experimental challenges. One of them is the requirement of time-consuming ref-
erence measurements with the same short-lived nucleus in a different chemical
environment [131], [133]. Furthermore, those reference measurements are per-
formed in a solid-state sample [131], [132], resulting in relatively wide resonance
signals, thus increasing the final error on the extracted experimental value. An-
other challenge is due to the reduced precision and accuracy in the measured
frequency and deduced magnetic moments, which prevent a direct comparison
of the data with results from conventional NMR and from ab initio chemical
calculations of local fields. The work presented here addresses all of the above
limitations of the S-NMR technique, with the key ingredient being an accurate
magnetic moment measurement.

The developments presented here will be crucial for future applications of
high-precision S-NMR spectroscopy using a variety of radioactive probes, not
only in the fields of chemistry and biology, but also for nuclear structure research.
For example, determining the neutron distribution in light neutron-rich nuclei
[134], [135] is experimentally very challenging as neutrons do not carry electric
charge. However, one can access this information by measuring the distribution
of magnetization inside exotic nuclei. This requires very high-precision mag-
netic moment measurements, combined with high-precision hyperfine-structure
measurements on the same isotope, to be sensitive to the ‘hyperfine anomaly’
[136]-[138].

3.2 Techniques

3.2.1 [-NMR on short-lived ?Na

B-NMR studies were performed on laser-polarized short-lived 2Na. The nuclei
were produced at the ISOLDE facility at CERN [139], in reactions induced by a
1.4-GeV proton beam of up to 2 pA, impinging every 3.6 s on a UC (uranium
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Ion-laser overlap Beam neutralization Optical pumping Spin decoupling B-NMR detection Beam diagnostics

Figure 3.1 Top view of the laser-polarization and 5-NMR beamline [53], [54]. The ion
and laser beams enter from the left. The ions are represented by red circles with a plus
sign. The neutral atoms are represented by blue circles. The polarization of the atom is
represented by arrows. See text for further details.

carbide) target. After fast diffusion out of the heated target, sodium atoms
were surface-ionized, accelerated to 50 keV and mass separated using the High
Resolution Separator (HRS). The pure isotopic beam of ?Na, with an intensity
of 2 — 5 x 107 ions/second, was transported to the laser polarization beamline
[53], [54] shown in Fig. 3.1.

There, the 2Na®™ beam is overlapped with circularly-polarized laser light.
Next, it passes through a neutralization cell, where it picks up an electron as it
travels through a vapour of stable 2Na. Over the next 1.5 m the neutral atomic
%Na beam is polarized via optical pumping in the D2 line at 589 nm [54].
This takes place in a weak guiding magnetic field of 2 mT (applied along the
beam path), which defines the quantization axis and prevents the coupling of
the electron spins to possible stray fields in the surrounding environment. Next,
the atoms pass through a transitional field region of ~ 10 - 20 mT, where the
atomic spins undergo an adiabatic rotation towards the perpendicular magnetic
field of the NMR magnet. The spin-polarized atoms pass through a collimator
and reach a liquid sample located in a vacuum chamber that is placed between
the poles of a Bruker BE25 electromagnet set to a field of 1.2 T (Fig. 3.2). At
this point, the nuclear and electronic spins are decoupled and the nuclear spin
couples to the large static field.

The liquid sample is deposited on a sample holder made of mica. The colli-
mated atom beam and the holder have a diameter of 8 mm. Four such sample
holders are attached to a sample ladder that can be moved in and out of the

beam path. The emitted [ particles are registered in two pairs of thin organic
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(a) Shimming Coil

(f,h) Sample
/(é) Stabilising i
i (b) Beta  NMR Probe™=
B: | Detectors

Atom Beam
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(i) Collimator

(a) Shimmling Coil

Figure 3.2 5-NMR detection chamber. Top: Schematic cross-section as viewed from the
top. Bottom: 3D CAD exploded view. a) shimming coil to improve field homogeneity,
b) B-particle detector (plastic scintillator) and Si photomultiplier, c¢) 'H-NMR probe to
monitor and actively stabilize the magnetic field, d) sample ladder, e) S-particle window
(100 pzm aluminium), f) mica sample holder, g) main rf coil for NMR excitations, h) NaF
crystal to optimise the degree of laser spin-polarization, i) 8 mm beam collimator. See
text for further details.
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scintillators, coupled to compact silicon photo-detectors. The sample at the
center of the electromagnet is surrounded by a 30 mm diameter coil to which

an rf signal can be applied. See Fig. 3.2 for details.
To record an NMR spectrum, such as the ones shown in Fig. 3.3, 200 equally

spaced rf frequencies are sequentially set. For each frequency, the 2Na beam
is implanted over 200 ms following the proton-bunch impact. After the start
of implantation the (3 particles are counted for up to 1 s in the detectors at
0° and 180° to the direction of the magnetic field (left and right to the beam
axis). From these counts the experimental S-decay asymmetry is determined, as
a normalized difference in the counts, (Nope — Nigge)/(Nge + Nigge). At the same
time, the sample is irradiated with a continuous wave rf field of 0.03 mT and
a frequency corresponding to the point in the scan. This procedure is repeated
for consecutive proton bunches (arriving every 3.6 or 4.8 s), to allow most of
the nuclei from the previous bunch to decay. If required by the signal-to-noise
ratio, several spectra of the same sample can be recorded and summed.

To increase the precision of the NMR measurements to the ppm level, the
magnetic field across the sample had to be homogeneous with a temporal sta-
bility at the ppm level during a measurement. To ensure the former, a weak
magnetic field on the order of 0.02 mT was produced by two shimming coils
placed in contact with the magnet poles [74]. In this way the field homogeneity
across the sample volume was improved by more than an order of magnitude
in all three axes: 1 ppm along the symmetry axis of the magnet, 3 ppm in the
vertical axis, and 5 ppm in the horizontal axis (ion-beam propagation). Since
the magnetic field is symmetric with respect to the center of the sample, the
remaining inhomogeneity contributes to a broadening of the resonance peak,
without a significant shift in the resonance frequency, compared to a point-like
sample. The temporal drift in the magnetic field was addressed using an ac-
tive stabilization system based on the 'H resonance frequency measured in a
tailor-made vacuum-compatible HoO NMR probe. The 3-mm diameter probe
was located just outside the main excitation rf coil, as shown in Fig. 3.2, with
its middle only 25 mm away from the center of the sample. The resulting tem-
poral stability was better than 1 ppm between sub-second and 24-h timescales,

compared to drifts as big as 1 ppm/minute without it.

