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Abstract

High precision comparisons of the proton and antiproton g-factor enable stringent
tests of CPT symmetry in the baryonic sector. However, current measurement
routines suffer from long preparation times and high particle temperatures, which
complicate the increase of the precision beyond the parts per billion regime. As a
solution, new sympathetic cooling schemes based on co-trapped laser-cooled ions
may be used to cool (anti-)protons to the ground state of motion and to significantly
decrease particle preparation times. In addition, motional coupling to an auxiliary
ion in a double-well potential can be used for the implementation of new readout
schemes based on quantum logic spectroscopy for the spin-state of the (anti-)protons.

This thesis describes a cryogenic Penning trap system for ground state cooling
of single Be* ions, which represents the latest development of the BASE experi-
ment in Hannover towards the implementation of sympathetic cooling schemes and
quantum logic spectroscopy of single (anti-)protons. Furthermore, the setup and
implementation of lasers systems at 313nm for Doppler cooling, repumping and
Raman interactions are described. To this end, an optical platform for laser beam
delivery to the vacuum system and an optical phase-locked loop for the stabilization
of the relative phase of two lasers at 313 nm are presented.

In this work, the laser systems are used for measurements of the optical resonance
frequencies for cooling, probing and repumping of “Be* ions. In addition, stimulated
Raman transitions are demonstrated using two phase-locked lasers at 313nm. In
the following, this technique is used for high-precision measurements of the qubit
frequency and the magnetic field, as well as themometry measurements with ‘Be*
ions. The temperature of the ions after Doppler cooling is measured as a function of
the cooling laser parameters and a minimal axial mode temperature of 1.77(10) mK
is obtained.

The results of this thesis pave the way for sideband spectroscopy and ground
state cooling of single “Be* ions in Penning traps, which is an essential prerequisite
for sympathetic ground state cooling of single (anti-)protons and the application of
quantum logic spectroscopy to (anti-)proton g-factor measurements in the future.

Keywords: Penning traps, laser cooling, stimulated Raman transitions
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CHAPTER 1

Introduction

The Standard Model of particle physics is today’s theoretical framework for the
description of all known elementary particles and the fundamental interactions
between them. These are electromagnetism, the weak interaction and the strong
interaction. Its great success is based on the large number of successful predictions
and explanations of a wide range of experimental data based on its fundamental
principles.

Still, the Standard Model remains incomplete. On the one hand, it does not
include a unified description of gravity. On the other hand, it lacks explanations
for phenomena such as dark matter and dark energy as well as the imbalance of
baryonic and antibaryonic matter in the observable universe [1, 2]. This contradiction
between the success of the past and the unsolved problems of the present motivates
the search for physics beyond the Standard Model. As part of this search, high-
precision experiments looking for violations of the so-called charge-parity-time (CPT)
symmetry have emerged in recent decades.

Within local Lorentz-invariant quantum field theories such as the Standard Model,
CPT symmetry is a fundamental property that requires physics to remain unchanged
under the simultaneous application of charge conjugation, parity inversion and time
reversal [3]. As a consequence, intrinsic properties of particles and antiparticles such
as their mass, lifetime, charge and magnetic moment must be equal in magnitude
and, in case of the charge and magnetic moment, their sign must be flipped [4].
Thus, high-precision comparisons of these properties allow for a stringent test of CPT
symmetry. Examples are given in terms of comparisons of the electron and positron
g-factor in the case of leptons [5] and measurements of the mass differences between
the neutral kaon and antikaon in the case of mesons [6]. In the baryonic sector,
in particular the Baryon Antibaryon Symmetry Experiment (BASE) collaboration
[7] at CERN (the European Organization for Nuclear Research) has produced a
number of groundbreaking results, including the high precision comparisons of the
charge-to-mass-ratio of the proton and the antiproton [8] as well as high precision
measurements of the proton and antiproton g-factor [9, 10].

The BASE collaboration’s high-precision measurements with (anti-)protons are
carried out in Penning traps. These devices provide a well-isolated environment
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for charged particles with low disturbances and long storage times, as for example
confirmed through the storage of a cloud of antiprotons for more than a year [11].
Sophisticated experimental techniques are key ingredients for the measurements.
Especially in the case of (anti-)proton g-factor measurements, an important tool is
the so-called double trap technique [12]. Here, the idea is to split the measurement
procedure into different sequences which are carried out in dedicated traps. One
sequence is carried out exclusively in the “precision trap”, which provides a highly
homogeneous magnetic field, in which the motional frequencies of a trapped particle
can be measured using cryogenic tank circuits for induced image charge detection
[13]. The knowledge of these frequencies allows to determine the free cyclotron
frequency v, with high precision. The other sequence is partly carried out in the
“analysis trap”, which provides a magnetic field with a strong curvature. In this case,
a spectroscopy pulse is applied to the particle in the precision trap and the spin-state
is subsequently readout in the analysis trap using the continuous Stern-Gerlach effect
[14]. With this procedure, the spin-flip probability and thus the particle’s Larmor
frequency v, can be measured with high precision as well. The g-factor can then be
determined via the relation

VL
g= 2V—C. (1.1)
Using this technique, the BASE collaboration was able to measure the proton g-factor
with a fractional precision of 0.3 parts per billion (ppb) [9] and the (anti-)proton
g-factor with a fractional precision of 1.5 ppb [10]. However, no violation of CPT
symmetry was observed so far.

Nevertheless, the efforts of the BASE collaboration continue with an ongoing strive
for higher precision [15]. The struggle against particle temperature represents one of
the biggest challenges of the future. This can be understood by looking at current
readout schemes for the (anti-)proton’s spin state based on the continuous Stern-
Gerlach effect, which rely on the coupling between the axial motion and the spin
state. The coupling introduces a small shift to the axial frequency, which depends on
the orientation of the spin and therefore can be used for state detection. However,
at the same time additional shifts are introduced, which for example depend on the
quantum state of the cyclotron motion [16]. Thus, it is necessary to discriminate
shifts due to a change of the spin-state from shifts due a cyclotron quantum jump.
Since the rate of the latter decreases with the particle’s temperature, cooling to low
temperatures simplifies the readout of the spin.

As a consequence, current experiments are implementing elaborate preparation
routines based on resistive cooling mediated through cryogenic tank-circuits and
additional statistical routines for the measurement of the spin state [17]. With these
techniques, the preparation of a particle takes several minutes and a single data
point for a g-factor resonance measurement on average requires about an hour of
measurement, time [9]. Thus, speeding up the preparation and readout routines is
the key to faster experiment cycle times, which in turn allow for improved statistics
and reduced systematic errors.



A solution to this problem can be found in atomic physics. For decades, fast laser-
based cooling and detection schemes [18] have been used for precision measurements,
with atoms routinely cooled to the ground state of motion [19]. The proton, however,
lacks optical transitions for laser cooling, and as a pure 2-level system, direct state
detection via radiation is not possible.

An idea to overcome this limitation was proposed by Heinzen and Wineland in
1990, which today is known as quantum logic spectroscopy [20, 21]. In their method,
a co-trapped “logic” ion with a suitable cooling transition is used for sympathetic
cooling of the “spectroscopy” ion. In addition, the common motion of both particles
is used as a quantum bus to transfer the spin state information from the spectroscopy
ion to the logic ion, from which it can be read out using fluorescence detection. In
recent years, quantum logic spectroscopy has been demonstrated in radio frequency
(RF) traps with applications in ion clocks [22], precision spectroscopy of molecular
ions [23, 24] and highly charged ions [25].

Although ground state cooling of single ions in Penning traps has been demon-
strated in recent years as well [26, 27|, the demonstration of quantum logic spec-
troscopy in Penning traps is still pending. Difficulties are caused by the comparatively
low trap frequencies, more complex laser cooling schemes and the more difficult
optical access in comparison with RF traps. For these reasons, concepts in the
context of Penning traps were proposed first and foremost with only sympathetic
cooling of the spectroscopy ion in mind. For example, it was proposed to enable the
coupling of both ions via a common electrode [28, 29] and the feasibility of coupling
through a common cryogenic resonator was recently demonstrated at the BASE
experiment in Mainz [30]. These setups allow for sympathetic laser cooling of the
respective spectroscopy ion to temperatures of a few mK and have the potential to
speed up preparation routines in Penning traps significantly.

A variation of the concept of Heinzen and Wineland, also aimed at quantum logic
spectroscopy, has been proposed by Wineland et al. in 1998 [31]. In order to allow
for sympathetic ground state cooling of a particle, direct free space coupling of the
logic and spectroscopy ion in a double-well potential is envisioned. The feasibility of
this technique was already demonstrated with identical ions in RF traps [32, 33].

The BASE experiment in Hannover was started in order to develop new methods
for g-factor measurements within the BASE collaboration and in particular to show
the viability of quantum logic spectroscopy of (anti-)protons in Penning traps [34].
To this end, the experiment aims for the implementation of sympathetic laser cooling
of (anti-)protons using single “Be™ ions co-trapped in an engineered double-well
potential, following the Wineland proposal from 1998. The double-well potential will
be generated with a micro-fabricated Penning trap [35]. Ground state cooling could
be implemented using stimulated Raman transitions [36, 37] and a dedicated sideband
trap [38] for the implementation of the required sideband pulses for the (anti-)proton
will be implemented for quantum logic spectroscopy. Drastically reduced experiment
cycle times are anticipated, which would to study potential sidereal oscillations of
the measured quantities [34].

In order to achieve these ambitious goals, BASE Hannover has designed and set up
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an experimental apparatus with a Penning trap stack for step-by-step implementation
of the required tools [39]. The latest achievements include the demonstration of
production, trapping and Doppler cooling of beryllium ions [40] as well as fast
adiabatic transport of particles along the trap stack [41]. In this thesis, the current
setup was used for the first demonstration of stimulated Raman transitions and
thermometry of “Be* ions.

1.1 Outline

The outline of this thesis is as follows. In chapter 2 the theoretical principles of the
concepts and techniques used in this work are introduced. In particular, the motion
of single particles and particle ensembles in Penning traps as well as techniques for
laser cooling and sideband spectroscopy are described. The experimental setup for
the measurements is presented in chapter 3. Special attention is paid to the optical
subsystems, which were developed during the course of this work, such as laser systems
and the optical platform for beam delivery. Techniques for particle preparation
are shown in chapter 4. In this context, concepts for loading and cleaning of the traps
are introduced and precision measurements of the trap frequencies are presented.
In chapter 5, the results of measurements of optical resonance frequencies
are shown. To this end, more advanced measurement methods based on resonance
measurements with multiple laser are introduced. Evidence for stimulated Raman
transitions and thermometry measurements with “Be™ ions are presented
in chapter 6. These measurements show the functionality of a new continuous wave
(cw) Raman laser system and allow to measure the qubit frequency of the beryllium
ions and the magnetic field with high precision. Finally, a summary and outlook
is given in chapter 7, where the results of this thesis will be recapped and possibilities
for future improvements and upgrades on the way towards sympathetic laser cooling
and QLS of (anti-)protons are described.



CHAPTER 2

Theoretical principles

This chapter introduces the fundamental concepts and experimental techniques that
will be used within this work. It starts with an overview of the motion of a single
particle in a Penning trap, with special emphasis on the case of a cylindrical design
(section 2.1). The concepts are extended in section 2.2 for the case of ion ensembles,
such as ion plasmas and Coulomb crystals. Furthermore, Doppler cooling in the
context of Penning traps is introduced (section 2.3). Finally, the chapter finishes with
a section on sideband spectroscopy and its adaption for thermometry measurements
within this thesis (section 2.4).

