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Abstract:

The high-precision measurement of the nuclear g-factor of a single 3He?* stored in
a Penning trap enables most accurate magnetometry using He nuclear magnetic
resonance probes. The g-factor measurement requires the detection of an axial
frequency shift caused by a spin flip. Due to the large mass and small magnetic
moment of 3He?t compared to the proton and electron, this frequency shift is
on the order of background frequency fluctuations, complicating the spin-state
determination. The signal-to-noise ratio can be enhanced by implementing two
upgrades to the Penning-trap setup. First, the electrode that generates the trap
potential must be supplied with an ultra-stable voltage source that must be tun-
able in the range of a few hundred mV. At low electrode voltages (< 500mV),
the commercially available voltage source UM1-14 allows spin-flip detection with
99.2J_r(2):§% fidelity. However, for larger electrode voltages the UM1-14 is no longer
suitable. Instead, a voltage source based on Josephson junctions was applied in
the context of this thesis and gives a spin-flip detection fidelity of 98:1,)%. Sec-
ond, the axial fluctuations are reduced by cooling the ion to low energies. This
is achieved by sympathetic laser cooling of 3He?" coupled to laser cooled ?Bet.
After successful laser alignment, “Be™ was loaded into the trap and laser cooled.
An upper limit of the achieved “Bet axial temperature is presently at 4.2K,
which is far above the Doppler cooling limit of 0.5 mK.

Zusammenfassung:

Die Hochpréazisionsmessung des Kern-g-Faktors eines einzelnen, in einer Penning-
Falle gespeicherten 3He?* ermoglicht extrem genaue Magnetometrie mittels He-
Kernspinresonanz-Proben. Die g-Faktor Messung erfordert die Detektion einer
axialen Frequenzverschiebung, hervorgerufen durch einen Spin-Flip. Aufgrund
der groBen Masse und des kleinen magnetischen Moments von 3He?* im Vergleich
zum Proton oder Elektron liegt diese Frequenzverschiebung in der Gréflenord-
nung der Hintergrundfluktuationen, was die Bestimmung des Spin-Zustandes
erschwert. Das Signal-Rausch-Verhéltnis kann durch zwei Erweiterungen des
Penning-Fallen-Aufbaus verbessert werden. Erstens benétigt die Elektrode, die
das Fallenpotenzial erzeugt, eine ultrastabile und im Bereich von einigen hun-
dert mV variable Spannungsversorgung. Bei niedrigen Elektrodenspannungen
(< 500mV) erreicht man mit der kommerziellen Spannungsquelle UM1-14 eine
Spin-Flip-Detektionsgenauigkeit von 99.2fg:§%. Fir grofere Elektrodenspan-
nungen wird die UM1-14 zu unstabil, weshalb im Rahmen dieser Arbeit eine
Spannungsquelle basierend auf Josephson-Kontakten getestet wurde welche eine
Spin-Flip-Detektionsgenauigkeit von 981%% ermoglicht. Zweitens werden die ax-
ialen Hintergrundfluktuationen durch Kiihlung des Ions auf niedrige Energien
reduziert. Dies wird durch die Kopplung von *He?T an lasergekiihltes "Bet er-
reicht. Nach erfolgreicher Laserausrichtung wurde "Be™ in die Falle geladen und
lasergekiihlt. Eine Obergrenze der erreichten axialen Temperatur wurde zu 4.2 K
bestimmt, welche weit iiber der Doppler-Kiihlgrenze von 0.5 mK liegt.
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1 Introduction

The Standard Model of particle physics is currently the most comprehensive
theory to describe the basic building blocks of the Universe: It classifies all
elementary particles and explains how they interact and make up matter.
The theory describes three of the four fundamental forces that govern the
Universe: electromagnetic, weak and strong interactions, omitting gravity.
Besides its powerful predictions e.g. in terms of the Higgs boson [ATLAS
et al., 2012], it lacks to explain other phenomena like the non-zero masses
of neutrinos or the matter-antimatter asymmetry.

To test the boundaries of theory, particles or particle interactions are
studied at extremely high energy [Domeénech et al., 2012], huge electric
fields [Sturm et al., 2013] and at extremely high precision [Schneider et al.,
2017, Smorra et al., 2017] in search for new physics beyond the Standard
Model. One such example, namely the muon ¢-2 experiment at Fermilab
and JPARC, is concerned with measuring the g-factor of the muon (or rather
g — 2) to a precision of 0.14 ppm [Jegerlehner, 2018]. The g-factor describes
the ratio of the magnetic moment of a particle to its total angular momen-
tum. Any significant deviation from the predicted theory value could be a
sign for physics beyond the Standard Model, such as undiscovered particles.
Within the experiment, a muon beam is transferred into an electromagnetic
storage ring in which the muons travel around with immense velocity near
the speed of light. The g-factor is determined from the precession of the
muons’ angular momentum in the magnetic storage field. To reach a high
precision in the muon’s g-factor, this magnetic field has to be known on the
same level precision. Therefore, the B-field is calibrated in alternation with
the muon g-factor measurements.

For absolute B-field calibrations, *He nuclear magnetic resonance (NMR)
probes not only offer high precision but also high accuracy as required in
the aforementioned experiment. Owing to it’s noble gas properties, 3He
NMR probes need smaller corrections due to dependence on environmental
impacts (e.g. temperature, pressure, impurities) than standard water or Hy
NMR probes [Nikiel et al., 2014]. For example, the needed correction due
to temperature dependence of *He NMR probes is a hundred fold smaller
than for water probes and the dependence on probe shape even reduces the
systematics of *He NMR probes by a factor of one thousand as compared
to water probes.

The shielded nuclear g-factor g; of *He!™ has only recently been mea-
sured with high accuracy to 0.25ppb [Schneider et al., 2022], from which



the unshielded nuclear g-factor g; can be extracted with a precision of 1 ppb
using quantum electrodynamics (QED) theory - one of the most important
fundamental theories of the Standard Model. The diamagnetic shielding
refers to the electron surrounding the nucleus, which has a magnetic mo-
ment itself and therefore slightly reduces the coupling of the nuclear mag-
netic moment to an external magnetic field [Rudzinski et al., 2009]. The
direct high-precision measurement of the unshielded nuclear g-factor gy is
the next important step to establish *He as a robust NMR probe for accu-
rate magnetometry. Moreover, this measurement opens the possibility to
test bound-state QED theory by comparing the bound state g-factor g} of
a nucleus to the bare g-factor g; of the same nucleus.

The 3He-experiment located at the Max Planck Institute for Nuclear
Physics in Heidelberg is dedicated to perform the first direct measurement of
the helion’s (*He*") nuclear g-factor. Using a cryogenic Penning-trap setup,
in which a single 3He?* can be trapped for months by a superposition of
a magnetic field and an electrostatic potential, a precision of 1 ppb or bet-
ter can be reached [Schneider et al., 2022]. Within such an electromagnetic
field, the ion’s motion consists of one axial eigenmotion (along the magnetic
field lines) and two radial eigenmotions (perpendicular to the magnetic field
lines) called the modified cyclotron and the mangetron motion. For the g-
factor measurement, the spin-state of the ion has to be determined in a trap
with an inhomogeneous B-field, via the so-called continuous Stern-Gerlach
effect [Dehmelt, 1986]. In such a field, a spin-flip induces a shift in the ion’s
axial frequency which has to be resolved. Compared to the proton [Mooser
et al., 2014, Schneider et al., 2017] or antiproton [Smorra et al., 2017], whose
g-factors have already been successfully determined in a Penning trap, the
helion’s larger mass and smaller magnetic moment lead to a three times
smaller axial frequency shift between the spin-up and the spin-down state.
In the case of the helion, the axial frequency shift caused by a spin-flip
is of the order of the background fluctuations. Hence, for resolving the
spin-flip and enabling the nuclear g-factor measurement, these background
fluctuations have to be reduced.

This challenge is met by implementing two upgrades into the Penning-
trap setup: The first makes use of an ultra-stable voltage source which is
applied to the electrode creating the electrostatic potential in the Penning
trap, in which the spin-flip is determined. The smaller the noise of the
voltage which is applied to this electrode, the smaller the noise in the axial
mode of the ion’s motion.

Another major contribution to fluctuations in the axial mode arises from
random quantum jumps in the ion’s modified cyclotron mode, which is cou-
pled to the axial mode in an inhomogeneous B-field. The modified cyclotron
frequency (and hence energy) is usually a few orders of magnitude larger
than the axial frequency. Therefore, random quantum jumps are much more



likely to occur. Every quantum jump in the modified cyclotron mode in-
duces a shift in the axial frequency. By decreasing the helion’s energy in the
modified cyclotron mode, this noise contribution is reduced. Extremely low
energies can be reached with laser cooling the ion. As *He?" does not have a
laser cooling transition itself, another ion species (?Be™) will be laser cooled
while being coupled to the helion. Through energy exchange, the helion
is sympathetically cooled. Sympathetic laser cooling in a Penning trap for
two spatially separated ion species was first demonstrated in 2021 [Bohman
et al.,; 2021, Tu et al., 2021] for a proton and laser cooled beryllium ions.
The method is extremely powerful, as it can in principle be applied to any
ion without a laser cooling transition, such as *He?". Both upgrades were
examined within this project.

In this work, the theoretical and experimental requirements that enable
nuclear spin-flip detection of *He?™ are treated. Chapter 2 gives an introduc-
tion to the basic principles of Penning traps and the g-factor determination
within the Penning trap. The required voltage stability to observe spin flips
with a fidelity of 99 % is calculated as teaser for Chapter 3. Here, the frame-
work for supplying the Penning-trap electrodes with an ultra-stable voltage
supply is set and the performance of this voltage source is characterized.
Chapter 4 deals with the second part of facilitating the spin-flip detec-
tion: the implementation of sympathetic laser cooling. Foremost, Chapter
4 treats the *Be't laser cooling transitions in a strong magnetic field, the
laser setup used to cool beryllium ions and the temperature measurement
of a cloud of trapped beryllium ions. At last, the respective results are
discussed in Chapter 5 and a short outlook is given.



2 The Penning trap

To perform high-precision measurements on single charged particles, so-
called Penning traps can be used [Blaum, 2006, Brown and Gabrielse, 1986].
These traps allow the characterization of different properties of charged
particles, such as their mass, the magnetic moment of the bound electron
or even the nuclear magnetic moment of the proton and the antiproton
[Ulmer et al., 2016, Schneider et al., 2017, Smorra et al., 2017]. The latter
will be treated in the scope of this thesis for heavier species like the helion.
In this section, a basic introduction to Penning traps will be given and
the methods used for high-precision measurements of the nuclear magnetic
moment of single charged particles are described.

2.1 Trapping potentials

In a Penning trap, a charged particle is stored in three dimensions by
superimposing a homogeneous magnetic field B = Byé, with an electro-
static quadrupole potential . The magnetic field confines a particle of
charge ¢ and mass m in radial direction p, given in cylindrical coordinates
p? = 22 + 4%, by forcing it onto a circular trajectory with the free-space

cyclotron frequency
q
. = —DBg. 2.1
W —Bo (2.1)

The trapping in z-direction is achieved by a weak electrostatic quadrupole
potential

®(z, p) = Va(Cy <22 — %,ﬂ) , (2.2)

where Vg is the potential applied to the ring electrode relative to the endcap
potential, C5 is a geometric parameter and z = p = 0 determines the
center of the trap. This electrostatic potential is reproduced by hyperbolic
electrodes. In modern Penning-trap experiments, a stack of cylindrical trap
electrodes is used instead, see Figure 2.1a. The stack produces a symmetric
and nearly perfect quadrupole-like potential near the center of the trap
[Gabrielse et al., 1989], which can be expanded as

B(2) = Vi Y Conz™ = Vg (Coz® + Cuz* + Cs2® + .). (2.3)
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Figure 2.1: Penning-trap basics. (a) Design of a cylindrical five pole Pen-
ning trap and (b) trajectory of a trapped ion, which consists
of three decoupled eigenmotions referred to as axial, magnetron
and modified cyclotron motion. (¢) Equivalent energy levels of
a single particle in a Penning trap. The distances between the
levels of the different modes are not to scale.

Correction electrodes with the potential Vg are placed next to the central
ring electrode. The electrode lengths and radii can be designed such that
for an optimized tuning ratio TR = Vcg/Vg, the axial frequency of the ion
becomes independent of Vog and simultaneously, the higher order correc-
tions Cy and Cy of the multipolar expansion are tuned to zero. A Penning
trap meeting these conditions is said to be orthogonal and compensated.

2.2 Eigenfrequencies of trapped ions

Within this electromagnetic field, the trajectory of a trapped particle is
composed of three eigenmotions (compare Figure 2.1b, 2.1¢), behaving like
decoupled harmonic oscillators with the characteristic eigenfrequencies

q We w2  w?
. =4/ 2—VRC: d = — 44/ - 2=, 2.4
R Vi 12 (24)

The axial motion with frequency w, occurs along the magnetic field lines
whereas the motion in radial plane consists of a rapid modified cyclotron
frequency w, and a slow magnetron frequency w_. As trapping criterion,
the magnetic field has to be large enough with respect to the electrostatic
potential, satisfying w? > 2w?. Therefore, the typical eigenfrequency hier-
archy obeys w; > w, > w_ [Blaum, 2006].