Previous S-NMR studies of the magnetic moments of short-lived nuclei have
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relied on solid-state hosts. For sodium, the studies were performed using a
cubic NaF crystal which retained polarization for several dozen seconds, lead-
ing to NMR resonances with the width in the order of 107 of the resonance
frequency [65]. In comparison, with liquid-state hosts it is possible to obtain
resonances with over two orders of magnitude smaller width (due to molecu-
lar tumbling within a liquid [140]), whilst retaining the nuclear polarization
long enough to employ S-NMR. Unfortunately, most liquid-state hosts used
for NMR studies have a high vapour pressure, so when placed inside vac-
uum they either freeze or evaporate. However, room-temperature ionic lig-
uids, which are salts in a liquid state at room temperature, have an extremely
low vapour pressure [141], which makes them suitable hosts for high-precision
NMR studies in vacuum environments, as encountered in most 3-NMR. setups.
For measuring the Larmor frequency of 2Na two different ionic liquids were
selected: 1-ethyl-3-methylimidazolium dicyanamide (EMIM-DCA) and 1-butyl-
3-methylimidazolium formate (BMIM-HCOO). The EMIM-DCA sample con-
tained =~ 1 uM of #*Na™ while the BMIM-HCOO sample contained 0.5 M. Both
samples were degassed slowly at 1075 mbar pressure for several hours in a sepa-
rate vacuum chamber. 20 pL of each solution was deposited as a 0.4 mm layer
on one of the sample holders attached to the sample ladder. The ladder was
then placed in the S-NMR chamber, as shown in Fig. 3.2, and the pressure in-
side was lowered slowly from atmospheric pressure to 10~° mbar. The sample
was oriented at 45 degrees to the atom beam. Due to the high viscosity of both

liquids, the layer remained on each substrate at high vacuum for up to 24 h.

3.2.2 Conventional NMR on stable *Na

At the time of investigation, it was not possible to obtain a conventional NMR
signal from #*Na at the 3-NMR beamline. Therefore, 2*Na and 'H NMR spectra
were recorded on a conventional NMR spectrometer. Our earlier systematic
NMR studies showed that changing **Na concentration from micro-molar to
molar ranges and degassing for an extended period shifts the ?Na resonance by
less than 0.5 ppm. This was taken as our experimental uncertainty for >*Na and

degassing was not carried out during the measurements presented here. The
field of 7.05 T was provided by a Bruker Avance DMX 300 MHz spectrometer
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and a basic pulsed-NMR scheme was applied (single 7 rf pulse) on samples kept
at room temperature. The sample preparation and Na® concentration were as
close as possible to those in the S-NMR experiment: ~ 1 yM in the EMIM-DCA
sample and 0.5 M in the BMIM-HCOO sample.

For the measurements, 200 pL of each solution were sealed inside a 3-mm
diameter NMR tube. The tube was placed inside a 5-mm diameter tube filled
with DO, whose 2H NMR signal was used to stabilise the magnetic field au-
tomatically during the measurements (field locking). 'H NMR resonances were
also recorded within several minutes from #*Na spectra, using the same setup
with two concentric tubes. Here, the 3-mm tube was filled with HyO. Due to
the way the field locking was performed, the magnetic field was the same for all

measurements.

3.3 Results

In order to derive the nuclear magnetic moment from the Larmor frequency in
eqn. 3.1, the effective magnetic field B needs to be known. Since the external
field By is modified by the bulk magnetic susceptibility of the host and by the
NMR shielding of the nucleus in the host o, B can be thus expressed as [142]

B = By[l+ (1/3 —a)k)](1 — o), (3.2)

where k is the volume magnetic susceptibility and « is the shape factor (see
Appendix B for details). It is advantageous to use an approach where ax or/and
o cancel out, so we started by determining the ratio R of the magnetic moment

of 2Na to that of 2*Na in the same ionic liquid host

R= - . (3.3)

This value is independent of the NMR shielding (which is the same for ®Na
and #*Na), and includes only a correction due to the difference in bulk magnetic
susceptibilities of our samples (Appendix B).

The ?Na S-NMR spectra in EMIM-DCA and BMIM-HCOO recorded at
1.2 T are shown in Fig. 3.3, while Tab. 3.1 shows the corresponding Larmor
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frequencies, together with reference frequencies for 2°Na at 7.05 T. For each mea-
surement, several spectra were analysed, which differed in the observation time
and in the coincident gate to determine the experimental S-decay asymmetry.
The spectra were fitted with a flat baseline and Lorentzian profiles, which were
expected due to a moderate rf power broadening. The data were also fitted using
Gaussian profiles and a sloped baseline, with a negligible effect on the resonance
frequency and its uncertainty. To extract the *Na resonance frequencies shown
in Tab. 3.1, spectra with a 250 ms observation time were used, as they provided
the highest signal-to-noise ratio and the smallest non-statistical scattering be-
tween data points. Because this scattering led to the normalized (reduced) sum
of residuals x?_; being higher than 1, the fitted frequency uncertainty was scaled
by \/%, following the procedure by the Particle Data Group [143].

During the 2Na measurements, the 'H stabilising NMR probe had a reso-
nance frequency of 52008500(30) Hz. This was 1050(150) Hz lower than when
the probe was placed at the sample position in the middle of the magnet, which
lead to a corrected frequency of 52009550(150) Hz. During the **Na measure-
ments, the 'H NMR Larmor frequency was 300131415(100) Hz.

Using the above Larmor frequencies and the magnetic susceptibility correc-
tion from Appendix B, the derived value of R for each measurement is shown in
Tab. 3.1. The error in round brackets results from the statistical uncertainty on
the 2Na resonance position. The systematic error present in all measurements is
shown in square brackets, and includes systematic uncertainties in the resonance
frequencies of 'H and 23Na, and the uncertainty of the magnetic susceptibility
correction. Here, the biggest contribution by far is the error in the frequency
of 'H during the 3-NMR measurements, caused by the uncertainty in the posi-
tion of the probe, which can be improved in the future. The final value of the
ratio of (*Na) to u(**Na) is R = 1.284956(1)[8] or R = 1.284956(8) with the
uncertainties combined. Fig. 3.4 shows the individual results in comparison to
the literature value based on the hyperfine-structure measurement [144], which
is two orders of magnitude less precise than our result. Our weighted average is
indicated by the purple line. The purple shaded region represents the statistical
uncertainty while the orange region represents the systematic uncertainties.

In order to determine p(?**Na), a reliable reference p(**Na) value is needed.
In Nuclear Data Tables [5], the values of ;1(*Na) based on Atomic Beam Mag-
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Figure 3.3 Examples of 26Na 3-NMR spectra in BMIM-HCOO (top) and EMIM-DCA
(bottom). See text for the description of the fitting procedure. Note the different ranges
of x and y axes. The fitted baseline (i.e. experimental asymmetry outside resonance) was
subtracted for all data points for an easier comparison of the amplitudes of both signals.
The magnetic field was locked to the same 'H frequency for both samples.
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Figure 3.4 Ratio of the magnetic moments of 20Na and 23Na. Left: literature value [144],
right: present study. Thin error-bar lines correspond to statistical uncertainty in the 2Na
Larmor frequency and thick lines are the systematic uncertainties. The weighted average
is represented by the purple line. The statistical uncertainty from all four measurements
is indicated by the pink band, while the systematic uncertainty is shown by the broader
orange band. For details, see text.