2.1 Single particles in Penning traps

Earnshaw’s theorem states that trapping of charged particles is not possible using
only electrostatic fields [42]. However, oscillating electric fields or a combination of
electro- and magnetostatic fields can be used to generate a confining potential. A RF
trap makes use of the first possibility, while a Penning trap is based on the second
one. In the following, the basic concept of a Penning trap is introduced.

2.1.1 The ideal Penning trap

The motion of a single charged particle in an idealized Penning trap is derived in
many textbooks and a detailed description is given for example in reference [43]. The
following section summarizes the main ideas.

The Penning trap requires a quadrupole electric field E, that confines the particle
along one direction, which we assume to point along é, and to which we refer as the
trap axis. In addition, a uniform magnetic field B = B¢, is superimposed, which
confines the particle in the directions perpendicular to this axis. Figure 2.1 shows
a setup with hyperbolic electrodes, which can be used to generate the required
electrostatic potential described by the equation

U= ¥(222 — a2 —y?), (2.1)
0
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Figure 2.1: Cross-section of an ideal Penning trap consisting of one ring electrode
and two endcap electrodes. The three-dimensional shape of the electrodes corresponds
to a rotation of the surfaces around the trap axis €,. Both endcaps are connected to
each other and a direct current (DC) potential is applied between the ring electrode
and the endcaps. The hyperbolic shape of the electrodes produces a quadrupole electric
field E. A uniform magnetic field B is added to confine the particles perpendicular to
the trap axis.

where z, y and z are Cartesian coordinates, Uy is the applied trap potential and dy
is a characteristic parameter related to the trap dimensions. Due to the the Lorentz
force

F =qE +qv x B, (2.2)

this field configuration gives rise to the following set of differential equations,

w? w?
&= wey + EZ:);; = —wd + 7Zy; 3= —w?z, (2.3)

where we introduced two characteristic eigenfrequencies of the particle, namely the
free cyclotron frequency w. and the axial frequency w,. The free cyclotron frequency
is defined solely by the particle’s charge-to-mass ratio ¢/m and the magnetic field,

4q
C:_Bu 24
we=1 (2.4

and it is independent of the electric field. In contrast, the axial frequency is
independent of the magnetic field and does only depend on the charge-to-mass ratio,
the electrostatic potential and the characteristic size of the trap:

qUy
, = Lo 25
w md3 (2:5)

We can see from equation 2.3 that the axial motion corresponds to a harmonic
oscillation with frequency w,, which is independent of the motion in the other direc-
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tions. On the other hand, the motions in the z- and y-directions are interconnected.
By introducing the complex variable u = = + 1y, this set of coupled differential
equations can be combined to a single equation,

2
i — Wit — %u ~0. (2.6)

The solution of this radial equation of motion gives rise to two superimposed circular
motions [44] with corresponding frequencies

2

w+:%+ %—wg (2.7)
and
2
W= % - WZ — W, (2.8)

We call them the modified cyclotron frequency w, and the magnetron frequency w- .
As they correspond to two circular motions in the z-y-plane, we also refer to them
as the radial eigenfrequencies of the trapped particle. Typically, Penning traps are
operated in a regime where the frequency hierarchy

WK w, K wy (2.9)

applies.

In practice, deviations from the ideal Penning trap geometry and thus deviations
from the potential described by equation 2.1 can occur. In this case, we will still be
able to observe the described oscillatory motions of the particle, but in general the
frequency relations given by equations 2.7 and 2.8 are not valid any more. In the
case of ellipticities of the electrostatic potential and/or a relative tilt with respect to
the magnetic field, we can instead make use of the more robust equation

w? = wl + w4 w?, (2.10)

which is derived in reference [13]. It is called the “invariance theorem”, because
it describes the fact that imperfections can affect the individual trap frequencies,
but leave the above equation unaffected. Still, certain effects such as an imperfect
quadrupolar potential due to higher order multipole terms are not covered by this
theorem and thus need to be taken into account in the design of a Penning trap.

2.1.2 Cylindrical Penning traps with open-endcap
electrodes

In a real Penning trap it is necessary to use electrode geometries that differ from
the ideal hyperbolic shape, as the trap electrodes must come with finite dimensions
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and are subject to machining tolerances. In practice, many Penning traps come in a
cylindrical design with open-endcap electrodes [45]. It simplifies the machining effort
for the individual electrodes and allows for a better access of the trap center, which
may be required for particle transport, laser access or fluorescence imaging.

In this design the electrodes are machined as rings with equal inner radius but
different axial extent and are separated from each other by additional isolating spacers
between them. It can be shown that, in order to compensate for the deviations
from the ideal Penning trap geometry, additional ‘compensation electrodes’ can be
introduced between the central ring electrode and the endcap, so that the potential
shape can be optimized through careful tuning of the voltages applied to these
electrodes [46].

All measurements presented in this thesis have been carried out in a cylindrical
five-pole Penning trap, consisting of a central ring electrode, two neighboring com-
pensation electrodes and two open-endcap electrodes. A sketch of the trap geometry
is shown in figure 2.2. A detailed derivation of the trapping potential is described in
reference [16] and is summarized here.

For Laplace’s equation in cylindrical coordinates (p, ¢, z) [42],

P?d 100 10°0 0*d
T R ) 2.11

5p2+pap+023s02+3z2 (211)
we can find a solution based on a series expansion of the potential in Bessel functions
and trigonometric functions, that harnesses the design’s inherent radial symmetries.

Boundary conditions are thereby introduced through the voltages V; applied to the

Vi Vo V3 Wy Vs

Figure 2.2: Cross-section of a cylindrical Penning trap with five electrodes. The figure
shows the ring electrode (green), correction electrodes (orange), endcap electrodes
(blue) and sapphire spacers (white). The endcaps are divided into three segments,
which are advantageous for particle transport. For the generation of a static harmonic
potential, the segments of the endcap are kept at the same voltage. The labels V;
denote the voltages that are applied to the respective electrodes. Figure taken from
reference [41].
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individual trap electrodes. For the five-pole Penning trap we obtain the solution

_ 2 [ V4 cos(kpzo) — Vi cos(knA)

Vi Vi
k2d

et (o c+4))

where the i-th electrode is parameterized by its start coordinate zo;, stop coordinate
z2;—1 and the common electrode radius ryo. The parameter d describes the spacing
between adjacent electrodes. Furthermore the total trap length A is comprised in
the discrete frequencies k,, = nmw/A of the trigonometric functions and I represents
the zero-order modified Bessel function of the first kind.

+ (sin(kyza;) — sin(knz%_l))] (2.12)

= (M- 1
l\')

&

For a more handy representation we may also expand the potential in powers of z
and normalize it to the voltage Vi applied to the central ring electrode. On the trap
axis (p = 0) we can then write it as

=V Y G, (2.13)
=0

where we introduced the C; parameters, which contain the information about the
trap geometry. Comparing with equation 2.12, we find that the individual C; are
given by

1 N [Vacos(kazo) — Vs cos(kn )
Ci = 1AV 4 Z [ .
Vi — Vi .
+ Z de 1 (sin(kyzo;) — Sln(knz%l))] (2.14)

X (%T) m&n (g(n—l—j)> :

Throughout this thesis a symmetric set of voltages is used, i.e. V) = V5 = V¢ for
the endcap electrodes, Vo = V, = Vg for the correction electrodes and V3 = Vi for
the ring electrode. This additional symmetry allows us to rewrite the C; parameters
in terms of the tuning ratio Vog/Vr as

VR

where we introduced the new parameters E; and D;, which are defined by the
dimensions of the electrodes. When designing a trap to approximate a quadrupole
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potential as well as possible, one aims for an “orthogonal” trap, i.e. Dy = 0, and
for the possibility to “compensate” the trap, i.e. to set Cy = Cs = 0 with a suitable
tuning ratio [45]. In an orthogonal trap, the axial frequency is independent of
the tuning ratio, while in a compensated trap the axial frequency does not suffer
from energy dependent shifts due to higher order multipole contributions from the
potential. For a compensated and orthogonal trap, the axial frequency is then given
by [16]

2
w, =2, (2.16)
m

which corresponds to equation 2.5 with a characteristic trap dimension dy = (2C,)~2.

2.2 Ion plasmas and Coulomb crystals

If we want to describe the motion of many particles confined simultaneously in a
Penning trap, we must consider their mutual interaction and collective effects. For
the situation of two or three particles trapped together, there exists an analytical
solution [47], but the approach becomes tedious for an increasing number of particles.
A solution to this problem is to treat the particles as a whole and to describe them
by ensemble properties.

In the language of plasma physics an ensemble of trapped charged particles of
a single species is known as single component non-neutral ion plasma [48]. It is
non-neutral as it is composed of charges with the same sign only. A useful parameter
for the characterization of the nature of interactions within the plasma is given by
the plasma parameter I', which measures the Coulomb energy between ions relative
to their thermal energy:

q2

= — 2.1
47T60asl€BT ( 7)

Here ¢ is the ion charge, ¢( is the vacuum permittivity, kg is the Boltzmann constant,
T is the ensemble temperature and ag the Wigner-Seitz radius, which describes the
effective ion-ion distance at a given ion number density n:

as = (4/3mn)"3. (2.18)

In contrast to the classical idea of a plasma being a hot gaseous cloud, ion clouds
trapped in Penning traps may also appear in liquid or solid phases. When the ions
are cooled such that the average kinetic energy of the ions becomes much smaller
than the Coulomb barrier from individual ions, i.e. I' becomes large, they are not
able to swap positions any more and a Coulomb crystal is formed [49]. It can be
shown that for a sufficiently large plasma a transition to the solid phase occurs at
I' ~ 170 [50, 51].

10



2.3 Doppler cooling in Penning traps

As there is no particular distinguished orientation in the radial plane, a Coulomb
crystal rotates in the Penning trap. In general the rotation frequency (2 takes values
in the range wy, < {2 < w,, where values for the magnetron and modified cyclotron
frequency correspond to the case of a single ion of the same species trapped within
the same electric and magnetic fields as the crystal [52]. For cold ion clouds in
Penning traps (such as Coulomb crystals) we can link the rotation frequency to the
plasma density according to

me2(w. — 2)

=" 7 2.19

with a maximum density in the case of 2 = w./2 [53]. In an experiment we can
thus determine the plasma parameter through a measurement of the cloud’s rotation
frequency.

Typically, the cloud rotation will approach a steady state, which is dependent
on the external torque on the ion cloud. The torque might be mediated through
a ‘rotating wall’ drive [54, 55|, which locks the rotation frequency to an external
oscillating quadrupole field or by a laser-induced torque, which can be implemented
using a non-uniform laser beam [53]. In the case of laser cooled ions, the same laser
that is used for cooling can be used to generate the torque. The details of this
technique are described in the next section.

2.3 Doppler cooling in Penning traps

The term ‘laser cooling’ refers to techniques that make use of radiation pressure in
order to decelerate a particle’s motion. In the context of ion traps, laser cooling can be
considered in two regimes: the “weak binding regime”, where the natural linewidth of
the particle’s cooling transition is much bigger than the involved trapping frequencies
(I" > w), and the “strong binding” regime, where the trapping frequencies are much
bigger than the natural linewidth (I" < w).