The eigenfrequencies are measured using a resonator circuit: The up and
down movement of the ion within the trap induces image charge currents in
the outer electrode at exactly w,. This current is detected by a resonator
circuit in parallel to the ion. When the ion is at thermal equilibrium with
the resonator, it shorts the noise of the resonator and a noise dip appears at
the axial frequency of the ion in the FFT spectrum (fast Fourier transform



spectrum). Such a noise dip signal, indicating trapped ions, and a schematic
resonator are illustrated in Figure 2.2. The width of the dip signal scales
linearly with the number of trapped ions. To increase the signal amplitude,
amplifiers are placed behind the resonator. The magnetron and modified
cyclotron frequency are obtained by coupling each mode to the axial fre-
quency using the lower sideband. Doing so, a double dip appears in the
FFT spectrum, from which the two eigenfrequencies can be extracted.

The free-space cyclotron frequency is obtained from the eigenfrequencies
within the trap, either by using the sideband relation

We = Wy + wW_, (2.5)

which is often used in on-line mass spectrometry experiments dealing with
short-lived nuclei, or by means of the Brown Gabrielse invariance theorem
[Brown and Gabrielse, 1982]

w? =wl + w4 w?, (2.6)

which is used in high-precision measurements, as Equation (2.6) is robust
against typical first order trap imperfections [Gabrielse, 2009]. Such imper-
fections are for example

o a tilt of the axis of the magnetic field relative to the symmetry axis
of the trap electrodes or

« slight ellipticities of the quadrupole potential.

Other deviations from the ideal Penning trap include octupolar and hexapo-
lar modifications of the electrostatic trapping potential Cyz%+Cg2° (this can
be compensated by implementing additional electrodes next to the central
ring electrode as discussed in the previous section) and a slightly inhomoge-
neous magnetic field B, = By+ B,z?, which has to be characterized by mea-
surements. Relativistic effects, frequency shifts induced by image charge-
and detector interactions or other effects modifying the eigenfrequencies also
have to be considered. However, a detailed discussion is beyond the scope
of this thesis and can be found in full glory in [Brown and Gabrielse, 1986].

Penning-trap experiments built for high-precision measurements consist
of some basic ingredients, which are among others:

» a set of trap electrodes of cylindrical (or hyperbolic) geometry, situ-
ated in

e a very homogeneous, superconducting magnet of high field strength
(By of a few T) and

e a cryogenic environment,



e highly stable dc power supplies,
o radio frequency (rf) electronics and
o superconductive low-noise electronics.

In order to improve the present best limit set by the experiment described
here [Schneider et al., 2017] further technical improvements are needed. Two
such upgrades are a highly stable voltage supply based on Josephson junc-
tions to improve the stability of the ion’s axial motion in the Penning trap
as well as sympathetic laser cooling to decrease the helion’s temperature.
These two developments are the content of this thesis and will be discussed
in chapter 3 and 4, respectively.

2.3 g-factor measurement

The helium ion *He®" has a nuclear spin I = 1/2 and an associated magnetic
moment

S = eh
fr = gueptnI  with  py = oy (2.7)
mp
where gy, denotes the nuclear g-factor and py the nuclear magneton. In a
magnetic field, the two possible spin-states m; = +1/2 are separated by an
energy difference

hwr, = 2prBy = grepen Bo, (2.8)

with wy being the Larmor frequency. By taking the ratio of the Larmor
frequency and the free cyclotron frequency, the B-field dependency drops
out, and the g-factor is given by

wr, MHge

—— = YHe :
we 4m,,

(2.9)

The helion-to-proton mass ratio is well known to 50 ppt [CODATA, 2022].
The Larmor and free cyclotron frequency have to be obtained experimen-
tally in order to determine the nuclear g-factor. Different Penning traps
are used for these measurements, as illustrated in Figure 2.2. Why multiple
traps are necessary is discussed below.

As stated previously, the free cyclotron frequency is derived from the
invariance theorem (Eq. 2.6). Therefore, the three eigenfrequencies wy and
w, are measured to high precision in the so-called precision trap (compare
Fig. 2.2).

For the determination of the Larmor frequency, the energy splitting
between the spin-states is probed using the continuous Stern-Gerlach effect
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Figure 2.2: Penning trap assembly as planned for the nuclear g-factor mea-
surement of 3He?". Beryllium produced by laser ablation from
the Be source is trapped and laser-cooled in the cooling trap.
The cooling-laser goes straight through the trap tower. Helium
produced from the He source and ionized by the e~ gun is sym-
pathetically laser-cooled in the coupling trap. Once cooled, the
eigenfrequencies and the spin-state are determined in the pre-
cision trap and the analysis trap, respectively. The inset above
the analysis trap shows a hypothetical spin-flip signal (left). The
resonator circuit (middle) connected to the precision trap is used
to detect the ion and determine it’s eigenfrequencies from the
dip signal in the FFT (right).

[Dehmelt, 1986]. This is done in the analysis trap (Fig. 2.2), which has an
inhomogeneous B-field (a so-called magnetic bottle B, = By + By2?%). As a
result, a spin-flip of the helium nucleus shifts the axial frequency by

(2.10)

The ferromagnetic correction electrodes creating such a magnetic bottle and
a schematic spin-flip is illustrated in Figure 2.3. Observing this frequency
shift, which indicates a spin quantum jump, is crucial, as the Larmor fre-
quency can be extracted from a measurement of spin-flip probability over
spin-flip drive frequency [Mooser et al., 2018]. However, in the case of 3He?*,
this axial frequency shift is approximately 100 mHz and has to be resolved
on top of a typical axial frequency of 700 kHz. This becomes difficult in a
noisy environment.

Difficulty of spin-state detection:

A strong B-field inhomogeneity B, is desired, as it increases the axial fre-
quency shift induced by a spin-flip Av, g (Eq. (2.10)). At the same time,
a large B, increases the coupling between the cyclotron mode energy E.

10
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Figure 2.3: Spin-state detection occurs in the analysis trap. (a) The fer-
romagnetic correction electrodes create a B-field inhomogeneity
on top of the homogeneous magnetic field of 5.7 T. This inho-
mogeneity B, couples the spin-state of the helion to its axial
frequency v,. (b) A spin-flip results in an axial frequency jump
Av, s of approximately 100 mHz in the case of *He*". For high
particle energies and noisy voltage supplies, the fluctuations in
v, are of the order of the frequency jump caused by a spin-flip.

and the axial mode

1 B
~ WHWZEE (Ey + |E_| £ urBy) [Mooser et al., 2013], (2.11)

Av,
and thus, random cyclotron quantum jumps are visible in the axial mode
as noise. These quantum jumps On, /Ot & E, increase with the cyclotron
energy F, [Mooser et al., 2013, 2018], which is illustrated in Figure 2.4a.
Therefore, spin-state detection can be facilitated by sympathetically laser
cooling the ion, to reduce it’s cyclotron energy. With sympathetic laser
cooling, cyclotron temperatures in the mK range can be reached, whereas
resistive cooling is limited to the resonators minimal temperature of 4 K.
Sympathetic laser cooling therefore increases the spin-flip detection fidelity
by about 40 % with respect to resistive cooling (see Fig. 2.4b). However,
it can be seen from Figure 2.4a that even at zero cyclotron energy, the fre-
quency fluctuations in the axial mode do not drop to zero. This offset is
caused by noise induced from the voltage source.

A spin-flip Av, gr can only be detected for a sufficiently stable axial fre-
quency v, (Eq. (2.10)). As the axial frequency depends on the voltage
applied to the ring electrode Vi (Eq. (2.4)), a voltage source with low
electronic noise and low drift is desirable. This issue is addressed by sup-
plying the central ring electrode with an ultra-stable and low drift
voltage source. The offset in Figure 2.4a can thus be minimized.

The first subject is treated in the following chapter 3, the latter will be
regarded in chapter 4.

11
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Figure 2.4: Spin-state detection fidelity. (a) The random quantum jumps in
the cyclotron mode increase with the cyclotron energy E, o T',.
Due to the coupling between axial and cyclotron mode in an
inhomogeneous B-field, these quantum jumps are visible in the
axial mode as frequency fluctuations. (b) When the helion (red
curve) is in thermal equilibrium with the resonator, the spin-
state is detected with a fidelity of roughly 60%. Cooling the
cyclotron mode with a laser increases the detection fidelity to
almost 100 %. The proton (black curve) has a smaller mass and
larger magnetic moment, which increases the axial frequency
shift caused by a spin-flip. Hence, the spin-state is detected
with more certainty than in the case of the helion for a fixed
temperature. Pictures adapted from [Mooser et al., 2018].

2.4 Required voltage stability for the helion
g-factor measurement

The voltage stability on the electrodes of the analysis trap required to re-
solve a single helion spin-flip will be estimated in this section. The analysis
trap consists of five electrodes, of which the outer two, the endcaps, are on
ground potential. The ring electrode is located in the center of the trap,
enclosed by the two correction electrodes (compare Fig. 2.1a). The trapped
particle reacts most strongly to the noise of the ring electrode, since it gen-
erates the potential that the particle senses. In an ideal orthogonal trap,
the motion of the ion is independent of the potential applied to the correc-
tion electrodes. However, experimental reality shows that the voltage on
the correction electrodes has a small residual influence on the particle.

Nevertheless, the required voltage stability on the ring electrode is higher
than on the correction electrodes. Hence, the ring and correction electrodes
and their respective noise limits will be treated separately.

12



g (e) | m(w) | pr (pw) || ve (KHz) | Av. sp (mHz)
THe?™ || 2 [ 3.014 | -2.128 700 100
D 1 | 1.007 | 2.793 860 320

Table 2.1: Axial frequency v, and frequency jump caused by a spin-flip
Av, gr of a helion or proton, as expected in the analysis trap
of the experiment. For calculating v, and Av, gp, the values
By = —646.4kTm 2 Vi = —0.43V and C5 = 350000 m~2 were
used. Particle properties were obtained from the Committee on
Data for Science and Technology [CODATA, 2022].

Noise limit on the ring electrode:

The spin-flip induced frequency shift in the axial mode Av, gr is dependent
on particle properties (such as the charge qp., mass mpg., and magnetic
moment ;) as well as on experimental conditions (like the B-field inhomo-
geneity Bs, the applied ring voltage Vg and the trap geometry C5), compare
Equations (2.10), (2.7) and (2.4). By choosing *He*" for the measurement,
the particle properties become fixed, see Table 2.1. The experiment is de-
signed for realizing a helion nuclear g-factor measurement, providing the re-
maining parameters By = —646.4kTm™? [Schneider, 2019], Vg = —0.43V
and Cy = 350000 m—2.

Compared to the proton g-factor, which was already measured to high
precision using a Penning-trap setup [Mooser et al., 2014, Schneider et al.,
2017], the helion’s larger mass, charge and smaller magnetic moment de-
creases Av, g by a factor of three, shown in Table 2.1 (Eq. (2.10)). This
makes the identification of a spin-flip much harder.

For the determination of the Larmor frequency, a series of axial frequency
measurements v, ; is taken, between which spin-flips are driven. The overall
distribution of axial frequency fluctuations between two consecutive mea-
surements Av,; = v,; — v,;+1 can be described by three separate, non-
independent normal distributions with standard deviation o,: the back-
ground fluctuations not containing any spin-flips (mean value u = 0) super-
imposed by fluctuations from spin down to spin up and vice versa (mean
value p = £Av, gr) [Mooser, 2014]. This is illustrated in Figure 2.5.

To identify a single spin-flip, a threshold T'H can be introduced, and
interpreted as follows:

Av,,; > TH = spin-flip from up to down,
{szﬂ-lg TH = no spin-flip,
—Av,; > TH = spin-flip from down to up.

The optimum spin-flip fidelity depends on the chosen threshold TH,
which in turn depends on the scale of the frequency fluctuations in the

13
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Figure 2.5: Spin-flip detection statistics. (a) Theoretical distribution of ax-
ial frequency fluctuations Av,; with standard deviation o, and
the mean values 0 and £Av, gp. Blue shows the background
fluctuations, not containing any spin-flips, red and indigo show
the frequency shifts due to spin-flips. Background fluctuations
that are misinterpreted as spin-flips and spin-flips that are as-
signed to background fluctuations are located in the overlapping
region between the two neighbouring curves (shaded red and in-
digo). For detecting a spin-flip correctly with a probability of
99 %, this area has to be 1% of the total area below the spin-
flip curve. (b) Limit on frequency fluctuations o, and associated
relative voltage stability AVg/Vg of the voltage supply for dif-
ferent spin-flip fidelities. At 99 %, the required relative voltage
stability is below 53 ppb. The total axial frequency used in the
calculation is v, = 7T00kHz (Eq. (2.13)).

axial mode. For small fluctuations, the ideal threshold that maximizes the
spin-flip fidelity converges to TH = Av, gr/2 [Mooser, 2014].