Table 3.1 Larmor frequencies of 2Na at 1.2 T and ?*Na at 7.05 T in BMIM-HCOO
and EMIM-DCA, and the resulting ratio of the magnetic moments, R, based on eqn.
3.3. Errors in round brackets are due to the statistical uncertainties in the resonance
frequencies. For R, this includes only the uncertainty of the 2Na resonance frequency,
while the square brackets are due to other contributions, including the uncertainty of the
23Na resonance frequency.

Liquid host vz (**Na) (Hz) v (**Na) (Hz) R
BMIM-HCOO  8838826(14) 1.284956(2)]8]
79390170(100)
BMIM-HCOO  8838834(12) 1.284957(2)[8]
EMIM-DCA  8838838(10) 1.284955(2)[8]
79390300(100)
EMIM-DCA  8838847(13) 1.284957(2)[8]
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netic Resonance (ABMR) and NMR experiments differ by 1.34x10™* i, which
is much larger than the individual error bars. This introduces an uncertainty
that is larger than that of the frequency-ratio measurement in our S-NMR ex-
periment. The above discrepancy stems from applying an obsolete diamagnetic
correction [145] for the derivation of u(*3Na) from the experiments. This incon-
sistency can be corrected using ab initio NMR shielding constants calculated for
the species used in both experiments: a sodium atom in ABMR and an aqueous
sodium ion in the NMR experiment. The technical details of NMR shielding

calculations can be found in the Appendix A.

The NMR shielding in the sodium atom calculated using the Dirac-Hartree-
Fock (DHF) method is 637.1 ppm. The electron correlation contribution esti-
mated using the Dirac-Kohn-Sham (DKS) method with various DFT functionals
ranges from 0.06 ppm (PBEO) to 0.23 ppm (B3LYP). Coupled cluster codes for
the NMR shielding of open-shell systems are not available. However, the accu-
racy of DKS correlation contributions can be estimated by the NMR shielding
in the closed-shell Na™ ion and the difference between the electron correlation
contributions in the sodium atom and sodium ion from the literature [146]. The
non-relativistic CCSD(T) correlation contribution calculated for the sodium ion,
—0.08 ppm, should not differ from the NMR shielding in the sodium atom by
more than 0.09 ppm [146]. All presented correlation contributions suggest that
the electron correlation effects for the NMR shielding in the sodium atom are
small. Therefore the NMR shielding in the sodium atom can be approximated
with a very good accuracy by the DHF value. The electron correlation con-
tributions can be used as an error estimate. Our final NMR shielding in the
sodium atom, 637.1(2) ppm, is consistent with the shielding in ref. [147]. The
NMR shielding for the solvated sodium ion was approximated by the NMR
shielding in a six-coordinated Nat(H20)g complex (the prevalent coordination
number according the experiment [148]). The five coordinated Na*(H50)5 com-
plex was used to estimate the error of the NMR shielding due to the structural
uncertainty. The NMR shielding constants calculated using non-relativistic and
relativistic approximations for the Na®™(H,O)g complex are shown in Tab. 3.2.
The Hartree-Fock and DHF NMR shielding, electron correlation contributions
(ASOSD ATCS P and relativistic contributions (ADIF - APKS) reach good con-
vergence with the basis size. The final NMR shielding for the Na*(H,0)g com-
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plex, 582.0 ppm, is a composite value of (i) the non-relativistic shielding calcu-
lated using the CCSD(T) method, (ii) relativistic correction (APKS) and (iii)

rel

the PCM solvent contribution (AP$M). All contributions entering the final NMR
shielding were calculated using the quadruple-¢ (QZ) basis set.

The systematic error of the NMR shielding in the Nat(H,0)g complex was
evaluated as the square root of the sum of squares of the following errors.
The structural uncertainty (2 ppm) was evaluated as the difference between
the CCSD NMR shielding for aqueous sodium complexes with the coordina-
tion number of five and six. The basis set incompleteness error (1 ppm) was
estimated from the variations of the NMR shielding constants calculated using
non-relativistic HF method with Dunning and Jensen basis set series. The cou-
pled cluster expansion truncation error was approximated by ASES b ~1 ppm.
Considering the convergence of the PCM solvent contribution (AZGM) the er-
ror was estimated to be 1 ppm. The systematic error introduced by assuming
an additivity of the electron correlation and the relativistic effects is negligible
as indicated by the small difference between the APHF and APES relativistic

corrections.

The final approximation of the NMR shielding of the aqueous sodium ion is
(582.0 £ 2.6) ppm. This result is consistent with the NMR shielding in ref. [149],
but in the present study, the error bar was reduced by a factor of four. This
was achieved by calculations with much larger basis sets, which led to a better
convergence of all contributions.

Table 3.3 presents the new values of the »Na reference magnetic moment
re-derived using our new NMR shielding constants. The ABMR-based magnetic
moment was obtained using our ab initio NMR shielding of the sodium atom and
the original ABMR experiment [150]. The NMR-based magnetic moment was
re-derived using (i) our ab initio NMR shielding of the aqueous sodium ion, (ii)
the experimental frequency ratio 0.26451900 [151] of ?Na in 0.1 M NaCl water
solution to the proton in tetramethylsilane (TMS), (iii) the reference proton
magnetic moment pu('H) = 2.792847348(7) uy [152], and (iv) the reference NMR,
shielding of the proton in TMS o(*H) = 33.480 + 0.5 ppm [71].

The newly extracted ABMR- and NMR-based values of **Na nuclear mag-
netic dipole moment are now consistent within the error bars and the discrepancy

between them was decreased by a factor of ~30.
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For the derivation of the ?®Na nuclear magnetic dipole moment, the NMR-
based 2*Na nuclear magnetic dipole moment was used, because the correspond-
ing NMR shielding calculations for aqueous sodium complexes are based on a
better approximation and the error bar was estimated more rigorously. The

resulting *Na nuclear magnetic dipole moment is 2.849390(20) py (Tab. 3.4).

The new 2°Na nuclear magnetic dipole moment is consistent with the pre-
vious experimental value based on the hyperfine-structure measurement [144]
within the error bar, but the present experiment and ab initio calculations im-
proved its accuracy by two orders of magnitude, to 7 ppm. The largest contri-
bution to this error bar comes from the uncertainty in the position of the 'H
NMR probe during the S-NMR experiment, which is 2 times larger than the
uncertainty from NMR shielding and 3 times larger than the other experimental
uncertainties. Experimental upgrades to provide a rigorous determination of the
probe position could reduce the uncertainty of the 2Na magnetic moment to

the level of accuracy reached for the stable ?*Na.