In the weak binding regime scattering events happen on a timescale much shorter
than an oscillation period and laser cooling might be treated as for the case of a free
atom [18]. We usually refer to laser cooling in the weak binding regime as Doppler
cooling, as it makes use of a laser beam that is tuned below the cooling resonance
and preferably scatters photons when a particle moves towards it, thus shifting its
frequency into resonance due to the Doppler effect [56]. Because the absorption
process is connected with a change of momentum opposite to the propagation
direction of the laser beam and subsequent spontaneous emission is isotropic in the
general case, the net force averaged over many scattering events will be directed
opposite to the direction of the particle’s motion. Therefore this cooling technique
reduces the particle’s kinetic energy and the associated temperature is lowered.
Typical temperatures achieved with Doppler cooling are on the order of a mK.

In Penning traps, Doppler cooling may be used to cool the axial and modified

11
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cyclotron motion, but the nature of the magnetron motion, which comes with a
negative total energy, requires a modification of the conventional approach. We
can understand this by looking at the total energy of a single particle trapped in a
Penning trap as derived in [57]:

E = imrfwf + %m(w+ —w ) (wyrd —wor?). (2.20)
We see that it is dependent on the motional amplitudes r; of the axial, modified
cyclotron and magnetron motion. More specifically, an increase of the magnetron
radius 7 corresponds to a decrease of the total energy. This somewhat surprising
result is explained by the anti-confining behavior of the quadrupole potential in
the radial direction. In order to decrease the magnetron radius, a particle has to
climb up the radial potential hill. This increases its potential energy, which in turn
represents the largest contribution to the total energy of the magnetron motion. For
this reason, we will refer to “cooling” as “reducing the motional amplitudes” (i.e.
reducing the particle’s kinetic energy) in the following. Since conventional Doppler
cooling is a dissipative process that will reduce the total energy, we have to modify
the technique in order to cool the magnetron mode as well.

The solution to this problem is called ‘gradient cooling’ and requires a nonuniform
laser beam across the radial motion. To this end, we will assume a Gaussian laser
beam propagating parallel to the z-z plane with an offset yq in the y-direction and
an angle 6 relative to the z-axis, as displayed in figure 2.3. The offset is chosen such
that the magnetron motion is copropagating with the laser beam’s radial projection
in the region where the intensity is maximal. Since more photons are scattered where
the intensity is larger, the laser exerts a torque on the particle. This increases the
total energy of the magnetron motion and the particle moves towards the trap center.

A detailed analysis of the gradient cooling technique is given in [57] and a compact
summary is presented in the following for the assumptions made above. An important
result is that simultaneous cooling of the modified cyclotron and magnetron motion
is possible as long as the inequality

(I'/2)% + &2
2k‘y0(5 <@t

(2.21)

is fulfilled. Here 0 = wg — wy, corresponds to the detuning of the laser frequency from
the resonance frequency of the cooling transition and k = kg sin(6) is the projection
of the laser beam’s wavevector in the radial plane. In order to fulfill this condition,
we may vary the trap frequencies through an adjustment of the trap voltages. In
practice, however, we also need to vary the detuning and the offset of the laser beam
in order to balance the Doppler cooling related and the intensity cooling related share
of the cooling mechanism for the modified cyclotron and the magnetron motion.

In the case where the Doppler cooling rate is higher than the intensity cooling rate
for the cyclotron motion and the Doppler cooling rate is less than and not too close
to the intensity cooling rate for magnetron motion, the kinetic energies for the axial
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2.3 Doppler cooling in Penning traps

laser intensity

Figure 2.3: Schematic diagrams showing the cooling beam relative to the ion trajec-
tory in the trap. Ion trajectories are exaggerated for clarity. Left: Projection of the
cooling beam and the ion trajectory in the z-y plane. The offset yy determines the
intensity gradient along the radial trajectory. Right: Projection of the cooling beam
and the ion trajectory in the z-z plane. The angle 6 determines the distribution of the
scattered photons and thus the cooling rates in the radial and axial directions.

and modified cyclotron motion are given by the equations

B = A+ fo) cos%e)]%z*‘s2 , (2.22)
By~ B+ (fu + £/ sin?(0)] 22 £ (2.23)

40 ’

whereas the kinetic energy of the magnetron motion becomes neglectable. Here, the
parameters fg; represent a dependency on the angular distribution of the photons
scattered in the z, y and z direction. If the cooling transition corresponds to an
electric dipole transition and comes with a change of the magnetic quantum number
of |[Am| =1 (which will be the case within this thesis) we need to set fs, + fs, = 3/5
and f,, = 2/5 [57, 58].

The kinetic energy of both motions can be minimized by choosing a detuning
d = I'/2. For the setup of this thesis, we chose an angle of § = 45°, with which we
obtain the following intensity gradient cooling limits:

9 1

E. = —hl' = —kpT,, 2.24

740 o8 (2.24)
11

&:%ME@% (2.25)

where we also define the equivalent one-particle-temperatures 7, and T, for the
axial and cyclotron motion, respectively. The corresponding cooling limit of the
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conventional Doppler cooling technique applied to a free atom is

Ekin = th = 1k’BT‘D, (226)
4 2
with the associated Doppler temperature T = hl'/2kg [56]. In comparison with this
‘standard’ Doppler limit, we see that the gradient cooling technique introduces a 10 %
correction towards lower temperatures for the axial motion and a 10 % correction
towards higher temperatures for the cyclotron motion.

In the measurements presented in this thesis, we often cannot distinguish between
the temperature of the axial and the radial motion and an average must be assumed.
In the cases where we are able to distinguish, the correction will be on the order or
below typical measurement uncertainties. Therefore, in the following I will always
refer to the cooling limit given by equation 2.26. When applying the gradient cooling
technique, we aim to bring the ions as close as possible to this limit and thus measured
temperatures will be compared with this value.

2.4 Motional sideband spectroscopy

If we look at the strong binding regime in ion traps, new cases of laser-ion interaction
need to be considered. These introduce additional sidebands in the spectroscopy
signal, which stem from a modulation of the original signal due to the ion motion
[18]. The observation of sidebands is often associated with sideband cooling, which is
a laser cooling technique that can be used to cool an ion to the quantum mechanical
ground state of motion. In this thesis, however, we are not going to deal with
sideband cooling, but will focus on spectroscopy of the motional sidebands instead.
This technique will allow us to determine the temperature of a single ion or of an
ensemble thereof and to distinguish the temperature of the axial motion from the
temperature of the radial motions.

In the following we will introduce the basic principles of motional sideband spec-
troscopy for a trapped ion, recapping the arguments in reference [31]. Therefore we
will restrict the interaction with the motion to the harmonic oscillation in the axial
direction z, which in the experiment can be realized through an approximate choice
of the laser beam alignment in the trap.

An important parameter for the description of the sideband interaction is the
Lamb-Dicke-parameter 1, which is a measure of how strong the ion motion is affected
by the recoil of a single photon:

WRr

. (2.27)

77:

It relates the recoil frequency wr = hk?/2m, with wavevector k = 27/ and particle
mass m, to the trap frequency w,. Consequently, n > 1 describes the situation, where
a single recoil likely adds or removes one or more phonons to or from the ion motion,
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2.4 Motional sideband spectroscopy

whereas 1 < 1 reflects the situation where most probably only one or no phonon is
added or removed.

For a quantitative treatment, we need to evaluate the Hamiltonian for the laser-ion
interaction in the interaction picture,

Hyy = - J+€zn(a+aT)€—z5t + U—e—m(a+a‘r)e—zét] : (2.28)

with the Rabi rate §2 of the free ion, the raising and lowering operators ¢* and o~
of the ion’s internal states, the (time dependent) creation and annihilation operators
a and a' of the ion’s motion and the laser detuning § = wy — wr..

One can show that the interaction is mainly restricted to the cases fulfilling the
resonance condition d = w,(n’ — n), with integers n’ and n [31]. In this context, the
resonance with n = n’ corresponds to the detuning § = 0 and is referred to as the
carrier transition. It is the only one that leaves the motional state unchanged during
interaction. In the remaining cases with n > n' (n < n'), we refer to the resonance as
red (blue) sideband of the order |An| = |n’ —n|. An interaction involving a sideband
lowers or raises the phonon number of a motional Fock state from n to n’. This is
equivalent to removing or adding An phonons to the motion, which is necessary in
order to fulfill energy conservation.

In all cases, the coupling strength of the corresponding Fock states |n') and |n) is
described by the modified Rabi frequencies

D = 20| €MD |y = QM .. (2.29)

As stated in reference [31], we can calculate the matrix element comprising the
interaction with the motional states using

_ nel Al /27 14n], 2
My = _'77| le e L‘n< |<77 )7 (2'30)

’ ns!

where n. (n-) is the lesser (greater) of n’ and n, and L%(x) is the associated Laguerre
polynomial. We refer to M,, ,, as normalized coupling strengths and figure 2.4 shows
the evaluation for different sideband orders as a function of the initial Fock state.

As pure Fock states are non-classical states of motion [59], they will not be
produced by classical interactions such as Doppler cooling. After an initial step
of Doppler cooling, we must therefore instead consider a thermal state with an
occupation probability given by

ﬁn

P) = ey (2.31)

for each individual Fock state |n), with a mean phonon number n ~ kgT'/hw,
derived from the temperature T'. The measured spectrum will then correspond to
the weighted average of sideband spectra corresponding to each Fock state.
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Figure 2.4: Normalized coupling strength plotted against the initial phonon number
for carrier and 1st-, 2nd- and 3rd-order red sideband of “Bet with a trap frequency of
436 kHz and light at 313nm. The Rabi frequencies of the carrier and the 2nd-order
red sideband converge for high phonon numbers. The same applies to the 1st- and
3rd-order red sideband. Due to the comparable high Lamb-Dicke-paramter n ~ 1,
the coupling strengths of the sidebands vanish for several phonon numbers. For the
calculations it is assumed that the ions are cooled to the Doppler limit.

Typical experimental parameters in this thesis will result in a high mean occupation
number on the order of n =~ 85 and a Lamb-Dicke parameter n =~ 1. One can show
that in this case the averaged spectra will follow a Gaussian envelope as in the
classical picture, which predicts a Doppler broadened spectrum [18]. We will use this
fact and measure the Doppler width of the resulting spectra in order to determine the
temperature and the mean occupation number after Doppler cooling. In combination
with a pair of Raman laser beams, we can restrict the interaction of this technique
to a single motion, which for example enables to distinguish the temperature of the
axial motion from the temperature of the radial motions in the Penning trap.
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CHAPTER 3

Overview of the experimental setup

The following chapter provides an overview of the experimental setup that has been
used for the measurements presented in this thesis. Section 3.1 motivates the decision
to choose beryllium as our ion species and provides details on the level structure that
emerges from the Penning trap’s magnetic field. In section 3.2 the current Penning
trap stack is presented and the traps and their specific purposes are described, where
the focus is placed on the beryllium trap. An overview of the cryo-mechanical setup,
which houses the trap stack and provides a cryogenic vacuum for the experiment,
will be given in section 3.3. Next, all optical subsystems that are required for the
operation of the experiment, such as laser systems, optical platforms and imaging
optics are described in section 3.4. The chapter finishes with a description of the
experiment control system in section 3.5.

3.1 The beryllium ion

The main goal of the BASE experiment in Hannover is the development of new
techniques for sympathetic laser cooling of (anti-)protons and the demonstration of a
protocol for g-factor measurements based on quantum logic spectroscopy [34]. To this
end, we aim for Coulomb coupling of a single auxiliary ion to a single (anti-)proton
in a double-well potential [31]. In the intended setup, both particles can be brought
to close vicinity and exchange their motional energies. On the one hand, this allows
for sympathetic cooling of the (anti-)proton through laser cooling of the auxiliary
ion. On the other hand, this enables the particles to exchange information about
their quantum states as required for quantum logic spectroscopy.