To detect a spin-flip induced frequency jump with a fidelity of 99 %, the
overlapping area between background fluctuations and spin-flips has to be
1% of the total spin-flip area, as illustrated in Figure 2.5. The upper limit
on allowed frequency fluctuations in the axial mode o, is obtained from
integrating over this area:

1 TH (v — Av SF)2> o0 ( v? ) ] |
—_— exX e dV+/ QGX —_— dV 21(7
16v/270. Uoo b ( 207 P\ 202 °

(2.12)

In a Penning trap, the axial frequency is directly related to the potential
applied to the ring electrode. The needed frequency stability therefore gives
constrains on the voltage source that can be used for supplying the central
ring electrode. Differentiating the equation for the axial eigenfrequency (Eq.
(2.4)) with respect to the ring voltage yields:

1 qCs AVg Av,
= AV, L)
2T 2mVR R = VR v,

Av, (2.13)
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Hence, using the values from Table 2.1 with the given threshold of TH =
Av, gr/2, the relative voltage has to be stable on a level of 53 ppb within
the measurement time of approximately two minutes.

Noise limit on the correction electrodes:

For quantifying the needed voltage stability on the correction electrodes,
the parameter D, is crucial:

ov, v, OVg mV

D, = — D] = —.
> OTR  2VRzOTR’ (D] mU

(2.14)

D, describes the amount of orthogonality in the trap, such that Dy = 0
corresponds to a trapped particle, whose axial frequency is independent of
the voltage applied to the correction electrodes. In the analysis trap used
for the helion g-factor measurement, this parameter was experimentally
determined by S. Dickopf to be Dy ¢y, = 0.024mV mU~!. The milli-unit
mU describes the change of the dimensionless tuning ratio TR = Vog/Vr
by 1073. The voltage can be associated with a frequency, again by using
Equation (2.13). Dividing the Dy parameter by the ring voltage Vg yields a
conversion ratio from noise in the correction electrode voltage to frequency
fluctuations of the particle. To detect a single spin-flip, the noise limit of
the voltage source is determined by

VR 51/2
DZ,ea:p AVZ(AVR =1 mV) ’

AVep = (2.15)

Using the values from above (0, = Av, gr/2 = 23mHz, Vg = -0.43V, C, =
350000 m~2 and Dy .., = 0.024mV mU™!) determines the upper noise limit
of the correction electrodes at 0.51 1V, or relative to the ring voltage at
1.2 ppm.

In summary, the ring electrode requires a voltage supply with higher
stability of the order of 53 ppb, while a stability of about 1.2 ppm is sufficient
for the correction electrodes within the measurement time of approximately
two minutes. Taking into account, that the voltage applied to the ring
electrode of the analysis trap will be around Vi = —0.43 V| this gives the
absolute noise limits of 23nV and 0.51 1V for ring and correction electrode,
respectively. With these stability limits, a spin-flip is correctly detected
with a probability of 99 %.
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3 Josephson voltage source

The spin-state determination of 3He?* is the most important step for the he-
lion nuclear g-factor measurement. As mentioned in section 2.4, a spin-flip
is observed by a shift in the axial frequency due to the coupling of the spin
magnetic moment and the axial mode in the magnetic bottle. However, this
observation becomes difficult in a noisy environment (compare Fig. 2.3b).
Especially, electronic noise from the voltage sources connected to the trap
electrodes leads to noise in the axial frequency. To distinguish the axial
frequency shift caused by a spin-flip from other frequency fluctuations, the
electronic noise has to be sufficiently low. This motivates the implementa-
tion of an ultra-stable voltage source based on Josephson junctions in the
experiment. For simplicity, such a voltage source will be called Josephson
voltage source from now on.

The stability requirements for such a voltage source have been discussed
in the previous section. Now, we will examine how well this Josephson
voltage source meets our necessities with respect to stability and tunability.
After an introduction to the working principles of Josephson junction based
voltage sources, the operational setup will be introduced. The different
possibilities for tuning a Josephson voltage source are discussed and at last,
the results of the voltage stability measurements are presented.

3.1 Josephson junctions

The Josephson junction dates back to 1962, when the Cambridge University
student Brian Josephson derived equations for the current-voltage charac-
teristics across a so-called Josephson junction [Josephson, 1962]. Such a
junction consists of two superconductors separated by a thin insulating
or normal conducting layer (compare Fig. 3.1a). Cooper pair tunneling
through the barrier leads to two effects: the dc and the ac Josephson effect.
The dc Josephson effect describes that at zero voltage, a dc supercurrent
can flow across the junction. The ac Josephson effect predicts that if a
voltage V' is applied across the junction, an ac supercurrent of frequency
fr=(2¢/h)V is added to the dc supercurrent, where h is Planck’s constant
and e is the elementary charge. By applying an external signal with fre-
quency f, this oscillation can be phase locked leading to steps of constant
voltage:

h
vV, = Z—e f= % f, Ky =483597.8484 GHzV~! [CODATA, 2022],
J
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Figure 3.1: Josephson junction working principle and schematic layout of a
Josephson voltage source. (a) A Josephson junction consists of
two superconductors (INb) separated by a thin normal conduct-
ing layer (Nb,Si,_, with z =~ 10%). By applying microwave
radiation across the junction, the output voltage becomes quan-
tized. (b) The characteristic voltage-current curve of a Joseph-
son junction shows non-ohmic behaviour with steps of constant
voltage. The hysteresic parts in the oscilloscope picture vanish
for dc currents (the ac currents have to be applied in order to
picture the whole curve). (c¢) Schematic Josephson junction ar-
ray as fabricated at the Physikalisch Technische Bundesanstalt
(PTB) [Miiller et al., 2014, Kohlmann and Behr, 2011]. The
microwave radiation is split and equally distributed across the
striplines containing the Josephson junctions. Before the dc
readout pads, the remaining microwave radiation is absorbed
by a AuPd load.

(3.1)

with the Josephson constant K ;. The output voltage only depends on the
applied frequency, the step number n and fundamental constants. There-
fore, such systems represent perfect frequency-to-voltage converters and are
nowadays used in metrology as the basis for voltage standards [Behr et al.,
2012], considering that the second becomes directly related to the voltage
(Eq. 3.1).

This phenomenon, which is known as the inverse ac Josephson effect, was
experimentally confirmed a year later by Sidney Shapiro [Shapiro, 1963] and
therefore the regions of constant voltage are also known as Shapiro steps,
with number n. The characteristic current-voltage curve of such a Josephson
junction is illustrated in Figure 3.1b. For a current around zero, the zeroth
Shapiro step has an output voltage of V' = 0. Only if a threshold current is
overcome, the absolute voltage across the junction is greater than zero with
its value being determined by the applied frequency f and -depending on
the current- the number of Shapiro steps. It is obvious from the plot, that
a current source with some noise Al does not affect the output voltage of
the junction, as long as the current I £ Al never leaves the Shapiro step.
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number of junctions N 8192
frequency range f 68.7 GHz to 72.9 GHz
critical current 1. 6.4 mA

width of 0" step Aly | ~4.0mA (at 70 GHz)
width of 1% step Al | ~25mA (at 70 GHz)
maximum voltage on 1% step | V00 1.235V

Table 3.1: The Josephson voltage source provided for the helion g-factor
measurement.

The voltage applied to the ring electrode in the analysis trap is around
—0.43V. To reach such a voltage, many junctions have to be put into
series. Following Kirchhoff’s second law [Kirchhoff, 1845], Equation (3.1) is
modified to

n
Vi.n = N— 2
n,N KJ f’ (3 )

with the total number of junctions in series N. All junctions are placed on a
chip in multiple striplines as illustrated in Figure 3.1c [Miiller et al., 2014].
The microwaves are distributed equally across the Josephson junction array
and are absorbed behind the array.

3.2 Operating a Josephson voltage source

The Josephson effect evolves from superconductivity. Accordingly, Joseph-
son junctions are operated in a cryogenic environment. By radiating mi-
crowaves across the junctions, the output voltage becomes quantized. At
last, a current is applied to the array of junctions.

Ideally, a current in the center of a Shapiro step is chosen. In that case,
fluctuations of the supplying current source smaller than half the step width
will have no influence on the output voltage. A schematic layout of an
operational setup is illustrated in Figure 3.2a.

The Josephson array intended for the helion g-factor measurement was
kindly provided by R. Behr and L. Palafox from the Physikalisch Technische
Bundesanstalt along with all other tools required for operating a Josephson
voltage source. A picture of the used setup and Josephson voltage source is
provided in Figure 3.2. Table 3.1 gives technical details of the used array,
more details on the operation can be found in the appendix B.1.

Besides having an ultra-stable voltage supply, another requirement for
the g-factor measurement is the tunability of the voltage source. Trapping
potentials have to be changed for transporting the ion between different
traps and the theoretical predictions for the required potential on the elec-
trodes might deviate from the experimental reality. Several options exist for
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Figure 3.2: Setup for operating a Josephson voltage source. (a) The Joseph-
son junctions (illustrated as crosses) are placed in a cryogenic
liquid helium tank (temperature of roughly 4K). Microwaves
are irradiated across the array via a microwave guide. The volt-
age can be read out from the entire array V,,,, or from parts of
the array V;. (b) The optimal current is found by displaying the
current-voltage curve on an oscilloscope and choosing the center
of a Shapiro step. The electrical leads for the bias current and
the output voltage are connected to the top of a 1m long rod,
which is inserted into the liquid helium dewar. (c) Inside the
rod, the microwave guide and twisted copper cables are led to
the Josephson junction array, which is attached at the bottom.
The microwave guide is isolated at the top (red spacer), to avoid
external noise signals.

changing the output voltage from the Josephson voltage source: varying the
frequency, changing the number of junctions in series or putting a tunable,
low-noise voltage source in series to the Josephson voltage source. Each of
the different options have their own pros and cons which will be elaborated
next.

Tuning the voltage by varying the frequency

The least complicated way of changing the voltage V; y is by changing the
frequency f (see Eq. 3.2). The minimum step size adjustable with the
microwave synthesizer is 4kHz. For a Josephson voltage source with an
output voltage of 1V, this corresponds to a minimum step size of 60nV.
The scanning voltage range is limited by the microwave synthesizer due to
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Figure 3.3: The Josephson voltage depends linearly on the microwave fre-
quency (blue line), as predicted by Brian Josephson (Eq. (3.2),
[Josephson, 1962]). The minimum step size of 4 kHz corresponds
to 60nV. With increasing frequency, the Shapiro step width (red
line) decreases, until it vanishes (small insets). The microwave
power was constant at 60 mW.

its operable range of 68.7 GHz to 72.9 GHz. These 4.2 GHz correspond to
a change in output voltage of 60mV for the 1V junction. However, the
microwave power depends strongly on the microwave frequency. This leads
to a change in the Shapiro step width for different frequencies. For very
narrow steps, the output voltage is not stable anymore. Experimentally,
a maximum step size of 3.4 GHz corresponding to 50 mV was determined
(compare Fig. 3.3). For smaller voltages, the tunability decreases linearly.

Drawbacks of this method are, besides the limited tunability, that the
Shapiro step width not only decreases for certain microwave frequencies
but also the center of the step wanders, such that the bias current has to
be adapted for big changes (> 0.5 GHz) in frequency.

Tuning the voltage by varying the number of junctions in series

Another way of tuning the output voltage is by changing the number of
junctions in series N (Eq. (3.2)). This can not be done arbitrarily. On
the chip, there are prefabricated segments containing a certain number
(2%, 2 € [0;12]) of junctions. Voltages can be extracted from any segments
in series, as illustrated in Figure 3.4. For other combinations (e.g. 40964256
Josephson junctions), multiple bias sources would be needed.

The disadvantage of this method is, that before changing the segments,
the bias current has to be set to zero to avoid flux. This could lead to the
loss of a trapped particle.
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Figure 3.4: Physical order of segments vs. logical weight. The number of
Josephson junctions per segment are potences of 2. The voltage
can be extracted between any two taps (their numbering corre-
sponds to the used Sub-D 25 connector attached to the dc pads
on the Josephson voltage chip).
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Figure 3.5: DAC working principle. The R—2R ladder divides the reference
voltage into the wanted output voltage. The least significant
bit (LSB) stands for the smallest increment of the DAC output
while the most significant bit (MSB) denotes the largest incre-
ment.

Tuning the voltage by adding a DAC in series to the junctions

An elegant way to circumvent the limited tunability of the above options
is to put a tunable, low-noise voltage source in series to the Josephson
voltage source (Vi = Vy7+Vpac). A suitable device is the so-called voltage
output Digital-to- Analog Converter (short: DAC). A DAC converts a series
of digital signals with discrete time and amplitude value into an analog
(continuous) output. The functionality is simple: a reference voltage V. is
split by a ladder of resistors (R—2R ladder) into the wanted output voltage.
The resolution is determined by the number of bits, see Figure 3.5.

The stability of the output voltage V,,; hence depends on the stability
of the reference voltage V,.r, the thermal noise of the resistors R and noise
contribution from the connectors and cables. In the scope of this thesis,
two DACs were tested: the StaRep-DAC [Bohm et al., 2016], built in house
and the industry manufactured DAC AD5791 [AD5791, 2022]. Both are
low-noise, low-drift DACs and details about performance can be found in
the provided data sheets.