Magnetic moments which have been linked to 2Na can also benefit from
the improved accuracy of p(**Na). This is the case for 2 73'Na, which were in-
vestigated using S-NMR in solid-state hosts at the collinear laser spectroscopy
beamline at ISOLDE [65], and whose g-factors g; = p/(Ipun) = vh/pn were ref-
erenced to that of 2Na. Table 3.4 presents our new values of the 2Na and 2°Na
magnetic moments, as well as the 2 7'Na magnetic moments obtained using
our improved x(*Na) and the aforementioned g-factors. Literature magnetic

moments [65], [144] are also shown for comparison.

The new values of the 2~2%3!Na magnetic moments have a relative uncer-
tainty of 70 ppm. This is a ten-fold improvement compared to the values deduced
in [65] and up to 50 times more accurate than the values tabulated in the latest
compilation of nuclear magnetic dipole and electric quadrupole moments [5] (for
30Na, it is respectively two [65] and 10 [5] times smaller). Previously, the un-
certainty for 27~3!'Na was dominated by the precision in the magnetic moment
of the reference 2Na. At present, it is determined by the uncertainty in the
27-3INa B-NMR resonance frequency in solid-state hosts. If new measurements
in liquid hosts are performed, this contribution could be decreased further to

the ppm level.
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Table 3.2 Sodium NMR shielding in the Na™(H20)s complex.

DZ¢ Tz QI
HF 578.588 578.814 579.150
CCSD 571.625 573.837 574.140
CCSD(T) 571011 572.909 573.127
ACCSD 6.963  -4.977  -5.010
AGoPM 0.614  -0.928 -1.013
PBEO+PCM  563.355 565.609 568.197
PBEO 564.406 565.472 567.533
APOM -1.051  0.137  0.664
DHF 586.860 587.263 587.346
DHF? 578.980 579.089 579.151
APHF 7880 8174  8.195
DKS/PBE0  574.842 574.822 574.848
DKS/PBEQ® 567.007 566.694 566.688
APKS 7835 8128  8.160

rel

“ for non-relativistic calculations cc-pCVXZ.ce-pVXZ basis set series (X = D,

T, Q) are used; for relativistic DHF and DKS calculations uncontracted

b

ucc-pCVXZ.ucc-pVXZ basis set series are used

non-relativistic limit obtained with the speed of light re-scaled by factor of 20

Table 3.3 ;(?3Na)/ux reference nuclear magnetic dipole moment from ABMR and NMR

experiments

old reference [5]

This work

ABMR +2.217522(2)
NMR  +2.2176556(6)

2.217495(2)°
2.217500(7)°

® using the original ABMR experiment [150] and NMR shielding of the sodium

b

atom (637.1 £+ 0.2) ppm
using the standard NMR frequency ratio of ?Na in NaCl water solution to

proton in TMS [151] and NMR shielding of Nat(H20)g (582.0 £ 2.6) ppm.

See the text for details on NMR shielding calculations.
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Table 3.4 Magnetic moments of 2326=31Na determined in this work, compared to litera-
ture values [65], [144], and other nuclear properties relevant for NMR.

Isotope I tijp(ms)  Q(mb) old p (un) new p (pn)
%Na  3/2 stable  +106(1) 2.217500(7)®
% Na 3 1071 -5.3(2)  2.851(2)  2.849390(20)°
Na  5/2 301 -7.2(3)  3.894(3)  3.89212(24)
28Na 1 31 439(1) 2420(2)  2.41844(19)
YNa  3/2 44 486(3)  2457(2)  2.45535(17)
30Na, 2 48 2.069(2)  2.0681(11)
31Na  3/2 17 2.298(2)  2.29670(17)

@ corrected p(**Na) based on NMR experiment, Table 3.3
b based on our improved ratio of u(*Na)/ u(**Na)

3.4 Discussion and future perspectives

To determine precise and accurate, shielding-corrected magnetic moments, two
independent steps are needed. First, the Larmor frequency of the radioactive
probe is measured relative to that of a stable NMR probe, e.g. 'H or 2H in
water. This procedure removes the need for reference measurements relative
to another radioactive probe nucleus, which is the current (time consuming)
reference method used in S-NMR. Furthermore, by using an ionic liquid as the
host for the radioactive probe, a very precise Larmor frequency can be obtained,
from which a precise (but still uncorrected) magnetic moment of a short-lived
nucleus can be deduced relative to that of the stable (*H or ?H) probe. Second,
the NMR shielding in the host is corrected, using one of two procedures. It can
be calculated using modern calculation methods (if possible), or alternatively an
independent NMR measurement has to be performed for the stable isotope of the
element in the same host, again relative to the H-reference. The latter approach
was used here. The final accuracy on the magnetic moment will then depend

on the accuracy of the moment of the stable isotope, which can be deduced
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from former high-precision measurements in atoms, molecules and liquids, in
combination with state-of-the-art shielding calculations (as performed here).

The accurate magnetic moments of 2673!Na presented above, together with
that of 2*Na, provide a set of NMR probes connected through the same NMR
shielding. In this way conventional NMR and the ultra-sensitive S-NMR can
be used to provide complementary information on chemical and biological pro-
cesses, by probing different timescales and different nucleus-environment inter-
actions (see Tab. 3.4). For example, with the very short-lived **Na one can
probe processes with ms timescales, with longer-lived 2°Na — timescales of sec-
onds, while stable 2>Na has a much longer observation window. Furthermore,
quadrupole moments of 26Na and ?"Na are respectively 20 and 15 times smaller
compared to the stable 23Na. This results in a weaker interaction with the gra-
dient of the electric field [153], leading to longer relaxation times and narrower
resonances. This should permit the observation of NMR signals in hosts which
display broad 23Na resonances due to a strong quadrupolar interaction.

The approach presented here can be directly applied to other isotopic chains,
thus expanding the palette of nuclei available for NMR spectroscopy. It can
be combined with several techniques to polarize spins of short-lived nuclei.
Some elements are easily polarized using element-specific laser optical pump-
ing, as proven for several alkali and alkali-earth elements [90]. At the same
time, universal polarization methods, such as pickup of polarized thermal neu-
trons, projectile-fragmentation or low-energy nuclear reactions can be also used
to produce polarized samples of radioactive isotopes, see [88], [154], [155] and
references therein.