A simple picture for the energy exchange is given in terms of two coupled pendulums.
Only if both oscillate with the same resonance frequency, a complete transfer of the
energy from one pendulum to the other is possible. The same is true for two coupled
particles. To achieve complete energy transfer, the same oscillation frequency is
required for both. Thus, we need to compensate for the mass difference between the
auxiliary ion and the (anti-)proton through an adjustment of the ratio of curvature
of the potential at the positions of the particles. In a double-well potential, this
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3 Overview of the experimental setup

situation is more difficult to achieve the more the mass of the auxiliary ion is different
from the mass of the (anti-)proton [60]. This consideration leads us to beryllium,
which is the lightest readily laser-coolable ion species.

Beryllium is the fourth element in the periodic table and belongs to the alkaline
earth metals. In its singly ionized state, it comes with a single valence electron,
corresponding to an alkaline metal like electronic structure. In the following, the
level structure for Be™ is presented, which is the ionized version of the sole stable
beryllium isotope.

3.1.1 Electronic level structure

For laser cooling, state manipulation and fluorescence detection of “Be™, lasers with
a wavelength of ~ 313 nm are required. These are used to drive transitions between
the 251 5 ground state manifold and the 2P 5 or 2Pyo excited state manifold, where
the latter are separated by a fine structure splitting of about 197 GHz [61]. Since no
other relevant metastable excited states are present in the level structure of Be*,
no further wavelengths are required.

As we use a 5T magnetic field to confine the ions in our Penning trap, significant
Zeeman shifts are introduced to the level structure. With a magnetic field as strong as
this, we operate in the deep Paschen-Back regime, where the total angular momentum
J and the nuclear spin I are decoupled and the magnetic quantum numbers m; and
my define the states in the hyperfine manifold. The corresponding level scheme with
laser transitions for cooling, repumping and qubit state manipulation is shown in
figure 3.1.

We implement Doppler cooling with a laser tuned close to the transition between the
2S1y2|mr = 4+3/2,m; = +1/2) state and the 2Py [m; = +3/2,m; = +3/2) state.
Due to the large frequency offset to neighboring Zeeman levels, state selection can
be ensured with an appropriate choice of the laser frequency without the need for
high purity laser polarization. Thus, a closed cooling cycle can be implemented with
a single laser only. However, residual off-resonant excitations and subsequent decays
still trap a small fraction of the population in the %S; 5 |m; = +3/2,m; = —1/2) state
[62]. As a countermeasure, a repumping laser resonant with the transition between the
2S12|lmp = 4+3/2,m; = —1/2) state and the 2Py 5 |m; = +3/2,m; = +1/2) state is
used. In this way, high fidelity state preparation in the 25y 5 |m; = +3/2,m; = +1/2)
state is possible. Furthermore, we adjust the polarization of the laser beams so
that the share of o™ polarization is maximized. In combination with the resonance
conditions this creates a bias for angular momentum increasing transitions and
ensures that the nuclear spin is prepared in the m; = +3/2 state and can be
neglected in the following.

In the context of sideband spectroscopy and sideband cooling, we refer to the states
in the 25, 2 manifold as qubit states. In this thesis it is shown that the transition
between the two states can be addressed with a two-photon Raman process using two
phase-locked cw lasers at 313nm (see section 3.4.4 and chapter 6). In the context
of fluorescence detection, we refer to the 25;,,|m,; = +1/2) state as the “bright”

18



3.2 Penning trap stack

2S

[N

my = +%

mJ:+%

o=

my = —:

my = —

my =+

Raman

my = —z:

(SN

Repumping | Cooling

my=+3

Qubit

my = —%

Figure 3.1: Energy level diagram and relevant transitions for “Be? in a 5T magnetic
field. Optical transitions for Doppler cooling, repumping and Raman interactions are
shown. The Raman laser system can be used to drive the transition between the qubit
levels 28 5 [my = +1/2). Only levels with m; = 43/2 are depicted.

state and to the 25}/ [m; = —1/2) state as the “dark” state, corresponding to the
fact that photons can be scattered from the cooling laser beam or not if the ion is

prepared in either of this states.

Transition frequencies and wavelengths of the above transitions for a magnetic
field of 5T are given in table 3.1. The calculations of transition frequencies and
wavelengths are based on the equations given in appendix A.

Table 3.1: Calculated transitions frequencies for “Be™. The uncertainties are domi-
nated by the uncertainty of the literature values of the field free transitions and the
assumed magnetic field uncertainty of 1mT.

Transition Frequency Wayvelength
Cooling 957.46725(14) THz 313.109 88(4) nm
Repumping 957.51793(14) THz 313.09331(4) nm
Qubit 139.189(28) GHz 2.1538(4) mm

3.2 Penning trap stack

The current Penning trap stack is an intermediate step towards sympathetic ground
state cooling of single (anti-)protons. It comprises four cylindrical Penning traps
and a proton source. The design of the traps was chosen individually in order to
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3 Overview of the experimental setup

196 mm

Proton source Proton trap Precision trap Coupling trap Beryllium trap

Figure 3.2: Cross-section view of the trap stack from the top. The trap stack consists
of four dedicated Penning traps and a proton source. In between the beryllium trap, the
coupling trap, the precision trap and the proton trap, additional auxiliary electrodes
are placed. On the side of the beryllium trap, the trap stack is completed by a large
endcap electrode and the trap base, which holds an aspheric lens for fluorescence
detection. On the side of the proton source, an electron gun completes the trap stack.
All parts are clamped together with a copper support structure. Laser beams can be
steered through the beryllium trap with the mirrors that are mounted to the support
structure.

fulfill the requirements for the following tasks:

e Beryllium trap: loading, preparation, cooling and detection of Be™ ions
« Coupling trap: Coulomb coupling of Be* ions in a double-well potential
e Precision trap: detection and pre-cooling of protons

e Proton trap: storage of protons

A cross-section view of the complete trap stack is given in figure 3.2. All electrodes
are made out of oxygen-free high conductivity (OFHC) copper and plated with a
nickel diffusion barrier and hard gold. They are spaced and electrically isolated by
rings made of sapphire. The dimensions of the individual electrodes were chosen as
a trade-off between manufacturing capabilities, feasible trap voltages, image-charge
shifts, image currents and heating rate. Details on the designs and the manufacturing
process are given in reference [39]. A copper support structure is used to clamp
all parts together. In the following we will focus on the beryllium trap as all
measurements described in this thesis have been carried out there.
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3.2 Penning trap stack

3.2.1 The beryllium trap

The beryllium trap is a five-pole Penning trap with an inner diameter of 9 mm.
It evolved from the precision trap described in reference [64] and was adapted to
allow for the production, preparation, cooling and detection of °Be™ ions. The ring
electrode is radially split in four segments and enables the application of a dipole RF
field for the excitation of the radial motions or a quadrupole RF field for coupling the
magnetron and modified cyclotron motion [65]. In addition, the endcap electrodes
are divided into two pieces to improve the transport of particles into and out of the
trap. A cross-section view of the beryllium trap is shown in figure 3.3.

Ions are produced in-situ via laser ablation from a solid beryllium target housed
in a 3mm hole in one endcap. Optical access to the target is provided by a second
hole on the opposite side of the electrode. For ablation, a 532 nm pulsed laser is sent
into the system parallel to the magnetic field, where it is deflected and focused onto
the target by an off-axis parabolic (OAP) mirror. For cooling, manipulation and
fluorescence detection of the ions, four additional holes with a diameter of 1.5 mm
are machined into the electrodes. These allow for the introduction of laser beams to
the trap with an angle of 45° or 135° relative to the magnetic field. The laser beams
at 313nm are sent to the system parallel to the trap stack and then deflected by
ultraviolet (UV) enhanced aluminum mirrors at the respective angles. The mirrors
are shown in figure 3.2.

The beryllium trap is mounted on the trap base, which houses an aspheric lens.
The latter allows for efficient fluorescence collection despite limited optical access.
Both the lens and its mount are designed to reduce the influence of misalignment due
to machining tolerances and material contraction during cooldown of the system (see
section 3.3 for more information on the cryo-mechanical setup). In order to minimize
stray charges on the non-conductive surface of the lens, a gold mesh is clamped
between two electrodes 1 mm in front of the mesh. The design of the aspheric lens is
described in reference [41].

Laser access Aspheric

l holes L /lens

- gt iy g
4-split ring ‘ Beryllium
electrode target

Figure 3.3: Cross-section view of the beryllium trap. See text for details.
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3.2.2 Other traps

Despite their intended purpose, the other traps of the trap stack have been used
for storage and splitting of beryllium clouds during my time at the experiment. In
the future, the additional traps are required to demonstrate Coulomb coupling of
single ions or ion clouds and to produce, prepare, pre-cool and detect protons. In
the following, a short overview is given over the remaining traps.

The coupling trap is built out of ten identical electrodes with an inner diameter
of 8mm. The electrodes are 2.25 mm thick and come with a spacing of 0.14 mm. This
geometry allows for the engineering of a symmetric double-well potential for first tests
of the Coulomb coupling procedure with single ions or ion clouds in Penning traps
[39]. In the future, this trap will be replaced by a scaled and microfabricated trap,
that will allow for engineering of asymmetric double-well potentials with interparticle
distances as small as 300 pm [35].

The precision trap is a reproduction of the precision trap described in reference
[64]. It has an inner diameter of 9 mm and is compensated and orthogonal. The trap
is equipped with one superconducting and one non-superconducting resonator. In
combination with two ultra-low noise cryogenic amplifiers, these resonators allow
for image charge detection of the particle’s motion in the trap. In addition the
resonators can be used to thermalize particles with the surrounding environment [66].
One correction electrode and one endcap are connected to an RF line each, which
allows for excitation of the axial and radial motion as well.

The proton trap is another copy of the precision trap and is connected to a
proton source that houses an electron gun and a polyethylen target [67, 68]. The
proton source offers the possibility to produce protons (and other contaminant ions)
through impact ionization, which can be parked in the proton trap until they are
required for a measurement in the precision trap. The proton source is located at
the end of the trap stack and thus completes it.

3.3 Cryo-mechanical setup

To enable a future technology transfer from the BASE experiment in Hannover to
the BASE experiment at CERN, we have set up a complex cryogenic vacuum system,
which is similar to the CERN setup [69] in many, but not all aspects. A simplified
sketch of the setup is shown in figure 3.4 and a corresponding rendered image is
provided in appendix B.