The relative noise of a single DAC (AV],4/V) ac) compared to the rela-
tive noise of the compound of DAC and Josephson voltage source (AVi¢/ Vi)
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at equal absolute voltage V], .o = Vpac + Vj is calculated as follows:

2 2
AVhac AVhac
( VL/JAC - V/DAC . AVgAC ~ AVgAC (3 3)
A‘/tot 2 AV%ACJ'_AV?] AVD2AC + AVJQJ AVD2AC ’
=tlol 2
Viot (Vbac+Vss)

For this configuration there are three possible outcomes:

First, if the DAC noise increases with increasing DAC voltage, the abso-
lute noise of the single DAC will be larger than the noise of the compound
(AVE, o > AVE4c). Hence, the larger the Josephson voltage, the smaller
the noise of the compound will be. At the same time, a finite DAC voltage
is required for tuning the output voltage. This case would be ideal for the
experiment.

Secondly, the DAC noise can be independent of the absolute DAC voltage
(AVE, o = AVE4c). In this case, it makes no difference whether the DAC
is used in conjunction with the Josephson voltage source or not.

At last, a small DAC output voltage means, that many resistor R are
put into series to split the reference voltage. Each resistor contributes with
thermal noise to the total DAC noise. Therefore, it may be that the DAC
noise increases with decreasing DAC voltage. This means, the compound
would perform worse than a single DAC (AVo < AVE.0)-

The possible outcome was experimentally tested and the results will be
presented in the next section.

3.3 Voltage stability measurements

The voltage applied to the ring electrode of the analysis trap can be adjusted
independently of the Josephson voltage source by connecting a low-noise,
low-drift DAC in series with the junctions. It was investigated how well
such a configuration performs in terms of noise. This section will present
the measured stability of the two DACs (AD5791 and StaRep) at different
output voltages, with and without the Josephson voltage source. To this
end, the framework of voltage stability measurements is addressed first.

Voltage stability analysis

The standard deviation over N fractional voltage values v;,

1 - 1«
—\2 . _
s = mZ(yz—y), Wlthy:NZyi, (3.4)

=1 i=1

should not be used for analyzing voltage stability. The problem is, that the
standard deviation uses the deviation from the average ¢, which changes for
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Figure 3.6: Voltage stability analysis using Allan deviation plots. (a) A
noisy voltage signal is averaged over different time intervals 7.
These averages are used to calculate the Allan deviation (Eq.
(3.5)), which is a measure for voltage stability. For more details,
see text. (b) Allan deviation plot for different noise signals. A
random signal with equal intensity at different frequencies is
called white noise. For such a signal, the absolute noise is aver-
aged out for larger 7. Brownian noise (or random walk) corre-
sponds to drifts, occurring over longer time scales. Accordingly,
the Allan deviation increases with large 7. Another example is
pink noise (or 1/f noise), which has a power spectral density
proportional to 1/f. It’s noise contribution dominates on small
averaging time scales.

drifting noise types [Riley and Howe, 2008]. This is resolved by using the
Allan deviation o,(7) instead, which represents a time-domain measure for
the voltage stability. A small Allan deviation is a characteristic of a voltage
source with high stability over the measured period. The Allan deviation is

defined as

M-1
1
o, () = 507 1) Zz_; (Ji41 — 7:)°  [Allan and Barnes, 1981], (3.5)

where 7;(7) is the i*® of M voltage values averaged over the measurement
interval 7 [Riley and Howe, 2008]. A noisy voltage signal over time and the
respective averages over two different intervals 7 and 7/ are illustrated in
Figure 3.6a. In the Allan deviation plot (Fig. 3.6b), the Allan deviation of
a noisy signal is calculated for many different time intervals 7. In addition
to the achieved voltage stability at a certain averaging time 7, the shape of
the curve gives information about the different noise components (compare
Fig. 3.6b). For example, a voltage signal consisting of white and Brownian
noise will have an optimal averaging time 7 at which the Allan deviation
becomes minimal.
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Performance of a Josephson voltage source in series to a DAC

The voltage stability of a Josephson junction has been measured to be better
than three parts in 10! [Jain et al., 1987, Tsai et al., 1983]. The voltmeters
used in the following measurements (Keysight 3458A [Keysight, 2022] and
Fluke 8508A [FLUKE, 2022]) cannot resolve such stable sources. Hence, by
measuring the stability of the Josephson junction with these voltmeters, one
receives the stability limit on the used voltmeters together with the connec-
tors and cables. This was exploited to measure how the DAC noise scales
with the absolute output voltage (Eq. (3.3)). Figure 3.7a illustrates the
measurement setup: the StaRep DAC module is supplied with 10V from
the in-built precision reference voltage LTZ1000 [LTZ, 2022] whereas the
ADb5791 needs a 5V supply which is provided from the external precision
source UM1-14 [UM, 2022]. The output voltage of the DAC is measured
differentially against the Josephson junction, set to the same output voltage
as the DAC. Therefore, the voltmeter always measures in the zero volt range
regardless of the output voltage of the DAC. Difficulties with the lower ac-
curacy of the voltmeter at higher absolute voltages are eliminated in this
way. As a general note concerning all measurements, the setup was situ-
ated in the non-temperature-stabilized cellar of the experimental hall (on
the property of the Max-Planck Institute for Nuclear Physics) and connec-
tors (preferably gold plated) were wrapped in tissues to avoid air currents
influencing the voltage stability measurements. Non-shielded cable pairs
were twisted for higher stability. The UM1-14 setup was wired with 4 mm
(banana) connectors while the StaRep setup was wired with LEMO triax
connectors. In the StaRep setup, the inner shield of the voltage reference
has to be connected to the inner shield of the DAC output and both are put
onto the external guard of the voltmeter, where the outer shield connects
as well. The AD5791 DAC evaluation board makes this redundant. Here,
only the output voltage low is connected to the voltmeter’s external guard.

The AD5791 DAC output was measured against the Josephson voltage
source for the three different output voltages 10V, 5V and 300mV. The
DAC has a buffered and non-buffered output. Both outputs were measured
and do not show any significant difference (< 1) in noise behaviour. Hence,
it will not be differentiated between the two outputs in the following. From
Figure 3.7b it becomes evident, that the absolute noise decreases with the
DAC output voltage. This means that a configuration of the DAC module in
series to the Josephson voltage source, which allows tunability (see section
3.2), performs best for a small DAC output voltage. For a time of 100s,
which corresponds to the time required in the experiment to drive and detect
a spin-flip, the measured DAC voltage stability is 121(16) nV, 64(9) nV and
41(6) nV at absolute voltages of 10V, 5V and 300 mV, with the respective
reference voltage source. The noise originating from cables and connectors
0.+ Was measured separately and subtracted from the DAC measurements
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Figure 3.7: Noise behaviour of the AD5791 DAC (shades of red) and com-
parison to the StaRep DAC (shades of blue). (a) The AD5791
DAC is supplied with 5V from the UM1-14 whereas the StaRep
DAC is supplied with 10V from the LTZ1000. Grounding
(yellow-green dashes) occurs on the external guard of the volt-
meter. For the StaRep setup, an additional grounding connec-
tion has to be established to the reference source (for details, see
text). The DAC output voltage Vpac = 10V, 5V, 0.3V and
0.02V is measured against the Josephson voltage source (JJ),
such that the nanovoltmeter sees zero volt. (b) The AD5791
DAC voltage stability increases with decreasing output voltage
(red curves). The UM1-14 at 5V measured directly against the
JJ (black curve) has a slightly higher Allan deviation than with
the DAC in between. (c) The StaRep DAC (blue) at an out-
put voltage of 20mV is a bit less stable than the AD5791 DAC
(salmon) at 300mV. The noise contribution from cables and
connectors (black line with red errors for the AD5791 and black
line with blue errors for the StaRep) was subtracted from all
measurements (Eq. (3.6)).
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yielding the displayed data. This reduces the total noise by 0.5nV to 2nV.
The reference voltage was also directly measured against the Josephson
voltage source at 5V which is comparable to the DAC output at equal
output voltage (black curve in Fig. 3.7b). Unexpected is the slightly larger
noise contribution from the UM1-14 without a DAC module compared to
the setup with DAC module in series, but the two measurements agree in
the 1.30 range.

A comparable measurement was carried out at the PTB with the StaRep
DAC at an output voltage of 20mV versus the Josephson voltage source.
The data suggests that the StaRep DAC at 20mV has a similar noise con-
tribution as the AD5791 DAC at 300mV - both agree in the 1.50 range.
However, taking into account that the StaRep DAC was measured at a
fifteen times smaller output voltage, its voltage stability of 60(15) nV is ex-
pected to increase for larger voltages, whereas the AD5791 DAC at 300 mV
is stable on the level of 41(6)nV. This suggests that the AD791 DAC is
more stable for equal DAC voltages. All stabilities are given for a time
interval of 100s.

To exclude, that the difference in noise between the two DACs amounts
from the different reference voltage sources, the two references were mea-
sured against the Josephson voltage source (see Figure 3.8). On the needed
timescale of 100's, the LTZ1000 supplying the StaRep DAC is with 52(10) nV
slightly more stable than the UM1-14 with a voltage stability of 79(12) nV.
Both values agree in the 1.50 range. The measured stability is not limited
by the resolution of the nanovoltmeter, as the green curve demonstrates
where two arrays of the Josephson voltage source are measured against
each other. This leads to the conclusion that the higher noise contribution
of the StaRep DAC as compared to the AD5791 DAC does not originate
from the reference voltages but from the DAC itself.

In a last measurement series, the performance of the two DACs was tested
using the Josephson voltage source as reference voltage. Replacing the UM1-
14 and the LTZ1000 with a Josephson voltage source should increase the
absolute voltage stability, since the Josephson voltage source as reference
is more stable than the other two reference sources (compare Figure 3.8).
Since the Josephson voltage source was already used as reference and there is
only one of its kind at the institute, these measurements are not differential
against another Josephson voltage source in the voltmeter’s zero volt range
but absolute as the schematics in Fig. 3.9a show. Therefore, the lower
resolution of the nanovoltmeter in the 0V to 2V range as compared to the
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Figure 3.8: Comparison of the performance of the reference voltage sources.
(a) The reference sources UM1-14 and LTZ1000 are measured
differentially against the Josephson voltage source (JJ) set to
the same voltage, such that the nanovoltmeter measures at zero
volt. (b) At 100s, the UM1-14 with 5V (black) has a slightly
higher noise contribution than the LTZ1000 (blue) with 10V.
When replacing the reference voltage source with a Josephson
voltage source (green), the stability limit of cables, connectors
and the voltmeter are measured (18 nV at 100s). The UM1-
14 measured against the StaRep DAC with the LTZ1000 yields
much higher voltage instability (purple).

0mV to 200mV range has to be kept in mind when looking at the data
(Fig. 3.9b). Both DACs were measured at 1V and 150mV. The noise
contribution from cables and connectors was subtracted.

In direct comparison, the StaRep DAC is less stable than the AD5791
DAC (see Fig. 3.9b), as was predicted in the previous measurement (Fig.
3.7b). With a voltage stability of 25(3)nV at 150mV in the usual time
interval of 100s, the AD5791 DAC is much more suitable to be part of the
ultra-stable tunable voltage source than the StaRep DAC with a stability
of 155(11) nV. For the higher output voltage of 1V, the voltage stability of
both DACs decreases to 35(5)nV and 340(35)nV, for the AD5791 and the
StaRep DAC, respectively. This is partly due to the higher measurement
range of the nanovoltmeter, and partly because the DAC noise increases for
higher output voltages (compare Fig. 3.7b).

The goal of these measurements is to determine whether the tested voltage
source is sufficiently stable to achieve high spin-flip detection fidelity (see
section 2.4) and at the same time tunable in the range of a few 100mV -
since the trap potentials must be matched to experimental reality (compare
section 3.2). Therefore, a tunable, low-noise DAC can be put in series to
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Figure 3.9: Comparison of the performance of the StaRep DAC to the
AD5791 DAC. (a) Using the Josephson voltage source (JJ) as
reference, the voltage stability of the two DACs is measured di-
rectly on the nanovoltmeter for the two output voltages of 1V
and 150mV. (b) The AD5791 DAC (red) has lower voltage fluc-
tuations than the StaRep DAC (blue). The noise from cables
and connectors was subtracted for both setups (see Eq. (3.6)).

the ultra-stable Josephson voltage source. With a stability of 25(3) nV over
100s, the AD5791 DAC supplied by the Josephson voltage source enables
a spin-flip detection fidelity of 987:% while the trapping potential would
be tunable in a range of £150mV. The tested StaRep DAC however is
more noisy and would decrease the spin-flip detection fidelity to below 5 %.
The DAC of choice is therefore the AD5791 DAC. Surprisingly, the UM1-14
performs at low output voltages of 0.5V and below even better than the
compound of Josephson voltage source and AD5791 DAC with a stability
of 22(3)nV over 100s (compare Fig. 3.10). Hence for small voltages, this
source is not only user friendly but also extremely stable, enabling a spin-flip
detection fidelity of 99.2791%.