Accurate magnetic moments of S-NMR probe nuclei are setting foundations
for a novel referencing scheme in S-NMR spectroscopy. The method is based
on measuring two Larmor frequencies simultaneously: for the radioactive probe
in the chosen host material and a stable NMR probe like 'H or ?H in water
placed in the experimental setup near the probe of interest. In this scheme,
the absolute NMR shielding oy instead of a chemical shift could be measured

directly, following eqns. 3.1 and 3.2:

Vx |,uy| ]X 1 + (1/3—Oéy)liy
ox =1—— — 1—oy). 3.4
X Vy |/Lx|ly1+(1/3—0éx)lix< Y> ( )

where X is the f-NMR probe nucleus and Y is the reference conventional nucleus
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(e.g 'H in water). A description of the correction due to the difference in the bulk
magnetic susceptibilities ak is presented in Appendix B. Here, the 5-NMR probe
nucleus is related to the conventional NMR reference nucleus, which establishes a
bridge between 5-NMR spectroscopy and conventional NMR spectroscopy. This
scheme offers the possibility to reference radioactive nuclei shielding to the stable
nuclei not only within the isotopic chain, but also between different elements.
This removes the dependence of S-NMR spectroscopy on the ambiguous and
often ad hoc standards defined for every element separately [114].

In this novel referencing scheme, the uncertainty of the NMR shielding o x of
B-NMR nuclei in different hosts, derived from eqn. 3.4, will be defined primarily
by the uncertainty in their magnetic moment. For 26Na, using the old value of
%Na magnetic moment leads to 26Na NMR shielding values with a +700 ppm
error bar, which is about 10 times larger than the full range of chemical shifts
for sodium [156]. In comparison, our new magnetic moment of **Na will lead to
a 100 times more accurate shielding values (£7 ppm), which will be sufficient
to distinguish between different sodium binding sites, see e.g. [157], and will
enable comparisons to theoretical Na NMR shielding values [87], [158], [159].

All of the above innovations open the path for novel applications for S-
NMR in chemistry and biology. One such application is the interaction of metal
ions with biomolecules [82], [83], which is important for the functions of living
organisms (especially metal-ion mediated folding of proteins [160] and nucleic
acids [161]). For example, half of the proteins in our body contain metal ions,
but their interactions and factors influencing them are still not fully understood.
This is because many metal ions are silent for most spectroscopic techniques [83]
and are very challenging for conventional NMR [147], [162]. Yet, in NMR, metal
nuclei are often very sensitive to small changes in geometry and coordination
number, which gives rise to dozen-ppm shifts in resonance frequencies for many
metals [156], [162]. The application of 5-NMR will allow this field to profit from
up to a billion times increased sensitivity and access to readily available 3-NMR
probe nuclei with smaller or even no quadrupolar moment (see e.g. [59], [65]),
giving rise to longer relaxation times and narrower resonances.

Using the advances presented here, pilot applications in biology are already
planned. Among the biologically relevant metal ions, sodium and potassium play

an important role in the formation and dynamics of special DNA structures, G-
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quadruplexes, which are promising targets for anti-cancer therapies [84]. Our
present work has prepared 2°Na to be an immediately applicable S-NMR probe
to address this topic [2], [85]-[87]. Presently, we are also exploring the most
suitable potassium probes for G-quadruplex studies [2] and isotopes of several
other elements relevant to protein folding [1].

In a very different field, namely in nuclear structure, our research paves the
way for addressing the open question about the distribution of neutrons inside
atomic nuclei [8], [163]. The neutron distribution impacts the properties of neu-
tron stars [164], determines the limits of the nuclear landscape [165], and is
responsible for novel phenomena and exotic structures in unstable nuclei [166].
It is especially important for light neutron-rich ‘halo’ nuclei, consisting of a
compact nuclear core and one or several loosely bound ‘halo’ neutrons which
are spatially extended [167], [168]. As neutrons do not carry an electric charge,
compared to protons their distribution is much more difficult to be determined
experimentally. However, because the neutron distribution is closely related to
the distribution of nuclear magnetism, it can be addressed via the hyperfine
anomaly, by combining the accurate magnetic moment with an accurate hyper-
fine structure measurement [169]. For example, in ' Be the magnetism is mostly
due to the ‘halo’ neutron [134], [135], so the hyperfine anomaly provides a direct
probe of the halo structure [134], [170]. Because the hyperfine structure of ''Be
is already known with high accuracy [135], the only missing experimental input
to derive the neutron distribution from the hyperfine anomaly is an accurate
value of the magnetic moment of "'Be, which can be achieved by applying the

procedure presented in this work.

3.5 Conclusions

In summary, using 2Na as an example, we have presented the first determina-
tion of a magnetic moment of a short-lived nucleus with ppm accuracy. This
represents an improvement by two orders of magnitude in comparison with a
previous experiment and other S-NMR based measurements of magnetic mo-
ments. The procedure described in this article represents a general protocol for
measurements of magnetic dipole moments of polarized [-decaying nuclei with

high accuracy, reaching the accuracy for stable nuclei.
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The innovations presented here brings the following advances for the ultra-
sensitive -NMR technique: (i) Elimination of the dependence of 5-NMR spec-
troscopy on ambiguous and often ad hoc references. As a result, the uncertainty
related to the S-NMR reference measurement can be removed from the analy-
sis. In addition, the direct comparison of S-NMR and conventional NMR data
bridges these two techniques. (ii) Saving scarce resources of radioactive beam
for acquisition of more S-NMR data on the samples of interest, since a refer-
ence measurement on a S-NMR probe is not required. This will accelerate the
application of S-NMR spectroscopy as an analytical tool. (iii) Link to ab ini-
tio predictions through the direct measurement of NMR shielding for S-NMR
probes. This will facilitate the interpretation of S-NMR experiments.

These novel features have the potential to transform S-NMR spectroscopy
into a more widely applicable technique, based on a palette of ultra-sensitive
B-NMR probes with accurate magnetic moments, allowing to address problems
that range from neutron distribution in exotic nuclei to interactions of metal

ions with biomolecules.
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3.7 Appendix A - Ab initio NMR shielding cal-

culations

NMR shielding in the sodium atom with the doublet electronic ground state was
calculated using the Dirac-Hartree-Fock (DHF') method applying the paramag-
netic NMR theory for open-shell systems [146], [171], [172]. Dyall-VXZ [173] ba-
sis set series were used (X = D, T, Q represents double-(, triple-¢ and quadruple-
¢ basis sets).

According to a recent experiment [148], the coordination number of the aque-
ous Na™ ion depends on the NaCl solution concentration and varies between 5
and 6. Therefore, NMR shielding of the Na™ ion in the aqueous solution was
calculated for model Nat(H20)5 and Na®(H20)s complexes. Their structures
were optimized using Density Functional Theory (DFT) with the B3LYP den-
sity functional [174]-[176] and Def2-TZVP basis set [177]. The D3 dispersion
correction [178] was applied. A distorted octahedral structure (Do, symmetry)
was obtained for the Nat(H20)g complex, with an average Na-O distance of
2.386 A. For Nat(H,0);5 the corresponding structure was found to be a trigo-
nal bipyramid (Cy, symmetry) with an average Na-O distance of 2.368 A. The
average Na-O distances for both structures are in good agreement with the ex-
perimental Na-O distances obtained with two different experimental methods
giving 2.384 £ 0.003 A and 2.37 + 0.024 A [148)].