The core of our experiment is the trap stack, which is located in an inner vacuum
chamber, called the “trap can”. The purpose of this inner vacuum chamber is to
create an ultra-low vacuum pressure down to the 10 x 10~ mbar regime, which
is necessary to reduce the rate of background gas collisions and to increase the
lifetime of anticipated future antiprotons [11]. Although we are not operating with
antiprotons yet, it increases the lifetime of beryllium ions as well and prevents stray
light from outside the beryllium trap from reaching the imaging optics. The trap can
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Figure 3.4: Simplified sketch of the cryo-mechanical setup. The trap can (red) is
mounted in a support structure that is cooled by a cryocooler (orange). The inner
support structure (“cold stage”, green) is connected to the 4 K stage of the cryocooler,
while the outer support structure (“radiation shield”, yellow) is connected to the
40K stage. The 5T superconducting magnet (light grey) is part of the outer vacuum
chamber (dark grey). Drawing not to scale. See text for details. The figure was taken
from reference [40].

is a cylinder made of OFHC copper that is sealed with two flanges and indium. The
flanges are made out of rings of OFHC copper into which custom plates made from
stainless steel have been vacuum soldered. The plate on the side that is closer to
the beryllium trap contains a central anti-reflection (AR) coated window that allows
the fluorescence light to leave the trap can. In addition multiple feedthroughs for
DC and RF signals are welded into the flange around the window. The steel plate
on the other side of the trap can contains three AR coated windows and a pinch-off
tube. One of these windows allows the ablation laser to enter the trap can, while the
other two allow UV lasers to enter the system and leave it again after passing the
beryllium trap. We pump the trap can with a scroll pump and a turbomolecular
pump (TMP) before pinching it off and mounting it in the system.

The trap can is bolted to a cylindrical support structure made from OFHC copper
and titanium, together with which it forms the “cold stage”. Its name is derived
from the fact that it is connected to a 2-stage cryocooler (Sumitomo, RDK-415D),
which is equipped with an ultra-low vibration (ULV) interface (supplied by ColdEdge
Technologies) and used to cool down the structure to cryogenic temperatures [39].
Optimal thermal contact between the copper part of the structure and the 4 K stage
of the cryocooler is thereby ensured through a connection with an annealed OFHC
copper rod and custom made flexible copper braids are used to reduce the transfer
of residual vibrations. In order to reduce the heat load on the cold stage, it is
wrapped in multilayer superinsulation foil and mounted to a cylindrical radiation
shield made of aluminum. The connection is realized via two maze-like G10 spacers,
which reduce the thermal flux between the two parts. The radiation shield itself
is connected to the 40 K stage of the ULV cryocooler via four OFHC copper rods
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3 Overview of the experimental setup

and additional copper braids, and is wrapped in multilayer insulation foil as well.
In turn, the radiation shield is mounted inside the 160 mm room temperature bore
of a custom 5T superconducting magnet (built by Ozford Instruments) with two
additional maze-like G10 spacers.

The outer vacuum chamber is completed by two vacuum crosses that are attached
the open ends of the magnet’s bore with stainless steel bellows. On the side, where
the cryocooler is mounted on top of one of the vacuum crosses, the flanges closing
the vacuum come with a window that allows to collect the fluorescence light from the
beryllium trap with an imaging system and several electrical DC and RF feedthroughs.
The flanges of the vacuum cross on the other side of the magnet come with two
windows which allow the ablation and UV laser beams to access and exit the vacuum
system. The whole vacuum system is pumped by a scroll pump and two TMPs that
are mounted below the vacuum crosses.

Since we use a closed-cycle cryocooler, no regular top up of cryoliquids is necessary.
However, nitrogen and helium top up is necessary for the operation of the supercon-
ducting magnet. We fill the magnet with liquid nitrogen on a weekly basis, while
helium filling is necessary about every eight weeks.

More details on the vacuum system, the low-vibration cryocooler and the super-
conducting magnet are given in reference [39)].

3.4 Optical Subsystems

In this section, all optical system required for the operation of the experiment are
described. For production of Be* ions, we use a setup based on a commercial pulsed
laser, which is introduced in subsection 3.4.1. For cooling, repumping and Raman
interactions we use four similar UV laser systems, which were specifically designed
and set up for our experiment. They are described in detail in subsection 3.4.2. For
laser beam delivery close to the vacuum system, a custom movable non-magnetic
optical platform is used, which is described in subsection 3.4.3. In addition, a setup
to lock the phase of the UV lasers, as required for coherent Raman interactions, is
presented in subsection 3.4.4. At last, the setup for imaging and detection of the ion
fluorescence is described in subsection 3.4.5.

Most components for the drawings in this section were taken from reference [70].

3.4.1 Ablation laser

The ablation laser is a commercial Nd:YAG laser (Continuum, Minilite I), which is
equipped with a frequency-doubling kit. In Q-switched operation, the laser generates
pulses with a pulse length between 5-7ns and pulse energies up to 20mJ at 532 nm.
This energy can be reduced with a built-in attenuator and a setup consisting of a
A/2-waveplate and a polarizing beamsplitter (PBS) cube, which is placed behind
the output. The second input port of the cube is used to overlap a low-power
532nm pilot beam from a compact diode-pumped solid state laser module ( Thorlabs
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CPS532-C2) with the ablation laser. This beam is used for alignment and reduces
the risk of potential damage due to unintended reflections and uncontrolled ablation.
The overlapped beams are sent to the vacuum chamber, where they are focused onto
the beryllium target by the OAP mirror. The ablation laser is used in single-shot
mode for trap loading.

3.4.2 UV laser systems

In our experiment we use laser systems that are similar to the setups described
in references (71, 72]. Fiber laser systems consisting of a pair of seed lasers and
amplifiers running at 1552 nm and 1050 nm are used for sum frequency generation
(SFG) of laser light at 626 nm, which is subsequently converted to 313 nm in a second
harmonic generation (SHG) stage. Due to the required large detuning between
different lasers, each laser system for cooling, repumping and the Raman beams
requires its own pair of fundamental infrared (IR) fiber lasers. Nevertheless, by
sharing the power of one 1050 nm laser system between the cooling and repumping
lasers and the power of another 1050 nm laser system between both Raman lasers,
the number of required IR laser systems is minimized. In total we use four fiber
laser systems at 1552nm (NKT Photonics, Koheras BOOSTIK HP E15 system) and
two fiber laser systems at 1050 nm (NKT Photonics, Koheras BOOSTIK HP Y10
system).

As space is limited in our lab, we follow a modular approach for the setups for
SFG and SHG. In all cases, two SFG setups are housed together in a single laser box
while the SHG setup for each laser is built as a separate module. The fundamental
lasers and the boxes are connected via fibers, which enables flexible placement. An

Seed 1 Amplifier 1
1552 nm 1552 nm DM 626 nm 313 nm
, To experiment
Seed 3 Amplifier 3
1050 nm 1050 nm
BS
E"ﬂmﬁE N u h u i To experiment
Seed 2 Amplifier 2 DM 626 nm 313 nm
1552 nm 1552 nm

Figure 3.5: Overview of a laser system that is used to generate two beams at 313 nm.
Light at 1552nm and 1550 nm is converted to 626 nm and subsequently to 313 nm
using setups for SFG and SHG. The grey dashed lines indicate a joint setup, which
is housed in a single laser box. The IR lasers and the boxes are connected via fibers.
A setup like this is used for the generation of the cooling and repumping beams, and
another one is used for the generation of both Raman lasers. BS: beam splitter. DM:
dichroic mirror.
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Figure 3.6: Schematic of the setup for SFG. See text for details. L: lens, DM: dichroic
mirror, PBS: polarizing beamsplitter.

overview of such a setup is shown in figure 3.5.

The SFG setup is similar for all lasers and details on individual systems are
given in references [73, 74]. In the following, the setup of one Raman laser beam is
described (see figure 3.6). We use a magnesium-doped periodically poled lithium
niobate (MgO:PPLN) crystal with dimensions 0.5 X 10 x 40 mm? that contains three
poled lanes with cross sections of 0.5 x 0.5 mm? and periods of 11.12pm, 11.17 pm
and 11.22um. Using a single lens with focal length f = 200 mm for the 1552nm
beam and a telescope with focal lengths f; = —50mm and f, = 100 mm for the
1050 nm beam, both IR beams are focused into the crystal lane with a poling period
of 11.22 pym. As thermal effects in the crystal lead to a strong deviation from the
free space beam waists, the optimal lenses, lens positions and beam waists were
determined experimentally, where parameters known from similar setups [73, 75]
were used for orientation. The polarization of both lasers is optimized with a \/2-
waveplate in each case. An oven is used to heat the PPLN crystal to 171.90 °C to
optimize quasi-phase-matching and maximize the conversion efficiency. Dichroic
mirrors are used to overlap the IR beams in front of the PPLN crystal and to separate
the light at 626 nm from the IR light behind the crystal. The red light is collimated
with a f = 125 mm lens.

SFG power levels and conversion efficiencies are shown in figure 3.7. For the
maximum input power levels Pj550 = 4.97 W and Pjg50 = 2.01 W a a typical output
power of Pgog = 1 W is generated. This corresponds to a conversion efficiency of

P626

=251 %W fem™ 31
Pis50 X Pioso X lppLn ‘ ( )

NSFG =

for the crystal length lppny = 4 cm.

A small fraction of the light at 626 nm is split off the main beam with a \/2-
waveplate and a PBS. It is coupled into a single mode (SM) fiber, which guides the
light to a wavemeter. This allows to measure the laser frequency and to stabilize it
via feedback to the modulation input of the 1552 nm seed laser (see section 3.5 for
details). The remaining power is coupled into a 5m polarization-maintaining (PM)
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Figure 3.7: Left: SFG power as a function of the product of the fundamental power.
The solid orange line is a linear fit to the data, corresponding to an average conversion
efficiency of 2.47% W~! cm~!. Right: SFG efficiency as a function of the fundamental
power.

fiber, which guides the light to the SHG setup. Another \/2-waveplate is used to
adjust the polarization in front of the fiber, which is optimized using a polarization
analyzer (Schdfter+Kirchoff, SK010PA-VIS).

The SHG stage is identical for all lasers systems (see figure 3.8). For frequency
doubling to 313nm, we use a 4 x 4 x 10mm?® Brewster-cut beta barium borate
(BBO) crystal, which is placed inside a bow-tie cavity for power enhancement. The
cavity has a monolithic design with high long-term stability and low maintenance
requirements [76]. We focus the 626 nm beam leaving the PM fiber into the cavity
using a telescope consisting of two plano-convex lenses with focal lengths f; = 50 mm
and fo = 30mm. The resulting beam waist of 139 pm optimizes the mode overlap

L L
From SFG W‘E - n n
setup u u
PD
W3 os
L cL BBO
BS T M2
i U v
Diff-PD WP A4 A2 L

Figure 3.8: Schematic of the setup for SHG. See text for details. L: lens, PBS:
polarizing beamsplitter, CL: cylindrical lens, BS: beam sampler, PD: photodiode, WP:
Wollaston prism, Diff-PD: differential photodetector.
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Figure 3.9: Left: SHG power as a function of the fundamental power. The solid orange
line is a quadratic fit to the first 8 data points. It shows the quadratic dependence of
the conversion process on the fundamental power. For high power levels the conversion
efficiency saturates, since the increasing conversion losses for the fundamental power
reduce the power enhancement in the cavity. Right: SHG efficiency as a function of
the fundamental power.

with the cavity beam. The polarization of the fundamental beam is filtered using
a PBS and adjusted with a A/2-waveplate. For type-I critical phase-matching, the
alignment of the crystal with respect to the intra-cavity beam can be optimized with
a b-axis translation stage integrated into the monolithic cavity housing. The crystal
mount is heated to 30 °C to avoid condensation and crystal degradation due to the
hygroscopic nature of BBO. In addition, the whole cavity is flushed with oxygen
to avoid UV degradation of the crystal surfaces. The cavity length is stabilized
via feedback to a piezo-mounted cavity mirror using the Hansch-Couillaud locking
scheme [77] and a custom digital proportional-integral-derivative (PID) controller
built at Physikalisch-Technische Bundesanstalt (PTB) [78]. Behind the cavity, the
leaking fundamental light is filtered with a dichroic mirror from the UV light. A
cylindrical lens with focal length f = 100 mm is used to collimate the UV beam and
fraction of the beam is picked up with a beam sampler, so that the UV power can
be monitored with a photodiode.