The correction electrodes have a smaller influence on the trapped parti-
cle and therefore, their required voltage stability is of the order of 50nV.
An UM1-14 which is temperature stabilized to 25 °C exceeds this stability
criterion with fluctuations in the 40nV range over 100s averaging time at
2V output voltage [Bock, 2022] (see Fig. 3.10). Hence, no combination
of Josephson voltage source and DAC is needed but the UM1-14 supplying
the correction electrodes is sufficient. The results are discussed in chapter 5.
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Voltage stability of the UM1-14 for low output voltages. The

UM1-14 was temperature stabilized to 25°C and directly mea-
sured on the nanovoltmeter for output voltages of 500 mV, 1V
and 2V.
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4 Implementation of a laser cooling
scheme for *He*"

Laser cooling of trapped beryllium °Be* ions plays an important role in
many physics experiments dealing with e.g. quantum information process-
ing [Home et al., 2009], quantum-logic optical clocks [Chou et al., 2010] and
quantum-logic spectroscopy [Schmidt et al., 2005]. In Penning-trap exper-
iments, it can be used to sympathetically laser-cool ions with no suitable
laser-cooling transition such as the proton, antiproton [Bohman et al., 2018],
highly charged ions [Tu et al., 2021] or in this case the helion. Doing so,
temperatures in the low mK range can be reached in the ion’s axial mode,
facilitating the spin-flip detection.

In the sympathetic laser-cooling scheme, the axial motion of a cloud of
9Be™ ions confined in a Penning trap is laser cooled to the Doppler limit.
With the mean lifetime of the “Be™ excited state being 7 = 8.1(4) ns [An-
dersen et al., 1969], the Doppler cooling limit is given by

_h
N 2]{33’7'

Tp = 0.47(2) mK. (4.1)
By coupling the axial motion of 3He** and the *Be™ cloud, the helion can
be sympathetically cooled. The helion’s axial temperature Ty, will depend
on the coupling strength between helion and beryllium ions and the cou-
pling to heating sources, such as electronic noise and detector couplings.
By applying an rf pulse, which couples the axial and cyclotron mode, the
cyclotron energy E, can be reduced to Fy = FE, - wy /w, [Bohman et al.,
2018]. Inserting the eigenfrequencies v, = 58.2 MHz and v, = 370 kHz (Eq.
(2.4)) of helion in the precision trap, a minimal cyclotron temperature of

T, =1Tp vy/v, =74mK (4.2)

can be reached. Laser cooling of Be™ typically requires a single laser beam,
which is slightly red detuned from the cycling transition between ground
state 2512 and excited state 2P3j,. This transition with a wavelength of
roughly 313nm (= 957 THz) becomes shifted due to the Zeeman effect in
the presence of the Penning trap’s magnetic field. The first section hence
deals with determining the precise laser-cooling transition frequency in the
B-field of the experiment.

The beryllium used for laser cooling is produced on top of the trap tower
with the help of a second laser. A pulsed, frequency-doubled high-energy
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Nd:YAG laser [Litron, 2022] ablates beryllium from a solid metallic CuBe
target, provided that the laser beam is well aligned and focused. The align-
ment scheme for the cooling and ablating laser beams is presented in section
4.2.

Section 4.3 describes the experimental implementation of the cooling laser
while the theoretical model of laser, detector and ion interaction is treated in
section 4.4. At last, a measurement demonstrating laser cooling is presented
in section 4.5, from which the laser cooling rate and the temperature of the
beryllium ions can be extracted.

4.1 "Be™ laser cooling transitions

The level structure of YBe™ features a fine and hyperfine structure, which
is split into additional levels in a magnetic field (compare Fig. 4.1). For
strong magnetic fields (py;;B > uy), like the one used in the experiment,
this splitting can be described by the Paschen-Back effect [Paschen and
Back, 1912] which is the strong-field limit of the Zeeman effect. Here, the
coupling between nuclear spin I and total electronic angular momentum J
is disrupted and the states are no longer degenerate.

The Hamiltonian of such a system is composed of the field-free Hamilton
operator and the interactions of the magnetic moment of total electronic
angular momentum and nuclear spin [Hertel and Schulz, 2015]:

Hyups = %IJ + % <gJH’B‘]Z - QIMNfz> ; (4.3)
with the Bohr up and nuclear puy magneton, the nuclear g-factor g;, and
the reduced Planck constant . The hyperfine structure constant A pa-
rameterizes the splitting of energy levels at zero magnetic field, caused by
the interactions between the electronic and the nuclear electromagnetic mo-
ment. The Landé g-factor is defined as

JT+1) =SS+ V) + LIL+1)  JJ+1)+S(S+1)— L(L+1)

97 = 9L 2J(J + 1) s 2J(J +1) '
(4.4)

The appropriate basis in the Paschen-Back regime is |JmjIm;). Using
the relations

~ ~ A A 1 /7~ - A A
B =1+ (I+J_ +I_J+>,
fZ]JmJ]m[>:hm1|JmJ]m1>, jZ|JmJ]m1>:hmJ|JmJIm1> and

I Img) = ha/I(I + 1) —m;(m; £ 1) [Im; £1)  (analogous for Jy),
(4.5)
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with the ladder operators I, and ji, the Hamiltonian can be evaluated. In
matrix notation, this yields

(JmpImp| Hyps |Jm Im;) =

(Ammy + (gspms — GriN™I)) O my Omysmy

A
+ 5\/‘](‘] + 1) - mJ(mJ - 1)\/1([ + 1) - ml(mI + 1)5mJ/mJ_15mI/m1+1

A
+ 5\/J(J +1) —my(my + D\VI(I+ 1) —mp(mr — 1)Sm my i Omymy -
(4.6)

The energy level shift in a magnetic field B is calculated by solving the
eigenvalue problem of this matrix. For beryllium with nuclear spin I = 3/2,
these shifts have been calculated in the magnetic field Bor = 5.7206 T
present in the coupling trap. The B-field value has been experimentally
determined by S. Dickopf via v, measurements. An overview of all energy
level shifts can be found in the appendix Table B.2.

The two suitable cycling transitions vz 4 for laser cooling “Be™ are be-
tween the ground and excited state manifolds:

2Sija|my = £1/2,m; = £3/2) < *Pyp|my = £3/2,m; = £3/2),

as illustrated in Fig. 4.1.

In the Penning trap, the °Be™ ions are Doppler cooled in one dimension
by using a single laser beam, which is slightly red detuned from v, .. For
beryllium ions moving towards the laser beam, its frequency is Doppler
shifted towards the transition frequency and the probability for stimulated
absorption increases. The electron will subsequently decay from the excited
state 2p% Py /2 to the ground state 2p%S, /2 by emitting a photon into a ran-
dom direction. After many cycles of stimulated absorption and spontaneous
emission, the photon emission recoil averages out and the only force acting
on the beryllium ion is that along the laser beam. In the case the electron
decays into the dark state 25y [m; = —1/2) or 25}/ |m; = +1/2) for the
v+ transitions, respectively, repumping occurs for light with circular po-
larization o* along the quantization axis. All used values are summarized
in Table 4.1 along with the resulting transition frequencies.

4.2 Laser alighment

The experiment makes use of two different laser beams: In addition to the
UV-laser used for laser cooling Be™ at a wavelength of roughly 313 nm,
a pulsed frequency-doubled Nd:YAG laser with a wavelength of 532nm is
installed for ablating beryllium from a solid CuBe target. Both beams, the
UV and the Nd:YAG, enter the experiment from the top and travel parallel
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Figure 4.1: Beryllium energy level splitting in presence of a weak and strong
magnetic field. The laser cooling transitions in the strong-field
regime are found between the 2S5 |m; = £1/2,m; = £3/2)

and ?Psjp |my = £3/2,m; = £3/2) states (green and orange

dashed arrows). The zero field transition frequency vy is illus-

trated as black dashed arrow. The 2P, /2 state, located between

the 25}/ and 2Py, state, is not shown.
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hyperfine structure constants A

Ag —625.008 837 048(10) ¢y, MHz [Wineland et al., 1983]
Aps/a -1.018(3) ¢heo MHz [Puchalski and Pachucki, 2009]
g-factors
gL 1
gr -0.7848654635 [Wineland et al., 1983]
gs -2.0023193044 [CODATA, 2022]

laser cooling frequencies

1(0T) 957.396 80(13) THz [Bollinger et al., 1985]
v +(Ber) 957.477 34(13) THz Eq. (4.6)
vr_(Ber) 957.31720(13) THz Eq. (4.6)
vr,+(Ber)/2 478.7386(7) THz Eq. (4.6)
vr,—(Ber)/2 478.6586(7) THz Eq. (4.6)

Table 4.1: 9Be™ laser cooling transitions calculated with Eq. (4.6) at a mag-
netic field strength of Bor = 5.7206 T. The zero field transition
frequency 1y between the 2p 257 5 4+ 2p %P5y states is split into
a manifold by the strong magnetic field. Laser cooling within
a closed cycle works for the 25y, |m; = £1/2,m; = £3/2) to
2Pyjo |my = £3/2,m; = £3/2) transitions, with frequency vy, ..
The errors are dominated by the error on vy, the B-field error is
below 0.2mT. The frequency vy 4 /2 is used for controlling the
laser frequency and stability, as discussed in section 4.3.

to each other to a photon detector below the trap chamber and the beryllium
target, respectively. Mirrors and photon detectors are put in various places
along the laser beam path to enable the alignment. A schematic layout of
the beam paths on the laser table and through the experiment is illustrated
in Figure 4.2 and Figure 4.3, respectively.

The laser alignment is divided into three steps: Within the experiment,
only the UV laser beam path can be detected. Therefore, in a first step,
the lasers must be aligned parallel. Then, using the same mirrors for both
beams, the UV laser is guided through the trap chamber with the help of
a beamsplitter, fluorescence plates and photon detectors. Simultaneously,
the Nd:YAG laser enters the experiment through a pipe in parallel to the
UV laser. At last, the fine adjustment requires optimizing the laser beam
signal on the photon detectors. In case of the ablation laser, the signal of
the FFT resonator spectrum is optimized simultaneously. More details on
each step will be given next.

Parallelization of two laser beams

To align a single laser beam in space, two mirrors are sufficient. Therefore,
four mirrors are needed for aligning two beams. The beams are brought
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Figure 4.2: For laser alignment, the UV laser beam (purple) and the
Nd:YAG laser beam (dark green) are parallelized. A mirror
on a flip mount is used to superimpose a green laser pointer
(bright green), used for the alignment process, to the Nd:YAG
laser beam. The mirrors placed on red posts are used for the
alignment in space. On top of the golden posts, the adjustment
plates are mounted (enlarged in the inset). For more details, see
text. The brown posts belong to the acousto-optic modulation
(AOM) setup, which will be discussed in section 4.3.

next to each other with either a dichroic mirror, which in our case reflects
light in the UV regime while longer wavelengths such as the Nd:YAG laser
are transmitted, or a D-shaped mirror, which is put into the path of one
beam without cutting off the second beam. The second method is now used
in the experiment, as the power loss of the beams is smaller after a D-shaped
mirror.

The continuous wave UV laser is made visible by placing paper into the
beam path. White paper contains optical brightening agents, which are
chemical compounds that absorb light in the UV region of the electromag-
netic spectrum, and re-emit light in the blue region by fluorescence. With
the pulsed Nd:YAG laser, adjusting the beam is more difficult, even at a
high pulse frequency. Instead, a green laser pointer that is superimposed to
the Nd:YAG laser beam path with the help of a flip mounted mirror is used
for the complete alignment process (compare Fig. 4.2).

In the experiment, the centers of the UV and Nd:YAG laser beams are
a distance of 1.5 cm apart, and their targets are approximately 3.5 m away
from the four parallelization mirrors. To ensure, that both beams hit their
targets, the two beams have to be parallelized along a distance greater than
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4m.

There is an adjustment plate at the beginning and end of this paralleliza-
tion path, with holes indicating where the beams have to go through (see
inset of Fig. 4.2). A limit on the parallelization is given by the accuracy
with which the beam center passes through the hole center. With these
plates, the distance between the two beams becomes fixed.

Another degree of freedom is the position of one beam relative to the
other in relation to the laboratory frame. When the UV laser is fixed, there
is an entire circle on which the Nd:YAG laser is at the correct distance from
the UV laser. This is accounted for by mounting the adjustment plates
on an indexed rotary mount (inset of Fig. 4.2). The correct rotation is
adjusted optically on the location where the beams enter the experiment. A
fluorescent plate surrounds the pipe for the Nd:YAG laser, showing whether
parts of the beam are cut off from the pipe. This way, both beams enter
their respective pipe but they still have to be adjusted in order to reach the
trap chamber and the beryllium target in a distance of 1.8 m.

Rough adjustment

At this stage, the UV laser beam and the Nd:YAG laser beam are parallel
with proper orientation in the laboratory frame, and both beams enter the
experiment through their intended pipes. However, they are not aligned
with the pipes yet and therefore may not go through all the way to their
respective targets. Only in the UV laser beam path, there are detection
and alignment tools installed. Hence, the Nd:YAG laser (and the green
laser pointer used for alignment) can be turned off for the rough adjustment
and will not be discussed in the following. The Nd:YAG beam is aligned
simultaneously with the UV laser beam as they are parallel and share the
same mMmirrors.

On top of the experiment, a 27 cm x 30 cm breadboard holds four more
mirrors: the first is a 90° mirror used for reflecting the beams coming from
the laser table into the plane of the breadboard. Then, two adjustment
mirrors are used for aligning the beams parallel to the pipes. At last, an-
other 90° mirror guides the beams from the breadboard plane through the
experiment (see Fig. 4.3b).