NMR shielding constants for aqueous sodium complexes were calculated us-
ing the non-relativistic coupled cluster (CC) method with single and double
excitations (CCSD) and with non-iterative triple excitations CCSD(T) [179],
[180]. All electrons were correlated. Dunning core-valence basis set series cc-
pCVXZ [181] were used for sodium and valence series cc-pVXZ [182] for hydro-
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gen and oxygen, combining basis sets with the same cardinal number X (X =
D, T, Q). In order to estimate the error due to incompleteness of the basis set,
the pcS-n basis set series by Jensen [183] was also used. In all NMR shielding
calculations Gauge-Including Atomic Orbitals (GIAO) [184] were used.

The effect of the water solvent (outside the first solvation shell) on the NMR
shielding in the sodium complex was incorporated by the polarized continuum
model (PCM) COSMO [185]. This effect was evaluated using DFT with the
PBEO functional [186], [187]. The water dielectric constant of 78 was used in
this implicit solvent model.

Relativistic corrections were calculated as the difference between the rela-
tivistic NMR shielding and the corresponding non-relativistic limit using two
different methods: the DKS method with the PBEO functional and the DHF
method. The non-relativistic limit was obtained by re-scaling the speed of light
in the Hamiltonian by a factor of 20. In the relativistic calculations, the Dunning
basis sets were fully uncontracted and a restricted magnetic balance scheme was
employed to generate the small component basis set [188], [189]. The nucleus
was modeled by a Gaussian charge distribution [190].

For the structure optimization and for non-relativistic DFT calculations of
NMR shielding constants the NWChem package was used [191]. Non-relativistic
coupled cluster NMR shielding calculations were carried out in the CFOUR [192]
package. For relativistic NMR shielding calculations, the ReSpect [193], [194]

program was used.

3.8 Appendix B - Effect of bulk magnetic sus-
ceptibility

When using NMR to determine accurate nuclear magnetic moments or absolute
NMR shielding, one should consider the differences in bulk magnetic suscepti-
bility between the samples [142] (see. eqn. 3.2 and 3.4). This effect depends
on the volume magnetic susceptibility of the host material £ and on the geom-
etry of the sample, reflected in the shape factor a. For the shapes used in our

studies, o ~ 0 for the 2*Na and 'H samples in conventional NMR, and for 2Na
in /-NMR at CERN (cylinders parallel to the magnetic field [142] and a disc
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perpendicular to the magnetic field [195], respectively), whereas a ~ 1/2 for the
'H probe used at CERN (cylinder perpendicular to the field [142].

In eqn. 3.3 for the ratio R of the magnetic moments, the magnetic susceptibil-
ity corrections for 2Na and 2Na cancel out in the term vy, (*Na)/vg,(*3*Na), due
to the same a and x. At the same time, B(**Na)/B(**Na) = v,(*H) /v (*H) x
(14 A), with A = (1 — $km,0)/(1 + 3£m0) — 1, and prime denoting the mea-
surement at CERN. Using kx,0 = —9.04 x 1075 A ~ +4.5 + 0.5 ppm, where
we assumed a 10 % uncertainty in the shape factors due to the finite size of the
samples.

When using eqn. 3.4 to measure NMR shieldings with S-NMR, one must
consider the shape factor a and the volume susceptibility « for the host of the

reference nucleus (water in our case) and that of the 5-NMR nucleus.

97



Chapter 4

Discussion & Outlook

In this thesis, a method to determine the magnetic moments of (3-emitting
radioisotopes with ppm accuracy using 3-NMR has been established. This
achievement is valuable for (bio)-chemical studies with -NMR, especially those
that are challenging with conventional NMR. It is also an essential part that

could shed light on the distribution of magnetization within the nucleus.

The technical prerequisites for a precise measurement of the nuclear Lar-
mor frequency were achieved thanks to several developments implemented at
the B-NMR setup at ISOLDE. Especially important was the ppm stability and
homogeneity of the magnetic field, achieved by the 'H feedback system and the
shimming coils. The other main contribution to the precision of the measure-
ment was the ability to implant the atom bunches into room temperature ionic
liquids (RTILs).

To use the improved measurement of the Larmor frequency of **Na to obtain
a more accurate magnetic moment, the measurements linking it to stable **Na
and new ab initio NMR-shielding calculations were needed. The ?°Na Larmor
frequency was connected to that of stable *Na in the same solvent through
an intermediate measurement of the 'H frequency at different magnetic field
strengths. The ab initio NMR-shielding calculations solved the discrepancy
between the historic **Na magnetic moment measurements. All these steps
combined, in turn, allowed for a more precise and accurate determination of the

magnetic dipole moment of Na with an uncertainty of 7 ppm.

Just as in conventional NMR, the resolution of 3-NMR increases at higher
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magnetic field strength. The absolute frequency width of any NMR peak remains
constant with increasing field. However, the resonance position linearly increases
with increasing magnetic field strength. Consequently, the relative peak width
decreases, and the peaks get better resolved. With the current hardware, the
ISOLDE B-NMR setup is limited to a magnetic field strength of 1.2T. Going to
higher field strengths will require a superconducting magnet, which can improve
the field stability and homogeneity to the sub-ppm level.

The nuclear chart gives an overview of a vast number of potential isotopes
with more favorable NMR properties compared to their stable counterparts e.g.
with a (larger) magnetic dipole moment, with an electric quadrupole moment
which is smaller or even equal to zero, and with a different spin quantum num-
ber. However, the potential amount of suitable isotopes usable in 3-NMR ex-
periments reduces significantly if the following two requirements are taken into
account: First, the chosen isotopes need to be efficiently produced at the avail-
able production site. Second, the experimental 3-decay asymmetry needs to be
significant. The latter is determined by the amount of nuclear spin polarisation
of the implanted ensemble, the (-decay asymmetry factor, the profile of the
implanted beam, and the effective solid angle covered by the detectors. For a
given signal to noise ratio (SNR) one can make a trade-off between beam inten-
sity, experimental 3-decay asymmetry, and measurement time. Because of this
trade-off and the experimental (3-decay asymmetry being setup-dependent, it is
not feasible to publish a comprehensive list of suitable isotopes. Furthermore,
continued development of polarisation schemes and improved production rates

will further expand the number of isotopes suitable for 3-NMR studies.

When comparing the work done within this thesis to previously performed
measurements in solid-state samples, the most striking difference can be seen
comparing the resonance of *Na in the RTIL BMIM-HCOO with the resonance
in a NaF crystal (see figure 7 of chapter 2). It highlights the two orders of
magnitude gain in resolution by performing 3-NMR measurements in liquid
hosts rather than solid-state hosts.