Figure 3.9 shows SHG power levels and conversion efficiencies for one cavity of
the Raman laser beams. With an input power of Pss = 556 mW typically up to
P313 = 167TmW are generated in the UV. This gives a conversion efficiency

Isne = —— = 30.1 %W L (3.2)

The 313 nm beam is sent to a compact double-pass acousto-optic modulator (AOM)
setup, which is part of the same laser box as the SHG setup. The setup is used
for switching, fast frequency shifting as well as power stabilization. A schematic
is shown in figure 3.10. We use a 110 MHz modulator ( Gooch & Housego, I-M110-
3C10BB-3-GH27) in combination with a retro reflecting right angle prism and a
D-shaped mirror to separate the incoming and outgoing beams without polarization

28



3.4 Optical Subsystems
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Figure 3.10: Schematic of the double-pass AOM setup. The diffracted beams are
aligned so that only the first diffraction order is passing the mechanical slits. The
incoming and outgoing beams are separated in front of the AOM in the vertical

direction using a D-shaped mirror. D-M: D-shaped mirror, L: lens, S: mechanical slit,
P: retro reflecting prism.

optics. Due to the limited space in the SHG laser box, the beam needs to be folded
behind the AOM and a lens with a comparably short focal length of f = 100 mm
is required for parallelization of the diffracted laser beam. The separation with the
D-shaped mirror requires an angle in the vertical direction between the incoming and
outgoing beam, which limits the achievable diffraction efficiency. Typical double-pass
efficiencies achieved with this setup are in the range between 50 % and 60 %.

In order to guide the UV laser beams to the vacuum system, they are coupled into
a PM fiber and sent to the laser beam delivery platform, which is described in the
following.

3.4.3 Laser beam delivery platform

An optical setup on a non-magnetic static platform close to the vacuum system is
used to send the laser beams to the beryllium trap. The 102 mm thick honeycomb
breadboard as well as the support structure of the platform are made from grade 316L
stainless steel to avoid problems due to the proximity to the 5T superconducting
magnet. The complete platform is U-shaped, so that it can enclose the vacuum
cross, which optimizes the use of limited space in the lab. In addition, the support
structure is equipped with retractable wheels, which allows to remove the optical
platform as a whole, if the vacuum system is opened. The optical platform is shown
on the left of the rendered image of the experimental setup in appendix B.

Four custom UV-compatible photonic crystal fibers are used to guide the beams
for cooling, repumping and Raman interactions from their enclosures to the optical
platform. To this end, patch cords with a length of 6 m are produced from bare
fibers (NKT Photonics, LMA-10-PM) following the recipe in appendix C. To avoid
fiber tip degradation, all fiber collimators (Schafter+Kirchoff, 60FC-4-S24-49-XV)
are permanently flushed with dry nitrogen.

On the optical platform, four identical setups are used to prepare the laser beams
with a large beam diameter, pure polarization and stable power. A sketch of the
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Figure 3.11: Schematic of the setup for laser beam preparation. See text for details.
DP-AOM: double-pass AOM setup, L1/L2: lens 1/2, GLP: Glan-laser polarizer, BS:
beam sampler, PD: photodiode

setup is shown in figure 3.11. Each laser beam is collimated and expanded to a
beam diameter of about 6 mm with a telescope consisting of two plano-convex lenses
with focal lengths f; = 50mm and f; = 200mm. A \/2-waveplate is used together
with a Glan-laser «-BBO polarizer ( Thorlabs, GLB10-UV) to clean the polarization.
Afterwards, a small fraction of the laser power is picked up with a beam sampler
(Thorlabs, BSF10-UV') and sent to an amplified photodiode with switchable gain and
large active area (Thorlabs, PDA100A2) in order to stabilize the laser power. The
feedback loop for stabilization consists of a digital PI controller with a bandwidth
of 50kHz and a 10 W RF amplifier, both of which were built at PTB. Here, the
amplifier controls the power of the modulation signal for the same AOM, that is
also used for shifting the laser frequency of the respective laser (see section 3.4.2).
The regulator compares the photodiode voltage with an external setpoint, which is
adjustable with the experiment control system (see section 3.5). The control signal
is fed into the gain port of the RF amplifier, which in turn adjusts the diffraction
efficiency of the AOM and thus the power coupled into the UV fibers. Both the RF
amplifiers as well as the controller were built at PTB. The stabilization setup reduces
the root mean square (RMS) power fluctuations of the UV lasers to below 0.05 %.
This is a reduction of more than a factor of 20 in comparison with the non-stabilized
setup as depicted in figure 3.12.

Afterwards, all beams need to be combined before entering the vacuum system.
Figure 3.13 shows the setup for overlapping and focusing the beams. The cooling
laser is overlapped with the repumping laser using a 50/50 beam splitter (Thorlabs,
BSW20). In front of the beamsplitter, the polarization of both beams is adjusted
with \/2-waveplates, so that the combined beam can be overlapped with one of the
Raman laser beams using an additional Glan-laser polarizer. Here, the Raman beam
is introduced into the front port of the polarizer, while the beam comprising the
cooling and repumping lasers is introduced into the side port under an angle of about
61°. In this configuration, the polarization of the cooling and repumping lasers is
always orthogonal the polarization of the Raman laser. Afterwards, a \/4-waveplate
is used to convert the polarization of the cooling and repumping lasers to left circular
polarization and the polarization of the Raman laser to right circular polarization.
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Figure 3.12: Power variation of one Raman laser beam relative to its mean power

over time. Blue: Power stabilization feedback deactivated. Orange: Power stabilization
feedback activated. See text for details.

The combined beam is focused with a lens with a focal length of f = 1592 mm
(CVI Laser Optics, PLCX-25.4-772.6-UV-248) into the vacuum system, resulting
in a focus position roughly at the center of beryllium trap. Despite the weak
focussing, beam waists on the order of 100 pm can be realized due to the large initial
beam diameter. The lens is mounted on two motorized piezo translation stages
(Physikinstrumente, Q-545.240), which allow for adjustment of the focus position in
the transverse direction with nanometer resolution. An identical setup is used for
focusing the second Raman laser beam into the vacuum system, which allows for an
independent adjustment of the laser beam path and the focus position.

The last optical element in front of the vacuum system is a 2" 50/50 beam splitter
(Thorlabs, BSW21), which is used to combine the second Raman laser beam with
the other beams. The large size of the beam splitter allows to either overlap all
beams or to adjust the beam path of the second Raman laser beam so that it travels
parallel to the other beams, with a horizontal offset of 6 mm. In the first case, all
beams cross the beryllium trap center co-propagating, whereas in the second case,

Raman 1 —»
GLP A/4 PL1 PL2

Raman 2 —> H D =
A/2 50/50 50/50

Vacuum
system

Cooling

) A2 A Monitoring
Repumping —)—Uﬁ? setup
Figure 3.13: Schematic of the setup for overlapping the laser beams. See text for

details. 50/50: beam splitter, GLP: Glan-laser polarizer, PL1/2: piezo actuated lens
1/2.
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3 Overview of the experimental setup

the in-vacuum optics guide the second Raman beam so that it crosses the other
beams at a 90° angle in the center of the trap. The beam paths are shown in figures
6.1 and 6.5 in chapter 6.

The parts of the laser beams that are not sent to the vacuum system by the 2"
beam splitter are used for monitoring purposes. The monitor beams are split by
another 50/50 beam splitter, so that part of the laser power can be used for power
monitoring with a calibrated photodiode sensor ( Thorlabs, S130VC'), while the other
part is send to a pair of beam profiling cameras (DataRay, BladeCam-XHR). The
cameras are placed on the optical platform so that beam profiles measured at the
camera positions correspond to the ones at the center of the beryllium trap.

3.4.4 Phase-lock for the Raman laser system

In contrast to the lasers for cooling and repumping, the relative phase between the
two Raman lasers needs to be stabilized in order to drive coherent transition between
the qubit states of Bet. Due to the large qubit frequency of about 139 GHz at 5T
and a lack of high-speed modulators at 313 nm, an implementation of a phase lock
in the UV is not feasible. Instead, we implement the phase lock using the IR laser
sources. This allows us to use fast fiber-based IR modulators and photodetectors as
part of the signal chain.

We lock the phase of the two 1552 nm lasers with the setup shown in figure 3.14.
Therefore, we modulate the reference output of one laser, named seed laser 2, with a
fiber coupled electro-optic modulator (EOM) (FOSPACE, PM-AV5-40-PFA-PFA-
SRF1W) at a frequency close to 17.375 GHz. The required modulation signal is
generated with a microwave signal generator (Anritsu, MG3692B) and amplified with
a high power amplifier (Mini-Circuits, ZVE-3W-183+). The maximum power for the

Seed 1
Amplifier Amplifier 1552 nm

| |
Beat signal High power -
1552 nm amplifier H
Microwave Seed 2
signal generator 1552 nm

Figure 3.14: Schematic of the servo loop for the phase-lock of two 1552 nm seed fiber
lasers. See text for details. FC: fiber coupler, FPI: Fabry-Pérot interferometer, PD:
photodiode.
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modulation is limited by the damage threshold of the EOM of 30 dBm. This allows
us to maximize the fourth-order sideband component at 69.5 GHz. The other laser,
named seed laser 1, is tuned close to this sideband. Both lasers are overlapped with a
2x2 fiber coupler (Agiltron, FC-15159233) and the beat signal is measured with a fast
fiber-coupled photodetector (Menlo system, FPD310-FC-NIR). The photodetector
has a high bandwidth of 1.5 GHz, which is useful to find the initial beat signal. The
signal is amplified and fed into the input of a RedPitaya STEMlab 125-14 board, that
runs a digital phase-locked loop (PLL) [79]. The board is clocked with an internal
125 MHz quartz oscillator which acts as a phase reference for the beat signal. Since
the inputs are equipped with 50 MHz anti-aliasing filters, we usually phase-lock the
beat signal to a fractional frequency of the oscillator of 31.25 MHz. The output of the
digital controller is amplified with a fully-differential amplifier (Texzas Instruments,
THS/531) and fed back to the modulation input of seed laser 1, which closes the
feedback loop of the phase lock.

To make sure that the 4th-order sideband can be generated with the setup,
we measure the spectral components of the modulated laser using a Fabry-Pérot
interferometer (FPI). To this end, we turn off seed laser 1 and couple the light of the
output port of the fiber coupler that is not used in the feedback loop into the FPI
(Thorlabs, FPI-SA200-12B). We scan the length of the interferometer’s cavity by
applying a triangular voltage to an incorporated piezoelectric actuator which in turn
adjusts the position of one mirror. The FPI has an integrated photodiode detector,
which we connect to an oscilloscope to measure the response of the cavity. Figure
3.15 shows exemplary sideband spectra recorded with different modulation power
levels. As the FPT has a free spectral range (FSR) of 1.5 GHz, sidebands appear at
positions corresponding to the modulus of their respective frequencies.

The observed sideband strengths depend on the EOM driving power and can be
deduced from a Bessel function expansion of the modulated signal [80]. In our case,
the 1st, 2nd, 3rd- and 4th-order sidebands are maximized at power levels of 19.0 dBm,
24.0dBm, 26.2dBm and 28.0dBm for the EOM drive, respectively. Higher order
sidebands are observed as well, but we are unable to maximize them, as the driving
power is limited by the damage threshold of the EOM.