The UV laser enters the experiment through a glass flange, behind which
the pipes in the pre-vacuum chamber are situated. The beam-splitter lo-
cated 15cm below the glass reflects a small fraction of the beam in a 90°
angle, while the main beam is transmitted. This reflection passes through
two fluorescent plates (12cm apart) with a hole marking the center (Fig.
4.3c) and then hits a 4-quadrant diode. Once the reflected beam passes
through the center of the fluorescent plates and hits the center of the 4-
quadrant diode, the main beam goes through the pipe to the trap chamber.
In the current setup, the cage system with fluorescent plates and 4-quadrant
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Figure 4.3: The two laser beams enter the experimental setup (a) from the
top via four guiding mirrors (b). The UV laser beam is aligned
vertically by adjusting a 90° reflection from the beamsplitter
(BS) with the help of fluorescent plates (c). The Nd:YAG laser
beam is focused onto a solid beryllium target with a lens and a
mirror (d) directly above the trap tower. SiPMs around the split
electrode enable the detection of stray light and fluorescent light
(e). Below the trap tower and the field emission point (FEP),
another SiPM is situated, that detects the UV beam through a
2mm hole in the FEP electrode (f). The figures are the modified
CAD models of B. Moerk, except for the photograph in (e).

37



diode unfortunately slipped down due to its weight by approximately 1 mm
such that the beam no longer goes through the center of the plates but
slightly above the center hole. In addition, the beam no longer reaches
the diode. This makes the alignment less precise. Regardless, an additional
fine adjustment step is necessary, in which the beam path is optimized using
photon detectors in the trap tower region.

Fine adjustment

In the fine adjustment process, the UV laser path and the Nd:YAG laser
path are optimized separately. The UV laser fine adjustment is treated first.

The ring electrode on the beryllium cooling trap is divided into six parts
(Fig. 4.3e). Different potentials (even periodically changing potentials)
can be applied to each part, therefore this electrode is called rotating wall
electrode. Behind each slit, a silicon photomultiplier (SiPM) is situated,
detecting stray light from the UV beam even at cryogenic temperatures
[Biroth et al., 2016, SiPM, 2022|. Beneath the trap chamber, another SiPM
is placed (Fig. 4.3f). If the UV beam passes the trap chamber without
scattering on the walls, the signal on the detector below the trap chamber
should be maximal whereas the signal on the detectors behind the rotating
wall electrode should be minimal. Exemplary signals on the detectors after
fine adjusting the UV laser beam are:

0.7mV : SiPM below the trap chamber
2000 counts/0.5s : three SiPMs behind the rotating wall electrode
160 pW : UV beam power before the breadboard mirrors.

Stray light from the green laser pointer used for aligning the Nd:YAG laser
beam can be seen on the detectors behind the rotating wall electrode. The
beam path is optimized by maximizing this signal. In addition, beryllium
was only loaded, when the FFT offset of the resonator from the cooling trap
increased. Successful loading parameters are:

560 000(2500) counts/0.5s : three SiPMs behind the rotating wall electrode
8(1)dB : increase of FFT resonator offset
bmJ (= 32att. setting) :  attenuation of the Nd:YAG laser.

After ablating beryllium from the target, many (~ 1000) beryllium ions are
captured in the cooling trap. However, at very high ion numbers, the ions
do not thermalize with the resonator. A dip could be produced only for
roughly 30 to 40 ions.
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4.3 UV-laser frequency modulation and control

For efficient laser cooling, the frequency of the UV-laser has to be red de-
tuned from the transition frequency calculated in section 4.1. The short
lifetime 7 of the electrons in the excited state 2p*Ps /2 is associated with the
natural linewidth I' = 1/(277) = 19.6(10) MHz of this transition. Modulat-
ing the laser frequency around this transition and observing the fluorescent
light from the spontaneous emission is useful for e.g. measuring the temper-
ature of the beryllium ions. Therefore, the first part will deal with setting
the laser beam frequency, whereas the second part treats the modulation of
the laser beam frequency.

The UV-laser is a frequency-quadrupled high-power diode laser [TOP-
TICA, 2022] with the second harmonic generation in the near-infrared and
the fourth harmonic generation in the ultra-violet at approximately 313 nm.
Coarse tuning is achieved with an adjustment screw on the laser, which
shifts the angle of the diode laser grating. For fine tuning, the piezo control
current is changed using a proportional integral (PI) controller.

The frequency of the UV-laser is measured with a wavelength meter [High-
Finesse, 2022], which compares the second harmonic generation with an io-
dine stabilized helium-neon laser [Lasertex, 2022]. The helium-neon laser
has a high frequency stability below 2.5 x 107! (10s averaging time) and
the absolute frequency of the respective mode is well known to 6 x 1072
Therefore, it represents an ideal frequency laser standard.

When the laser frequency is tuned to maximum cooling, the signal on
the SiPMs surrounding the rotating wall electrode should increase due to
the photons emitted from spontaneous emission. These photons make up
the fluorescent light and must be detected against the background of stray
light. Initially, the beryllium ions at the resonators temperature of roughly
10K are Doppler broadened in the range of a few hundred MHz, which
is much larger than the natural linewidth I' =19.6(10) MHz of the laser
cooling transition. Therefore, the fluorescent photon rate is expected to be
much smaller than the background of stray light. In this case, no difference
is observed in the photon signal for efficient and non-efficient laser cool-
ing. Various methods have been developed to increase detection sensitivity.
One of them involves modulating the laser with an acousto-optic modula-
tor (short: AOM) and feeding the photon signal into a lock-in amplifier
which extracts very small signals buried in noise. The advantage of using
an AOM instead of modulating the laser frequency with the PI controller
is, that much higher modulation frequencies can be reached.

Within an AOM, a standing sound wave diffracts the incident light into
several orders for the Bragg condition:

mA\

QB ~ sm(@B) = 2TL_A’

(4.7)
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Figure 4.4: Acousto-optic modulator (AOM). a) Incident light at the Bragg
angle fp is partly transmitted and partly diffracted in an AOM.
The AOM can be tilted such that most laser beam power is
diffracted into the first order. Higher orders will be weaker but
still present. The angle is largely exaggerated. b) AOM setup in
the experiment. The UV laser is transmitted through a polar-
izing beamsplitter (PBS), passes the AOM, a \/4 plate which
rotates the polarization and a lens parallelizing the diffracted
beams. The mirror reflects the 15 order back through the AOM
and the PBS reflects the beam with rotated polarization. When
modulating the laser frequency, the 2" order stays fixed in
space.

where A and fp are the wavelength and the Bragg angle of the incident
beam, n is the refractive index within the AOM and A is the wavelength
of the standing sound wave (compare Fig. 4.4a). In the Bragg regime, the
first order diffraction m = +1 is most efficient, while there is hardly any
loss into other orders.

The frequency of the outgoing laser now depends on the frequency of the
standing wave ¢/A, which can be modulated with a few MHz. However, the
angle of the outgoing beam also changes with A. An easy way to modulate
the laser frequency and at the same time leave the laser beam alignment
fixed, is by double passing the AOM. After the first pass, the angle of the
first order is 6. The second pass through the AOM diffracts the beam by
—0p, cancelling the shifts altogether. By introducing a A/4-plate which the
beam double-passes, the polarization is rotated by 180° such that the in-
coming and outgoing beam can be separated with a polarizing beamsplitter.
The setup is illustrated in Figure 4.4b. The diffraction of the laser beam
into different orders is pictured in Figure 4.5a.

The detection sensitivity to fluorescent light is increased by placing a lock-
in amplifier behind the photon signal. Far from resonance, no laser cooling
occurs and the photon signal is constant. Near resonance, the number of
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laser cooled ions changes with the modulation frequency and with that the
number of fluorescent photons. If the laser frequency wy, = wo + Aw sin(§2)
is changed periodically with the modulation frequency €2 and a hub of Aw,
the transmitted laser power P, can be developed into a Taylor series around
the center frequency wy:

rlen =i X5 ()

n! dw™

sin” (§2t). (4.8)

wo

Given that the fluorescence signal f(w)L < 1 is small, with the fluorescent
coefficient f(w) and the length along which photon absorption occurs L, the
transmitted power F; is in first order equal to

Pw) = Pyexp (~f(@)L) ~ Py [1 - f(w)L]. (4.9)

If the laser power P, is independent of the frequency w, Equation (4.8) can
be rewritten with
d"f(w)>

d" P,
=—-PL
(dw" > oo ° ( dwm

With trigonometric functions, the sin"(€t) powers can be converted into
functions of sin (nQt) and cos (n€dt). For a sufficiently small modulation
hub Aw/wy < 1 the higher powers of Aw™ can be neglected, and the signal
normalized to the input power at frequency nf2 is given by

(4.10)

wo

Bi(w) = Pi(wo)
Fo

S(nQ) =

[1 — cos(2Qt)] — A_{,ﬁd?’_f sin(3Q¢).

df . Aw? d f
o Aw——sin(t) + YRR
(4.11)

dw 4 dw?

By setting the phase-sensitive lock-in amplifier [ZurichInstruments, 2022]
to the harmonic nf2 of the modulation frequency (2, essentially the n—th
derivative of the fluorescence coefficient f(w) is measured. The higher orders
d"f/dw" are large for the fluorescent signal and small for the background.
This way, even small transitions in presence of a broad spectral background
can be detected [Demtroder, 2013].

The AOM [AOM, 2022] was implemented into the laser beam path. After
passing through the AOM, the laser beam power of the second order is de-
creased by 30 % to 50 % with respect to the non-modulated beam. The laser
beam alignment is independent of the modulation as predicted. However, it
turned out that the laser beam power coming out of the AOM F, strongly
depends on the modulation hub: A hub of Aw = 10MHz at an operating
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(b) (c)

Figure 4.5: A laser beam passing through an AOM becomes diffracted into
multiple orders of different frequency. (a) The orders are spa-
tially separated. The angle of incident beam can be adjusted
such that most laser power is diffracted into the second order
after the double pass (dot within box). (b),(c¢) For large modu-
lation hubs, the efficiency with which light is diffracted into the
second order varies.

frequency of Q@ = 100 MHz changes the output power by 35% (see Figure
4.5b and 4.5¢), but also for smaller frequency hubs a power dependence is
observed. Instead of solely modulating the frequency of the laser beam,
it’s amplitude is simultaneously modulated. The lock-in amplifier there-
fore picks up the modulated background signal, and the fluorescent light is
buried in noise after all.

This problem might be circumvented by using the amplitude modulated
beam as a reference signal for the lock-in amplifier and using this signal
as an offset on the photon detector. In addition, the new setup features
apertures in front of the SiPMs to reduce the amount of stray light reaching
the detectors since a general problem was the shift in electrode voltages
once the laser was in operation.

4.4 Laser-ion interaction

Trapped ions induce image charges in the outer electrodes which are de-
tected by a resonator circuit, as described in section 2.2. When the ions’
axial energy is in thermal equilibrium with the detection system, a noise
dip appears in the FFT spectrum. Once the ions are laser cooled, their
axial energy is reduced below the equilibrium temperature of the detection
system. As a result, the noise dip disappears. With a blue detuned laser,
the ions’ axial energy is increased above the detector energy, which leads to
a peak signal in the FFT spectrum [Sturm, 2011]. The line shape of such
a dip signal reflects the coupling strength of the ions to the laser and the
detection system. The theoretical model of this line shape and what can be
extracted from it is treated in this section.

The equivalent circuit for a system consisting of trapped ions, a laser and
a detection system is illustrated in Figure 4.6. The induced image charge
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| Cion

Figure 4.6: Equivalent circuit for the ion-detector-laser interaction. The ion
moving up and down in a Penning trap (left) can be modelled as
an inductance L;,,, and capacitance Cj,, parallel to the resonator
circuit (right). The laser acts as a damping force on the ions,
equivalent to a series resistance Rj.

current in the electrodes ¢;., will depend linearly on the ions’ deflection for
small amplitudes z(?):

qN : Ng.,
Gion(t) = =—=2(t) = Lion(t) = Gion(t) = —=2(1), (4.12)
D D
with a trap specific length D [Brown and Gabrielse, 1986] and the number
of trapped particles N. Together with the equation of motion for a trapped
ion in thermal equilibrium with the resonator circuit
Vg
.. 2
ZI=—-wz+ ——, 4.13
et L (413
where V' is the voltage at the electrode, the equations can be rewritten in
terms of the ion current:
mD? mw? D?