Although performed with different setups, field strengths, implantation en-
ergies, methods, and isotopes, it is also worth looking at 3-NMR results in

liquid samples from other facilities: The Heavy Ion Medical Accelerator in
Chiba (HIMAC), and the ISAC-facility at TRIUMF in Vancouver. The setup
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used at HIMAC for the study of the '»'"N isotopes, as reported by Mihara et.
al. [75], [131], [196], operates at a similar field strength as the setup at ISOLDE.
However, since it is located at an in-flight facility, the beam energies are in the
order of tens of MeV /nucleon instead of 50keV. Because of this higher energy,
the sample does not have to be kept inside a vacuum chamber, and implanta-
tion directly into liquid water through a thick window is possible. This is a clear
advantage for future biological applications. A drawback is that this solution
leads to a reported reduction of the nuclear polarisation by 50 %. Initially, the
HIMAC-team was faced with large line-widths of around 1000 ppm for >N in
water [131], which was even wider than the solid state (Pt) reference. However,
by going to an isotope without an electric quadruple moment (*'N) [75], and
by optimizing the magnetic field homogeneity and stability [196] a line-width of
only 5 ppm was achieved. A further reduction, down to the single ppm level, is

envisaged by further optimizing the applied RF field.
Three main points stand out from the HIMAC results compared to the work

presented in this thesis. First, this is a prime example of one of the strengths
of B-NMR: an isotope with more beneficial nuclear properties was used (no
electric quadruple moment). In conventional NMR, this would be difficult and
in most cases even impossible. For completeness, it must be mentioned that for
the specific case of nitrogen, two stable isotopes exist: N which has a nuclear
spin I = 1 and a natural abundance of 99.64 % and '°N which has I = 1/2 and
a natural abundance of 0.36 %. Thus, for this element in conventional NMR,
more beneficial nuclear properties could also be obtained by isotopically enrich-
ing a sample with 'N. The lack of an electric quadrupole moment can lead to a
reduction of the measured resonance peak width. Thus our own resonance line
width could be even further reduced for non-quadrupolar nuclei. Second, the
work done at HIMAC provides another example that optimizing the homogene-
ity and stability of the main magnetic field has a large impact on the recorded
resonance. Last, an excellent SNR has been achieved using the 7-pulse method,
even though 50 % of the nuclear polarisation is lost during implantation into
the water container and N has a moderate B-decay asymmetry factor of 0.25.
Pulsed-NMR would be a valuable addition to the available techniques at the
I[SOLDE 3-NMR setup.

The setup at ISAC [132], [197], [198], on the other hand, uses a high field
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magnet that can be set at various field strengths (2.5 to 6.55T in the referenced
works). The production of the radioactive beam is of the same type (ISOL)
as the one used in ISOLDE. However, unlike ISOLDE, the radioactive beam
is continuous, as it is produced by a continuous 500 MeV proton beam from a
cyclotron. This is in contrast to the pulsed structure (every 1.2s) of the 1.4 GeV
proton beam which arrives at ISOLDE. The different energy of the proton driver
also means that some of the production channels for radioactive ions available at
ISOLDE are not possible at ISAC. The resulting low-energy ion beam is trans-
ported, neutralized, and polarized in a very similar way as is done at ISOLDE.
However, the laser light is coupled anti-co-linearly rather than co-linearly. Next,
the polarized atom beam is re-ionized in a He gas cell and transported via two
45° benders to the detection chamber. The ultra-high vacuum detection cham-
ber is located on a high-voltage platform which allows deceleration of the beam
to control the implantation energy and thus the implantation depth. As the
detection chamber is housed in a solenoidal superconducting magnet, the [3-
decay asymmetry is of the front/back orientation rather than left /right, thus an
annular front detector is placed in the beam path upstream from the sample.
The homogeneity of the applied field is, however, sub-optimal, with 10 ppm
over the central 1cm?® [198], while conventional NMR, spectrometer magnets
usually achieve a sub-ppm homogeneity. The setup was originally designed for
solid-state material science studies. A sample holder for liquids has been added
recently and in the referenced works ®Li and **Mg have been used to investigate
both RTILs and ATP dissolved in a RTIL. Notable in these works is the high
SNR. The use of an external solid-state reference, however, puts a limit on the
achievable accuracy. On the other hand, the internally referenced peaks give

significant chemical information not yet achieved at ISOLDE.

As already discussed in chapter 3 and during the comparison with the work
done at HIMAC, the methods put forth in this thesis allow for the determi-
nation of nuclear magnetic dipole moments with high accuracy and precision
for a wide array of unstable isotopes. By making use of different production
techniques (ISOL/inflight /neutron capture) and polarization techniques (laser
optical pumping, polarized thermal neutron capture, nuclear reactions, tilted
foils) many different isotopes can potentially be studied using -NMR. FEven

isotopes that would have a particularly low -decay asymmetry factor might be
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used by combining 3-NMR with 3-y correlations, resulting in a y-gated 3-NMR
measurement. By correlating the (-particles with the energy of the following
v-radiation the decay branch can be identified. This will allow the untangling
of the contribution of the various decay branches to the measured experimental

[3-decay asymmetry, allowing to improve the SNR.

The significance of the above developments at CERN, HIMAC, and TRI-
UMF can not be understated. There is no other technique than liquid-state
-NMR that can determine the magnetic moments of short-lived nuclei with
such precision. When combined with improved measurements of the hyperfine
structure, it can also be used to determine the distribution of magnetization in-
side unstable nuclei. This distribution is affected by the valence proton and/or
neutron. It thus gives an insight into the internal structure of the nucleus, com-
plementary to the electric charge-based interactions which are purely caused by
the distribution of the protons. In addition, liquid-state 3-NMR opens up the
way for measurements with chemical elements heretofore difficult, if not impos-
sible, to probe using classical NMR. This could yield chemical information on
e.g. interactions between ions and proteins, RNA or DNA, helping to better

understand biocatalysts, solvents for new generation liquid batteries, etc.