For the phase lock, we set the driving power to 28 dBm, which maximizes the
4th-order sideband and thus the beat signal for the digital PLL. As only the reference
output of seed laser 2 is modulated, no sidebands at 17.375 GHz or multiples thereof
are present in the main beam. This maintains all the amplified power in the carrier
and avoids spurious transmissions, as the sidebands could be translated through the
SFG and SHG setups to the UV domain.

At the same time, this poses the problem that we cannot characterize the beat
signal directly, as we lack the possibility to measure a beat signal frequency of
69 GHz. Instead, we measure the beat signal with a reduced offset frequency. To
this end, we turn off the microwave generator and lock both seed fiber lasers to
each other with an offset of 31.25 MHz only. Although the additional phase noise
introduced by the modulation source is multiplied by a factor of 4 for the 4th-order
sideband, we can still neglect the omission of this component in our analysis, as

33



3 Overview of the experimental setup

Sideband order

23 614
S |
ERl N
g 107 ik | ]
e} 1K )
E Bt :
2 1ﬁs |
2 0.5] 1 A 1
O"O . j‘; . | . . | . M | . ‘;“;;L‘ | . P
0.0 0.2 0.4 0.6 0.8 1.0

Piezo voltage (a.u.)

Figure 3.15: Sideband spectra at 1552 nm measured with a FPI. A resonance scan
with the modulation turned off (blue) and four resonance scans at EOM driving power
levels of 19.0dBm (yellow), 24.0dBm (green), 26.2dBm (red) and 28.0 dBm (purple)
are shown. The power levels correspond to the modulation indices that maximize the
1st-, 2nd-, 3rd- and 4th-order sideband, respectively. The amplitude scale is identical
for all measurements, while the individual measurements are offset by a constant
value for clarity. Grey dashed lines and labels on top indicate sideband positions and
sideband orders.

fibers and mechanical vibrations are expected to introduce considerably stronger
phase noise than the generator equipped with an ultra-low phase noise option causes.
For example, phase noise introduced by the fibers used in the laser setups exceed
the specified single-sideband (SSB) phase noise at low frequencies [81] by several
orders of magnitude, as will be shown in the following. Thus, we can analyze the
degradation of the phase lock throughout the setup and transfer the findings to the
case with high frequency offset as well.

For the analysis, we measure the beat signal spectrum at four different positions in
the setup. The first spectrum is recorded at 1552 nm. Towards this end, we connect
a fiber-based photodiode to the second output of the fiber coupler that is used to
overlap the reference beams of the seed lasers (see figure 3.14). This is comparable
to a measurement, where the main output of both seed lasers would be overlapped
prior to the fiber-based amplification. The second spectrum is recorded at 626 nm
just after SFG. Both 626 nm beams are overlapped with a 50/50 beamsplitter and
coupled into a fiber, which is connected to a fiber-based photodiode. For the third
spectrum, we repeat this process at 313 nm just after SHG. The last spectrum is
measured on the platform close to the vacuum system after the lasers have been
transmitted through the UV fibers. There, we use the reference beams that are
usually used to monitor the beam profiles (see section 3.4.3) and focus both of them
onto a free-space photodiode with a lens. We record all spectra with a spectrum
analyzer. For comparison of the main spectral features, all spectra are shown in
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Figure 3.16: Beat signal spectra measured at 1552nm, 626 nm and 313nm. The
frequencies are given relative to a central frequency of 31.25 MHz for the measurements
at 1552nm and 626 nm and relative to a central frequency of 62.5 MHz for the mea-
surements at 313nm. All spectra correspond to an average of 10 scans with a 100 Hz
measurement bandwidth each.

figure 3.16.

At 1552 nm we measure a narrow central peak, whose linewidth is limited by the
bandwidth of the spectrum analyzer (we measure a linewidth < 1 Hz in a separate
measurement with a spectrum analyzer bandwidth of 1Hz). In addition, broad
bumps around a relative frequency of 12.6 kHz are observed. The central frequency
of these so-called “servo bumps' corresponds to the case where the phase delay of the
feedback signal exceeds 180°, thus marking the transition from negative to positive
feedback. Furthermore we observe additional narrow sidebands at relative frequencies
of 5.0kHz, 15.3kHz and 20.6 kHz. We attribute these to the seed lasers’ internal
switching power supplies, as they are reproducible with all lasers of the same type
that we own. There are seed lasers where this effect is suppressed to some extent.
However, their tuning ranges do not fit the wavelength requirements for the Raman
lasers and have not been used for the analysis presented here. From figure 3.16, a
signal-to-noise ratio (SNR) of 19.5dB can be inferred, where we define the SNR as
the difference between the main peak and strongest parasitic sideband.

For the beat signal at 626 nm, we observe a broadened central peak with a full
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width at half maximum (FWHM) of about 500 Hz. The broadening is introduced
in the fiber-based amplification step, as the fibers couple the laser frequencies to
the lab’s thermal and acoustic environment [82]. The SFG process itself does not
introduce additional phase noise, as the same 1050 nm laser is used in both cases.
The same amount of broadening is observed for the parasitic sidebands, whereas the
relative level of the background noise, including the servo bumps, is increased. Since
the parasitic sidebands are affected in the same way as the main peak, the SNR is
the same as for the measurement at 1552 nm (see figure 3.16b).

The fiber link between the SFG setups and the SHG setups introduces additional
broadening. Due to the doubling of the laser frequencies, the central beat frequency
is doubled to 62.5 MHz together with the widths of all spectral components. This
results in a FWHM of about 1kHz for the central peak. Furthermore, the non-
linear frequency doubling process introduces additional parasitic sidebands at mixing
frequencies of the already existing ones. The most prominent one is observed at a
frequency of 10.3kHz. At the same time, the SNR is reduced to 9.3dB (see figure
3.16¢).

The final spectrum, measured with two focused free space beams, corresponds to
the one that would be measured at the ion position. Due to the fiber transmission at
313 nm, the central peak is broadened once more to a FWHM of 1.5 kHz. Compared
to the previous measurements, the mode overlap is reduced, as the beams are not
overlapped with a fiber anymore. This reduces the SNR to 7.6 dB, as the servo-bumps
are lifted above the parasitic sidebands (see figure 3.16d). Figure 3.17 shows the same
spectrum with a larger frequency span. Compared to the main peak we measure a
drop of the background noise of 32dB (64 dB) within a frequency span of 100 kHz
(£500kHz). This behaviour can be attributed to the intrinsic low phase noise of the
seed fiber lasers at 1552 nm.

The final linewidth is sufficiently small to resolve individual sidebands of single
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Figure 3.17: Beat signal spectra measured at 313nm with a span of 1 MHz. The
frequencies are given relative to a central frequency of 62.5 MHz. The spectrum
corresponds to an average of 10 scans with a 100 Hz measurement bandwidth each.
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9Be' ions, as typical axial trap frequencies are on the order of a few hundred kHz
in our Penning trap. Within this thesis, the laser system is used for thermometry
of ?Be™ ion crystals. This corresponds to a measurement of a Doppler broadened
transition with a linewidth on the order of several MHz. Since this is a relaxed
requirement, no further modification of the laser system is required for this purpose.

3.4.5 Imaging and detection system

In general, fluorescence detection can be implemented either in the radial or in
the axial direction of a Penning trap. In a cylindrical design, collecting the radial
fluorescence light requires a hole in the ring electrode. A suitable optical system can
then be used to collimate the light passing the hole and guide it out of the magnet’s
bore and the vacuum system. In our case, this is technically challenging, since the
bore of the superconducting magnet is filled with the cryogenic support structure
(see section 3.3). In addition, the design of the beryllium trap comes with a small
length for the ring electrode (see section 3.2.1), which limits the possible size of
the hole and leads to a poor light collection efficiency. Consequently, we decided to
collect the fluorescence light from the beryllium trap along the axial direction only.

The imaging system was developed with the goal to collect as many photons
as possible with a photomultiplier tube (PMT), to optimize the image quality for
detection with an electron-multiplying charge-coupled device (EMCCD) camera and
to enable a straight-forward adjustment. A sketch of the system is shown in figure
3.18.

A single aspheric lens is used to collect the fluorescence light from the ions and to
guide it out of the vacuum system. The custom lens is made from fused silica with an
AR coating for 313 nm. It is located at a distance of 18.9 mm from the center of the
beryllium trap and mounted in a 9mm aperture of the trap stack that extends up
to a distance of 17.8 mm from the trap center. This geometry effectively limits the
numerical aperture (NA) to 0.25, which means that 1.6 % of the total fluorescence
light is collected. Furthermore, the lens creates an intermediate focus 548 mm away
from the lens, which can be imaged from outside the vacuum system. The light
leaves the vacuum in a distance of 1042 mm from the trap center.

Outside the vacuum system, a plano-convex lens with a focal length f = 100 mm
is used to obtain an image of the ions with six-fold magnification. The lens is placed
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Figure 3.18: Schematic of the imaging system. See text for details. AL: aspheric
lens, PCL: plano-convex lens, FM: flip mirror, W1: trap can window, W2: vacuum
window, BP: bandpass filter.
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close to the vacuum window in a mount that allows translation in the z-, y- and
z-direction as well as tilts in the x- and y-direction to compensate misalignment
of the optical system. If spatial resolution is required, the resulting image can
be recorded with an EMCCD camera (Andor, iXon A-885-KCS-VP). If only the
total fluorescence is of interest, photons can be counted with a PMT (Hamamatsu,
H8259-01). Switching between the two detectors is possible with a motorized flip
mirror mount in front of the camera. To reduce stray light, a UV bandpass filter
is placed in the imaging path and the flip mirror as well as the PMT are mounted
in a light tight housing. The PMT is rigidly connected to the EMCCD camera,
which in turn is mounted on a 3-axis translation stage. Once the imaging system
is set up, alignment of the flip mirror is not possible anymore and the positions of
the two detectors are fixed relative to each other. Thus, the imaging system can
only be optimized with respect to one of them. Typically, the system is optimized
for maximum fluorescence detection with the PMT, with an off-centered, but sharp
picture on the EMCCD camera.

It is possible to replace the plano-convex lens with a setup consisting of a second
aspheric lens and a microscope objective. This enables to spatially filter the image in
an additional intermediate focus plane and to increase the magnification. However,
earlier measurements showed that this comes with a significant alignment overhead
due to the low depth of focus and depth of field of the microscope objective as well
as a detrimental reduction of the total fluorescence signal if the ion position in the
trap deviates from the ideal one. Therefore, the alternative setup was not used for
the measurements presented here. Details on alternative systems and the design
process of the imaging optics are given in reference [41].

3.5 Experiment control

For the control of our experiment, we use the Advanced Real-Time Infrastructure
for Quantum physics (ARTIQ) control system from m-Labs [83]. ARTIQ provides
a high level programming language based on Python, that can be used to describe
experimental sequences. The corresponding code is compiled and executed on
dedicated field programmable gate array (FPGA) hardware, which enables for
nanosecond timing resolution and sub-microsecond latency.