= I
1% Ny O L (t)+ Ng

/ ()t = LW I() + / [(H)dt. (4.14)
This equation of motion equals a linearly damped harmonic oscillator. The
comparison to a damped electrical series resonator yields the important
parameters:

on

N 2
C(ion = d 9
mw2D?
D2
Lion = 77\[—q2; (415)
1
W, = —F/———.
Lioncion
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The laser acts on the ion like an additional damping force. Therefore, it
can be modelled as a resistance R, in series to the ion:

1

Zi(m,L - iWLion - C 2
Wlion w

2
+ RL == inpT (1 - &) + RL. (416)

On resonance, the resonator circuit acts as effective parallel resistance
Rp = wlL,.sQ) with the resonator’s inductance L,.s and the quality factor
Q) = Wres/Aw, where Aw is the full width half maximum of the resonator
curve. The cooling time constant 7 = mD?/(N¢*Rp) is a measure for
the interaction between the ion and the resonator (for the derivation, see
appendix B.2). The impedance of the resonator circuit is given by:

1 117t R
Zrer = |:7:wcres +—+ —} = r . (4.17)
/LwLTCS RP 1 + ZQ ( w__ M)

Using Kirchhoff’s laws [Kirchhoff, 1845], the real part of the total impedance
is

1
Re(Ztot) :RG (ﬁ)
Zion + ZRLC

2
1 R 1 R
- R_+ - 2 R_+ 2 22L2 w29
R+ Ryrr (1- ) PoORE+ RO )

w2

94 —1

Q(zz—==)  Rerw(1-%)
+ —

Bt RZ + R3r2w? (1 - ‘;-3)2
(4.18)
This is the central building block for the line shape model:
dip = 10logio (10*° Re(Z,01)/ Rp + C) , (4.19)

giving the dip amplitude in dB for a provided frequency range w. From
fitting this line shape model to a measured dip spectrum, one obtains the
center frequency w,/(27) and full width at half maximum Av, = 1/(277) of
the dip, the height A and quality factor () of the resonator, an amplitude off-
set C, the resonator’s resonance frequency wy.s/(2m) and most importantly
the laser force equivalent resistance Ry.

The number of ions N in the trap follows from the full width at half
maximum Av, of the dip

mD?

N = 27TAVZq27P. (420)
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Heating and cooling rates

The cooling and heating rates of the beryllium ions due to the laser force
depend on the laser detuning from the resonance transition. For a red
detuned laser, the beryllium ions moving towards the laser have a higher
probability of scattering with a photon than the beryllium ions moving in
the opposite direction. The ions are therefore cooled. Conversely, a blue
detuned laser heats up the ions. At far detuning, the damping rate of the
beryllium ions due to photon scattering is insignificant compared to the
coupling to the detector which is given by

1 . N(]2RP

— = 4.21
27 2mD? ( )

Yres =

The rate of photon absorption R at small ion velocities v is expressed as

T S0
214 5y +462/T2
T So 4Sokd /T (422)

~ — Ov?),
21+50+452/F2+(1+SO—|—452/F2)2U+ (U)

with the Doppler shifted detuning 6 = § — kv from the laser detuning at
rest §, where k is the wave vector. The natural linewidth of the laser-
cooling transition is given by I' = 19.6(10) MHz whereas Sy denotes the
saturation of the laser beam with a value between 0 (unsaturated) and 1
(fully saturated). Comparing Eq. (4.22) with a driving and damping force
on a particle

Fion = hkRy — m~ypv (4.23)

yields the laser cooling rate v:

So
m(1 + So + 462/T2)2

v = —hk*46/T (4.24)

This curve is plotted in Figure 4.7. The derivative shows, that most efficient

cooling and heating takes place for a laser detuning of Fd,,4, = :Fgw / Sotl

The laser force equivalent resistance R can be translated to a cooling rate
by comparison to an ideal resonator (the derivation can be found in the
appendix B.2), for which applies

Y = NR/(2Liop). (4.25)

The notation with the tilde 7, is used to differentiate the laser cooling
rate extracted from the dip fit with the equivalent circuit model from the
theoretically calculated laser cooling rate =y .
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Figure 4.7: Dip depth and laser cooling rate v as function of the laser
detuning from the resonance transition v;, _. As the particles
are cooled below the equilibrium temperature with the detec-
tor, the dip slowly vanishes. On resonance, the particles are
neither heated nor cooled, therefore the dip reappears.Most ef-
ficient cooling and heating takes place for a laser detuning of

FOmaz = q:g, /Sl - For more details, see text. Note that the

cooling rate illustrated here for Sy = 1 depends solely on the
laser damping force, there is no detector heating included.

4.5 Temperature measurement using dip depth

One indication of laser cooling is the disappearing dip, which signalizes that
the temperature of the trapped ions becomes colder than the equilibrium
temperature between the ions and the resonator (compare section 4.4). As
stated in the previous section, the laser detuning ¢ from the laser cooling
transition frequency vy, . determines, at which rate v, the trapped ions are
cooled or heated. Therefore, a scan was performed in which the dip sig-
nal was measured for different laser detuning frequencies ¢ from the lower
transition frequency vy, _. The results are displayed in Figure 4.7. At far
detuning, the dip depth approaches the value of 11dB which is below the
maximum dip depth at the transition frequency vy, _. As the dip depth is an
indicator for the temperature discrepancy between beryllium ions and the
resonator, this draws the conclusion that without laser cooling, the equi-
librium temperature of the beryllium ions is slightly above the resonators
temperature.

A few exemplary dip fits are plotted in Figure 4.8 for three laser detunings.
From these fits, the dip depth is extracted by subtracting a resonator fit
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Figure 4.8: Fitted dip signals in the FFT spectrum at different laser detun-
ings for the extraction of the dip depth and the effective laser
cooling rate 4. Near the most efficient laser cooling —d,,,., the
dip becomes very shallow. The maximum dip depth is reached
for zero detuning. The arrows indicate the dip depth, which is
calculated by subtracting the dip fit from the resonator fit with-
out any particle or laser interaction. On the x-axis, the effective
resonator frequency is given with ferr = fres + foam. The used
down mix frequency is fpy = 408.2 kHz.

without any laser and particle interaction from the respective fitted dip
signals.

The first parameter, which can be extracted from the scan in Fig. 4.7
is the resonance frequency of the laser cooling transition v _. On reso-
nance, the beryllium ions moving towards the laser beam and the beryllium
ions moving away from the laser beam experience the same Doppler shift
5 = +ko. Hence, the ions are equally cooled and heated, such that the
net laser force on the ions is zero. In this case, the beryllium ions are in
thermal equilibrium with the resonator and the dip depth is maximal (com-

pare v, line in Fig. 4.7). For the detuning of —d,,4, = —g, [ S0kl the

laser cooling is most efficient and the dip depth becomes minimal. This
is also illustrated in Figure 4.7 for a saturated beam Sy = 1. For a larger
detuning —d > —0d,,42, the photon absorption rate R decreases which causes
the dip depth to increase. On the other side, a positive detuning heats the
particle, such that the dip vanishes and eventually turns into a peak. This
heating process is shown on the right side of the the resonance frequency.
The obtained resonance transition frequency ve,, = 957.31702 GHz agrees
in the 1.40 range with the theoretical prediction v, — = 957.31720(13) GHz.
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Figure 4.9: Predicted laser cooling rate 7, as function of the dip depth. For
very shallow dips, the laser cooling rate 7y, is much smaller than
the resonator heating rate v,.;. However, as soon as the dip
disappears, the dip depth extracted from the fit is near zero but
varies with the noise of the FFT spectrum. Therefore, 7, varies
in a huge range. An upper limit 4, > 7,.s can be given once the
dip has vanished.

The laser cooling rate 7, is obtained for each laser frequency detuning by
fitting the line shape of the dip signal (compare Eq. (4.19) and Eq. (4.25)).
The results in Figure 4.10 show cooling rates of up to 9z ~ 100(130)s™!,
which is of the same order as the resonator heating rate 7., = 120s7!.
Near the most efficient cooling, the dip vanishes. The errors on 7, become
immense and the extracted cooling rates are not reliable anymore. To visu-
alize this problem, Figure 4.9 displays the expected dip depth as function
of 4r. Near the disappearing dip (dip depth ~ 0dB), the laser cooling rate
takes any value from 15s7! to infinity. The last (very shallow) dip before
the dip fully disappears yields a laser cooling rate of 15(2)s~!. However,
even here the FFT amplitudes of the dip signal feature rms noise of the
order of 1.5dB (compare FFT amplitudes in Figure 4.7). The extracted dip
depth hence depends much on the fit and the respective signal. The errors
on the fitted laser cooling rate increase with the disappearing dip and once
the dip has fully vanished, only an upper limit on the laser cooling rate can
be given with 47, > V,es.

From the laser cooling rate 7, a steady-state temperature can be esti-
mated [Bohman et al., 2018]. Considering the energy exchange in the system
due to the coupling of the laser and the detector to the beryllium ions with
temperatures T, T.s and Tg., respectively, the steady-state temperature
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of the beryllium ions is given by

— VresTres + ’?LTL
Vres + '7L .

The (4.26)

The temperature calculated for various laser detunings is displayed in Fig-
ure 4.10. The dip signal disappears for a laser detuning between roughly
—24 MHz to —8 MHz. In this range, no reliable information about the laser
cooling rate and hence the temperature can be extracted from fitting the
dip line shape. Therefore, the temperature data was fitted for the detunings
of —120 MHz to —24 MHz and extrapolated for detunings beyond using the
above Eq. (4.26) and the theoretical cooling rate v, in Eq. (4.24) with the
free fit parameter being the saturation of the beam Sj:

_ VresTres + /YL(SO)TL

Tge
b Vres + IYL(SO)

(4.27)

According to this fit, a temperature of 4.2 K was reached with a beam
saturation of Sy = 1 x 10~*. This temperature is far above the calculated
Doppler temperature Tp = 0.47(2) mK, which is consistent with the small
saturation parameter. This is expected: For high temperatures such as the
resonator temperature 7,., = 10 K, the beam cannot be fully saturated since
the Doppler broadening is in the range of a few hundred MHz:

aser 8k TT@S ]' 2
AT, ) = Lraser, | SNBres 08 2 790 MHy, (4.28)
C m

with the speed of light ¢ and the Boltzmann constant kg. Once the laser
cooling starts and the temperature of the system decreases, this also narrows
the Doppler broadening which will in turn increase the saturation param-
eter Sy. The larger Sy, the higher the laser cooling rate and the lower the
temperature of the beryllium ions. For a fully saturated beam, an equilib-
rium temperature of 2.3 mK is expected for the beryllium ions. Therefore,
this fit only gives an upper limit on the ion temperature.
The results will be discussed in section 5.
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Figure 4.10: Temperature of the cooled beryllium ions and effective laser

20

cooling rate 7, as function of the laser detuning 6. The tem-
perature data was extrapolated (black dashed curve) to es-
timate an upper limit of the minimum particle temperature
Trin =~ 4.2K. Due to a large Doppler broadening, the satu-
ration parameter is initially small but is expected to increase
with decreasing temperature. However, as soon as the dip dis-
appears, the estimated temperature and laser cooling rate have
huge errors, for details see text . The detector temperature was
assumed to be Tp = 10 K.



5 Discussion and outlook

With the direct measurement of the nuclear g-factor of 3He*", He NMR
probes for most accurate magnetometry can be established. This enables
B-field calibration for other high-precision experiments, amongst others the
muon g — 2 experiment searching for physics beyond the Standard Model
[Jegerlehner, 2018]. In addition, QED theory can be tested by comparing
the bare helion nuclear g-factor with the recently measured shielded helion
nuclear g-factor [Schneider et al., 2022]. High precision in the helion g-factor
can be achieved, by measuring the motional eigenfrequencies of a single ion
stored in a Penning trap (see chapter 2).

For the helion g-factor measurement, determining the spin-state of the
ion is crucial. This is achieved by resolving a spin-flip in an inhomogeneous
magnetic field [Dehmelt, 1986], which induces a frequency shift in the axial
mode of the ion. Due to it’s larger mass and smaller magnetic moment as
compared to the proton or electron, the helion’s spin-flip induced frequency
shift is of the order of background frequency fluctuations (see chapter 2.3).
In context of this thesis, two methods to reduce noise in the axial mode for
facilitating spin-flip detection were tested.

One major noise contribution in the axial mode originates from the volt-
age applied to the ring and correction electrodes of the analysis trap. The
axial frequency is directly proportional to the square root of the ring volt-
age (Eq. (2.4)). Therefore, any noise and drift from the voltage source
will directly translate into noise and drift in the ion’s axial frequency. The
requirements for the desired voltage source are high voltage stability (low-
noise and low-drift) and tunability over a few hundred mV. To detect a
spin-flip with a fidelity of 99 %, the required absolute voltage stability on
the correction electrodes is 51 nV, and 23nV on the ring electrode for a ring
voltage of Vg = —0.43 V. Naturally, this equals a relative voltage stability
of 1.2ppm and 53 ppb for correction and ring electrode, respectively (see
section 2.4).

For supplying the ring electrode, the voltage source of choice depends on
the required tunability and ring voltage. There are three different options:

The most stable voltage source is based on the inverse Josephson effect
[Josephson, 1962] and is nowadays used in metrology for the voltage stan-
dard [Behr et al., 2012]. The effect is based on microwave frequency being
radiated across a superconducting strip separated by a thin normal conduct-
ing layer, called Josephson junction. This leads to steps of constant voltage

o1



[Shapiro, 1963], which scales with the number of junctions in series. The
stability of such a Josephson voltage source was measured to be below three
parts in 10 [Jain et al., 1987, Tsai et al., 1983]. If the final voltage, which
has to be applied to the ring electrode of the analysis trap for detecting the
ion, is well known, the highest spin-flip detection fidelity can be reached by
directly supplying the ring electrode with the Josephson voltage source. A
change in the ion’s cyclotron energy shifts the axial frequency (Eq. (2.11))
which evokes the necessity to tune the ring voltage in a range of £7mV.
This can easily be achieved with the Josephson voltage source which can
be tuned in a maximum range of + 2.6 % of the output voltage by chang-
ing the microwave frequency. If bigger changes in the voltage are needed,
the number of junctions in series can be changed. Switching between two
different arrays is not a continuous process, but the trap electrodes are set
to zero volt in between. Hence, this is only possible if no helion is trapped
in the potential created by the Josephson voltage source. For transporting
the ion from one trap to another, the Josephson voltage source could be
disconnected and replaced by another (less-stable) source using a switch in
the room-temperature part of the experiment.