To further expand the above studies and the possibilities of the setup at
I[SOLDE;, the following investigations and improvements are also recommended,
complementing the previously mentioned. First of all, the logical next step is
performing the DNA alkali-ion interaction studies that have been one of the
driving forces for this work. A prime example of this is the interaction be-
tween Na or K and GQs. Furthermore, an extension and diversification of the
used isotopes would greatly improve the possible studies, and this will be ben-
eficial for possible (bio)-chemical investigations [2], [199]. A wider selection of
elements, half-lives, and nuclear properties would be essential for this applica-
tion. Examples of isotopes to start with would be: 3"4"%9K and 3%°153Ca, which
would add two common biologically relevant elements to those already in the
B-NMR probes palette. The reason to start with these would be the following:
The asymmetry factor of 'K has recently been studied with very high preci-
sion [200]. This gives an upper bound on the expected experimental (-decay
asymmetry that can be observed. The half-life of 1.2s [201], the spin of 3/2
with a quadrupole moment of 0.109 barn [202] and a historical (SC) ISOLDE
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yield of 7.10 x 10%ions/pC [4] would make this isotope an example case for the
B-NMR setup at ISOLDE. The only two changes to the setup needed to po-
larise potassium would be to add a fiber between the laser lab and the beamline
that can transmit the IR, 766 nm, light needed for the polarization of K in the
D2 line, and to fill the charge exchange cell with stable potassium instead of
sodium to allow for resonant charge exchange. Next, adding a spin 1/2 nucleus
would allow for a new type of K studies, as there is no stable isotope of K
that has a spin of 1/2. *K and *’K are prime candidates, especially as they
have previously been studied with laser spectroscopy at the COLLAPS setup
at ISOLDE [203]-[205], although they also present certain drawbacks. *’K has
a very simple decay scheme, which allows for a straightforward computation of
the B-decay asymmetry factor (0.2), assuming 50 % Gamow-Teller Decay, for
the primary decay branch (79.8 %) which has a Al = 0. However, “K has a
relatively long half-life of 17.5s, which might cause problems for 3-NMR. This
is because if the relaxation is much shorter than the half-life, the part of the
measured (-radiation coming from already relaxed nuclei will add to the unpo-
larised background and thus worsen the SNR. In addition, the inter-pulse delay
will still have to be chosen in such a way that the majority of the activity of the
previous (relaxed) bunch has decayed before the next bunch arrives, causing the
data to be coming less often. With a sufficiently high yield and polarization, the
problem of a long half-life might be overcome by only taking into account the
B-decays that arrived within one period of relaxation. “°K, on the other hand,
has a half-life of 1.26s which makes it very suitable for 3-NMR applications at
ISOLDE. However, due to its B-decay feeding into many excited states of *’Ca
with unassigned spins, no useful bounds can be set on the -decay asymmetry

factor. This is a clear risk factor compared to the other two potassium isotopes.

One optimization possible for these potassium isotopes is the installation of
the PMTs in the optical detection section directly after the charge exchange
cell. This allows the observation of a fluorescence signal when the resonance
condition between the atom beam and the laser light is met, thus excluding a
possible reason for not being able to see an asymmetry signal. The absence of
an asymmetry is then inherent to the nuclei and not due to the setup. To be
able to measure the fluorescence signal, care must be taken to avoid reflections

of the excitation light reaching the PMTs. As this will require a narrow laser
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beam it will enforce more stringent requirements to the ion beam profile as well,

because the laser beam-ion beam overlap has to be maintained.

In addition to potassium, also the calcium isotopes could be a suitable physics
application for the newly established method of measuring precise and accurate
magnetic moments. Previously studied at ISOLDE with the ISOLTRAP [206]
and COLLAPS [207]-[209] experiments, the neutron-rich calcium isotopes have
been of high interest for understanding the nuclear forces and testing nuclear
theory. This is due to their closed proton shell (Z = 20) and spanning sev-
eral neutron (sub)shell closures (N = 20,28, and newly established 32 and 34
[210]) in *°Ca, **Ca, **Ca and 'Ca. It was reported that the change in the
mean-square charge radius shows an unexpectedly large increase from N = 28
onward [207]. This could be caused by the existence of neutron halo orbits
in these neutron-rich nuclei [211]. To test this hypothesis, experimental infor-
mation about neutron distribution in the nucleus is essential. The hyperfine
anomaly that was mentioned earlier gives an insight into the distribution of
magnetization within the nucleus and can be interpreted in terms of the radius
of the nuclear magnetization. Only unpaired nucleons contribute to the nuclear
magnetization, thus the proposed (valence) halo neutron would thus determine
the nuclear magnetization radius. To determine the hyperfine anomaly, a pre-
cise determination of the nuclear magnetic dipole moment is needed. However,
such a measurement for calcium nuclei poses several challenges. The first is the
low production yields at ISOLDE, with **Ca having a reported yield of only
100ions/s [209]. Second, it is not possible to calculate the expected (-decay
asymmetry. In the case of *'Ca, the majority of the spins of the excited states
populated by the decay to °'Sc have not been assigned. For *Ca, 44 % of the
decays have not even been mapped to a specific excited state in *>Sc. However,
56 % of the feeding which has been mapped feeds to an excited state in *'Sc
state which has a nuclear spin assignment of [ = % This results in a spin
change of AI = 1 which has a [3-decay asymmetry factor of 0.33. Depending
on the unmapped 44 % a moderate average B-decay asymmetry factor can be
possible. Last, to achieve a high degree of nuclear spin polarisation one should
implement multi-step optical pumping as has been done in the selective charge
exchange (ROC) experiments at the COLLAPS setup [209]. Alternatively, a

multi-frequency pumping scheme has to be developed as has been done for the
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% Ar experiments at VITO [53].

When non-alkali metal elements will be used for 3-NMR experiments, an
accessible transition for optical pumping might not exist in an atom but rather
in a singly-charged ion. To allow the optical pumping of ions, the beamline has
to be upgraded by the addition of a long electrode in the optical pumping region
which can be set at the same potential as applied to the voltage scanner.

A development that could further increase the polarization of the implanted
beam is an atomic spin filter based on the Stern-Gerlach effect. This would
however lower the number of nuclei in the implanted beam. Though initially
considered feasible only for atomic beams, recent simulations have shown pos-
sible implementations for cooled low-energy ion beams [212]. Even though a
significant engineering effort it might be worth the investment.

Another improvement would be the engineering of a low-viscosity liquid sam-
ple holder. The viscosity of the solvent impacts the ion mobility in the solution,
which in turn can influence the chemical reaction/interaction speed and the rate
of molecular tumbling. For these reasons the viscous liquids that were used until
now, due to easier handling, might hinder the creation of the chemical species
under examination within the observation window. Furthermore, the anisotropic
environment might not be fully averaged out, which would lead to a broadening
of the observed resonance peaks. Therefore, the use of lower-viscosity solvents
might be advantageous to the setup.

Finally, beamtime at ISOLDE and similar facilities is costly and in high de-
mand. However, with the current modus operandi at ISOLDE’s 3-NMR setup,
only one-third or even fewer potentially available proton pulses are used during
beam times, because the previously deposited activity needs to decay before
the next polarized beam is added. To make better use of the beam one could
envision a setup similar to the one at TRIUMF, where a He Gas Cell re-ionizes
the neutralized beam. The beam then goes through a switchyard, which can
send it to different and complementary measurement stations on a “pulse” by

“pulse” basis.
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