If the needed trap voltage is not well known yet or changes regularly
due to e.g. patch potentials on the electrode surface, a larger tunability
is needed. Tunability in the range of a few hundred mV can be imple-
mented by adding a low-noise, low-drift DAC in series to the Josephson
voltage source. The AD5791 DAC [AD5791, 2022] with a Josephson volt-
age source as reference voltage contributes 25(3)nV noise at an output
voltage of Vpac = 150mV (see Fig. 3.9). The typical averaging time is
100s and is used for all voltage stabilities given hereafter. Such a volt-
age stability corresponds to a spin-flip detection fidelity of 9873% in the
used setup of the helion g-factor measurement. A major advantage of this
supply is that the Josephson voltage source can be set to any voltage (de-
pending on the number of Josephson junctions on the chip), while the noise
contribution of the DAC remains fixed for £150mV tunability. Thus, it
makes no difference in voltage stability whether the composition has an
output voltage of Vg = V;;(Vtune Mmw) £ Vpac = 0.500(13) V£0.15V or
Vkr = 5.00(13) V£0.15V. The disadvantage is, that two Josephson voltage
sources would be needed: one used as reference voltage for supplying the
DAC and the other to set the voltage V; for the ring voltage V. In a setup
where only one Josephson voltage source is used to supply the AD5791 DAC
and the DAC is used to set the ring voltage, the voltage stability decreases
for increasing DAC output voltage. For example, already at Vpac = 1V
the measured stability decreases to 38 nV which corresponds to a spin-flip
fidelity of 83%4%. Another DAC, namely the in-house built StaRep DAC
[Bohm et al., 2016], was measured to be less stable (>160nV) than the
AD5791 DAC at Vpac = 150mV using the Josephson voltage source as
reference. However, the StaRep DAC was also measured in the workshop of
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the Max Planck Institute for Nuclear Physics with the integrated LTZ1000
reference [LTZ, 2022] under perfect conditions (temperature stabilized and
no air currents) where the voltage was two times more stable. This sug-
gests, that the StaRep DAC with the Josephson voltage as reference could
perform even better in a very stable environment, which is however not a
given in the laboratory.

When the required ring voltage is on the order of 0.5V and tunability
is required that exceeds the capabilities of the Josephson voltage source,
the best option is to use a commercially available ultra-stable source called
UMI1-14 [UM, 2022] temperature stabilized to 25°C. In this source, elec-
tronic components are handpicked to acquire high stability. The measured
stability 22(3)nV at 500mV [Bock, 2022] (compare Fig. 3.10) exceeds the
stability of the composition of Josephson voltage source plus DAC. Such a
stability allows to correctly detect a spin-flip with a probability of 99.2793%.
For a higher ring voltage, the UM1-14 stability decreases and the DAC in
series to the Josephson voltage source performs better. The UMI1-14 can
be continuously tuned by pulse width modulation of the internal reference
voltage and makes no use of an R—2R ladder. For the correction electrodes
which require a lower voltage stability than the ring electrode, the UM1-14
is always suitable.

The second approach to increase the signal-to-noise ratio of an axial fre-
quency shift caused by a spin-flip is concerned with cooling the cyclotron
mode to low energy. In an inhomogeneous magnetic field as needed for
spin-state detection, the cyclotron mode is coupled to the axial mode (Eq.
(2.11)). This leads to noise in the axial mode originating from cyclotron
quantum jumps, which decrease with the cyclotron energy [Mooser et al.,
2018]. Extremely low energies (or rather temperatures as F, o« kgT}) in
the low mK range can be reached with laser cooled particles. *He?* does
not have a laser cooling transition itself but it can be sympathetically laser
cooled as demonstrated in the case of a proton [Bohman et al., 2021] or a
highly-charged ion [Tu et al., 2021]. Here, beryllium ions are laser cooled
and coupled to the helion. Through energy exchange, the helion’s energy is
reduced with the cooling of the beryllium ions.

A first indication of laser cooling is the disappearing dip signal: the dip
appears for ions which are in thermal equilibrium with the detection system.
As the ions’ temperature decreases below the detector’s temperature, the dip
vanishes. The dip depth of a cloud of trapped beryllium ions was measured
for different laser detunings, from which the laser cooling rate and eventually
an upper limit for the beryllium temperature of 4.2 K could be extracted
using an equivalent circuit model (see section 4.4 and 4.5). Assuming a
fully saturated beam, a beryllium temperature of 2.3 mK could be reached,
as discussed in section 4.5. For a helion coupled via a common resonator to
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the beryllium ions, its temperature can be calculated with

TreSIYHe + TBeﬁ/Be

THe — po
YHe + YBe

[Bohman et al., 2021]. (5.1)

The coupling of the beryllium ions to the resonator 7,.s is reduced in
presence of laser cooling to g, just like the temperature of the beryllium
ions Tg. decreases with laser cooling. The resonator temperature 71,5 is
approximately 10 K and the helion coupling to the detector is given by
vre = Rp4e?/(2mp.D?*) = 42Hz. An upper limit of the helion temperature
is estimated using Tz, = 4.2 K and Y. = Vs = 119 Hz. The reached helion
axial temperature for a common resonator coupling on resonance would be
Ty, = 5.7K. Likewise, for a beryllium temperature of 75, = 2.3mK, an
axial temperature of Ty, ., = 2.6 K can be reached. This corresponds to a
helion cyclotron temperature of 896 K and 409K (Eq. (4.2)), respectively.
This temperature is far from the mK range needed for high fidelity spin-
state detection. Once the beryllium temperature T, becomes sufficiently
smaller than the resonator’s temperature (around 8 K), the dip vanishes
and the extracted information from the dip fit becomes extremely imprecise
and unreliable. In addition, lower temperatures are reached if the ions are
detuned from the resonance frequency of the detection system [Tu et al.,
2021].

Other temperature measurement techniques are more conclusive. For
example for a single helion, the Boltzmann distribution of the cyclotron
energy (and therefore the cyclotron temperature) can be extracted from
the axial frequency measurement in the analysis trap v.(E,) using Eq.
(2.11) [Bohman, 2020]. In another approach, the laser frequency is swept
over the entire beryllium cooling resonance while the fluorescent photons
are registered. The width of the fluorescence spectrum is related to the
axial temperature via the Doppler width Afpwuy = fo/c - \/2ksT/m.
Then, the cyclotron temperature of the helion is determined from the cou-
pling between helion and beryllium and between helion and resonator. This
method unfortunately did not work in the scope of this thesis, as the fluores-
cent photons could not be resolved (see section 4.3). For the future setup,
apertures will be installed to reduce background photons. This might also
diminish the charging of the trap electrodes due to ambient photons, which
constantly changed the ion’s eigenfrequencies in the used setup (even the
magnetron frequency was shifted once the UV laser was sent through the
trap tower). To mention a third method, the helion’s axial temperature
also follows a Boltzmann distribution, which can be mapped out by adding
an inhomogeneity (Cy # 0) to the trapping potential [Egl, 2020]. In such a
potential, the axial temperature scales with the radius of the axial motion
in phase-space. By exciting the helion in the axial mode and alternatively
sympathetically cooling it, the thermal distribution of radii is observed from
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which T, is obtained.

The next step in the 3He?t g-factor measurement will be to attach the
Josephson voltage source directly to the ring electrode of the analysis trap.
By observing the axial frequency fluctuations of a trapped ion, the stability
of this voltage source is measured with higher sensitivity than at the nano-
voltmeter. Also, the combination of Josephson voltage source and a DAC
in series for tunability will be tested directly on the Penning-trap setup.

In terms of the sympathetic laser-cooling scheme, the integration of aper-
tures in front of the trap chamber will reduce stray light from the laser
beam. This enables a temperature measurement based on the detection
of fluorescent photons, which will be tested in the future setup. Since the
setup is also used for hyperfine structure measurements [Schneider et al.,
2022] which requires the transmission of microwaves through the trap cham-
ber, these apertures have to be permeable for microwaves. The 1 mm PVC
apertures built in-house with a thickness of 2mm were tested to transmit
microwaves while at the same time the laser beam profile stays gaussian.

Also upcoming is the sympathetic cooling of 3He?*. For the coupling of
the helion to the beryllium ions, different methods will be tested. Apart
from the common resonator coupling discussed in the results section 4.5,
the ions can be coupled via a common endcap [Tu et al., 2021]. In addition,
a new coupling trap is currently in fabrication, which allows the direct
coupling of the ions exploiting the Coulomb force.
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B Further information

B.1 Josephson voltage source

Operating instructions for the Josephson voltage source

When working with Josephson voltage sources, a few things have to be
considered:

Before inserting the Josephson voltage source into the cryogenic tank,
one has to make sure the chip is dry. Ice on the surface could lead to
damage of the Josephson array.

When slowly inserting the Josephson voltage source into liquid helium,
no cables should be connected. Otherwise, currents could inhibit par-
tial sections of the array to become superconductive.

Once cool, the voltage readout cables and subsequently the current
supply cables can be attached. Cable pairs should be twisted to avoid
ground loops. Preferably, the microwave synthesizer is also mounted
after the junctions have cooled down.

Now, the 0 step can be controlled on the oscilloscope. By turning
on the microwave synthesizer, the step width should slightly decrease.

The power source must be switched off before reconnecting or switch-
ing devices. Omission can lead to flux (non-superconducting parts in
the array).

The microwave synthesizer has a frequency dependant power output.
Hence, for non-symmetric steps, especially if one flank is steep whereas
the other is rounded, the microwave power has to be adapted.

If the Shapiro steps feature a slope, normally conducting parts are
present. To resolve this, the junctions have to be heated up (the
microwave is turned off and all cables have to be detached). Once the
whole chip is normally conducting, the junction can be cooled down
again.

From experience, measurements can be carried out successfully if these

points are considered and if additionally the array is properly grounded.
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Arrays of the Josephson voltage source

number of junctions | connection
4096 1
2048 2
1024 3
512 4
256 5
128 6
1 7
1 8
2 9
4 10
8 11
16 12
32 13
64 14
22
Table B.1: Arrays of Josephson junctions and the respective connection on
a SUB-D25.
B.2 Laser

Derivation of the laser cooling rate:

The voltage drop in the series RLC circuit is given by:

V = Lindd(£) + I(t) Ry + (; / I(t)dt. (B.1)

compare Equation 4.14. The derivative with respect to the current leads to

the differential equation

d?I(t) RpdI(t) 1 L
= ———+ —=I(t)=1+2v,1 I B.2

which is solved for

I(t) = Aexp (—%t) (B.3)

by identifying R;, = 24/L/C. The prefactor in the exponent determines
the damping of the RLC circuit which is equivalent to the coupling between
the ion and the resonator v, = g—fN . The N appears, as the cooling rate is
independent of the number of particles in the trap whereas L is proportional
to the number of particles.
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Derivation of the detector cooling rate:

The image current induced by a number of N particles in an electrode is

given by

N,
Lina = %Z

which produces a voltage drop
V == RPIind-
Inserting V' into Equation (4.13) yields the differential equation

.. q quzN
2 V 2
: W mD 2* mD?

S0 =2+ 29pes? + w22

z,

from which the detector cooling rate follows:

RPQQN
2mD?

Yres =
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(B.4)

(B.5)

(B.7)



Shifts of Be energy levels in presence of a magnetic field:

state | my my Av
+1/2 | =3/2 | 80.579 GHz
+1/2 | —1/2 | 80.302 GHz
+1/2 | +1/2 | 80.023 GHz
%S9 | +1/2 | +3/2 | 79.743 GHz
—1/2 | +3/2 | —79.642 GHz
—1/2 | +1/2 | —79.989 GHz
—1/2 | —1/2 | —80.335 GHz
—1/2 | =3/2 | —80.680 GHz
+3/2 | +3/2 | 160.276 GHz
+3/2 | +1/2 | 160.243 GHz
+3/2 | —1/2 | 160.211 GHz
+3/2 | =3/2 | 160.178 GHz
+1/2 | +3/2 | 53.460 GHz
+1/2 | +1/2 | 53.426 GHz
+1/2 | —1/2 | 53.392GHz
?Pyjo | +1/2 | =3/2 | 53.358 GHz
—1/2 | +3/2 | —53.357 GHz
—1/2 | +1/2 | —53.392 GHz
~1/2 | —1/2 | —53.426 GHz
—1/2 | —=3/2 | —53.461 GHz
—3/2 | +3/2 | —160.173 GHz
—3/2 | +1/2 | —160.209 GHz
—3/2 | —1/2 | —160.245 GHz
—3/2 | —3/2 | —160.281 GHz

Table B.2: Beryllium energy level shifts of all hyperfine levels in 25/, and
?P3 /5. The signs denote the shift due to a B-field of 5.7206118 T
relative to the non-shifted energy level.
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