The hardware design is based on a modular approach where peripherals communi-
cate with a core device (m-Labs, Sinara 1123 Carrier "Kasli"). We use hardware
modules for RF frequency generation via direct digital synthesis (DDS) (m-Labs,
Sinara 4410/4412 DDS "Urukul"), digital-to-analog converter (DAC) based voltage
generation (m-Labs, Sinara 5432 DAC "Zotino") and transistor-transistor logic (TTL)
pulse generation and detection (m-Labs, Sinara 2118 TTL cards). Experiments are
managed via the ARTI() master program that runs on a local computer and con-
nects to the core device via a local area network (LAN). Additional non-proprietary
hardware can be controlled with the ARTI() master via network or serial interfaces
using a custom network device support package (NDSP). The ARTIQ master is in
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turn controlled via the ARTI(Q dashboard.

DC signals for trapping potentials and ion transport are generated with a self-built
arbitrary waveform generator [84], the so-called “pretty darn quick” (PDQ) box. It
is based on an FPGA controlled ensemble of DACs with 16-bit resolution, 50 MHz
update rate and a voltage range of £10V. The PDQ box is controlled with an NDSP
that allows for real-time control. Voltages for selected electrodes (for example all
electrodes of the beryllium trap) are amplified up to 30 V with an additional self-built
amplifier. All DC signals are filtered with three cascaded first order low-pass filters,
where each filter is placed at a different temperature stage. As a trade-off between
noise reduction and sufficiently fast transport speed, the filter system was designed
with a cutoff frequency of 1.3 kHz, which is about an order of magnitude lower than
typical magnetron frequencies in our experiment.

In the beryllium trap, each segment of the ring electrode and one correction
electrode are connected to an individual RF line (see Section 3.2.1). This configuration
allows to excite the motion of the ions in the radial as well as the axial direction
of the trap with dipole fields, while in the radial direction quadrupole fields can be
used to couple the magnetron and modified cyclotron motion to each other. In the
precision trap, one correction electrode and one endcap electrode is equipped with an
RF line, which allows to apply dipole excitations. The RF lines are equipped with a
capacitive voltage divider and an additional large 1 MS) resistance, which reduces the
effective cutoff frequency for the DC line connected to the same electrode to 1.2 kHz.

The required RF signals are generated using Urukul, which provides frequencies
ranging from 1MHz up to 400 MHz with power levels between —21.5dBm and
10dBm. Frequencies below 1 MHz may be generated with Urukul as well, but
additional frequency dependent attenuation needs to be considered in this regime.
Still, further strong attenuation is required in practice to avoid particle loss due
to too high excitation amplitudes. Further excitation signals can be generated
using several arbitrary waveform generators (Keithley, 3390 and Keysight, 33611A,
33522B), which are controlled with custom NDSPs.

The wavelengths and frequencies of the laser systems for cooling, repumping and
Raman interactions are measured and controlled using a wavemeter with 2 MHz
accuracy (HighFinesse, WSU-2), that is frequently calibrated with a stabilized
helium-neon laser (SIOS Meftechnik, SL 03). The wavemeter software comes with
a digital PID controller, that we either use to stabilize the laser frequencies or to
apply frequency sweeps. We use an NDSP to manage the PID controller settings via
ARTIQ. Furthermore, the microwave signal generator for the Raman laser phaselock
is controlled with an NDSP as well. RF signals for the AOMs are generated using
Urukul and amplified with the 10 W RF amplifiers. The setpoints of the digital PID
controllers for laser power stabilization are controlled using Zotino. TTL signals are
used to control the orientation of the flip mirror in front of the EMCCD camera
and to read out the PMT counts. A schematic overview of the whole experiment
infrastructure is given in figure 3.19.
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3 Overview of the experimental setup
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Figure 3.19: Schematic overview of experiment infrastructure. See text for de-
tails. AWG: arbitrary waveform generator, DP-AOM: double-pass AOM setup, WLM:
wavemeter, HeNe: helium-neon laser, MWG: microwave signal generator.
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CHAPTER 4

Particle preparation

The prerequisite for a meaningful measurement in a Penning trap is the careful
preparation of the ions to be studied. Therefore, it is not only necessary to produce
and trap them, but also to reduce their number as much as necessary for the
particular measurement. Furthermore, appropriate cleaning of the trap is required
to avoid disturbances of the measurement by trapped contaminants or ions on
a high magnetron orbit. Also, it is necessary to determine the trap frequencies
and the magnetic field with adequate precision for predictions about sideband and
thermometry measurements and the analysis of the respective results.

In the following I will describe the loading routine (section 4.1), followed by the
description of the techniques used to reduce the number of particles in the trap
(section 4.2). Afterwards I will give a brief overview of techniques that we use to
clean the trap in section 4.3. At last, measurements of the trap frequencies and the
magnetic field as well as implications for the further measurements will be presented
in section 4.4.

4.1 Loading procedure

In a cryogenic Penning trap like ours, the combination of a deep trapping potential
with an ultra-low rate of background-gas collisions allows to store particles for days,
months or even years [11, 85]. In the case of “Be', the cryogenic vacuum also
suppresses other typical degradation processes, such as hydride-ion formation [86].
Thus, it is only rarely necessary to reload our traps. Nevertheless, particle losses
due to unexpected interactions with the experimental system or careless user input
makes reloading necessary every once in a while.

Loading of *Be* requires a two-step process consisting of the production of neutral
beryllium and subsequent ionization. In our case, we use a frequency doubled
Nd:YAG laser at 532 nm for the generation of a plume of beryllium atoms through
ablation from a target that is embedded in one endcap of the beryllium trap (see
sections 3.2.1 and 3.4.1). If the pulse energy of the laser is high enough, a part of
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4 Particle preparation

the ablated atoms is subsequently ionized' and trapped with stable orbits.
The following is a summary of our loading routine for the beryllium trap:

o Step 0: All trap voltages are set to 0V to eject the remaining par-
ticles.

o Step 1: The voltage at the ring electrode is set to —20V and the
tuning ratio for the correction electrodes is set to 0.88. It is possible
to choose a higher voltage (closer to 0V) at the ring electrode to reduce the
number of initially trapped particles. However, whenever a problem with the
loading routine is detected, we switch back to —20V, as this value has proven
to be robust with regard to long-term drifts of the system.

o Step 2: We turn on the cooling laser and apply a sawtooth ramp to
its frequency. The ramp starts with a laser detuning of —640 MHz, which is
decreased until it reaches the resonance?. The period of this scan is on the
order of 30s. The large detuning allows for efficient cooling of hot particles,
which suffer from a large Doppler shift.

o Step 3: A single shot of the ablation laser is fired. We have been able
to load ions with pulse energies as low as 40 uJ [39]. A reasonable pulse energy
that compensates for the regular drift of the laser beam trajectory, and thus
the focus on the beryllium target, lies in the range of 60-80 1J.

o« Step 4: We wait for several minutes and monitor the ion fluores-
cence signal on the EMCCD camera. A very bright signal with constant
amplitude or erratic behavior tells us that the ion cloud is too large and requires
the ejection of particles in order to enable efficient laser cooling. If instead we
see a rise of the signal that corresponds to the frequency ramp of the cooling
laser, this tells us that the ion cloud is cooled sufficiently and localized in the
trap center. Particle ejection and cleaning routines can now be applied in order
to prepare the ions for a measurement.

In principle, it is possible to load single ions directly by using a photoionization laser,
which eliminates the need for subsequent particle ejection. Although a laser system
for resonant two-photon ionization was built and implemented initially [39, 87, 88|,
it turned out that it is associated with a large experimental overhead and problems
during daily operation. For this reason, the laser system was dismissed and not used
throughout this thesis. Instead, we resorted to several routines for particle ejection
and trap cleaning, which will be described in the following sections.

1 The details of the ionization mechanism are unknown so far.
2 The resonance of the cooling transition is always assumed at a frequency of 957.466 924 THz
during the loading procedure.
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4.2 Particle ejection

4.2 Particle ejection

Particle ejection is necessary to extract a small ion cloud or single ions out of an
initially large ion cloud. Different approaches can be pursued and combined to
reach this goal. During my time at the experiment we implemented three different
methods to reduce the number of particles: evaporative reduction, pulsing of the
trap potential and splitting in a double-well potential. In the following I will describe
these methods briefly.

Evaporative reduction of the particle number

A straightforward way to reduce the number of confined particles is to lower the trap
potential until ions with a high kinetic energy are able to escape. It can be applied
directly after ion loading to discard very hot trapped particles. However, it is not
useful if the ions have already been laser cooled for a long time and thus are strongly
localized in the trap center. In this case, the atoms will only leave the trap if the
potential is very shallow, which entails the risk of loosing the whole ensemble.

We typically apply a maximum voltage on the order of —1V to the ring electrode
during the evaporation routine, while the tuning ratio on the correction electrodes is
kept constant.

Pulsing the trap potential

Another routine to reduce the number of ions is based on grounding of trap electrodes
for a short time. Without axial confinement, the Coulomb repulsion leads to an
explosion the trapped particles, and some ions, preferably those on high magnetron
orbits, escape from the trap [89].

To this end, we adiabatically transport the ions to the ring electrode of the proton
trap (see section 3.2.2). This electrode is designed to deflect the beam of the electron
gun in order to hit an off-axis target for the creation of protons in the future [68].
Due to the high voltage requirements of the intended application, the electrode is
currently not equipped with RC filters and thus allows fast pulsing of the applied
voltage. If the ions are confined with this electrode only, it is possible to pulse the
overall trap potential with a single TTL switch.

Unfortunately, it turned out that this method is not reliable, as the optimal pulse
length seems to depend on parameters which we cannot measure reliably, such as
the cloud size. As the loss of all ions at once is likely with this routine if the wrong
parameters are chosen, it was dismissed for the recent measurements.

Splitting the particles with a double-well potential

Our most commonly used routine for particle number reduction is based on dividing
the trapped ions into two parts with the help of a double-well potential. One part is
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Figure 4.1: Axial potential shapes during the splitting procedure. Beryllium ions
are represented by large blue dots. a) initial trap potential, b) double-well potential

with shallow barrier, ¢) double-well potential with strong potential wedge, d) potential
shape after the release of a part of the ions. See text for details.

kept, while the other part is dismissed from the trap. This scheme is based on the
ideas presented in reference [90] and was adapted to our experiment [41].

In the beryllium trap, the double-well potential for the splitting routine is generated
with continuous voltage ramps that are applied to the five electrodes. We start with
a harmonic potential generated with a ring electrode voltage of Vg = —20V and
a tuning ratio TR = 0.88 for the correction electrodes, while the endcaps are held
at ground (figure 4.1a). In a first step, we ramp down both endcap electrodes to
—30V. This effectively creates a double-well potential with a shallow barrier in the
center, which allows the ions to spread out (figure 4.1b). In a second step, the ring
electrode voltage is increased to 25V, while the correction electrodes are ramped up
to 0 V. This creates a potential wedge that separates the ions into two independent
parts (figure 4.1c). In the third step, one of the endcap electrodes is ramped up to
0V, thus releasing the corresponding part of the ions (figure 4.1d). In a last step,
all electrodes are ramped back to their initial values. Each step is a linear ramp
performed within 250 ms, resulting in a total time of 1s for the complete routine.

Figure 4.2 shows images of ion ensembles of different sizes that can be produced
with these reduction schemes. For a low number of ions, discrete levels of the
fluorescence signal are observed, which allow to determine the exact number of ions.
Although we are able to produce single ions, all measurements in this thesis were
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Figure 4.2: Images of ion ensembles of different sizes. The ions were imaged along
the axial direction with the EMCCD camera. The ring structure is observed because
the ion cloud rotates with a period that is much shorter than the exposure time of the
camera. (a) medium size ion cloud with four rings around a central bright spot (b)
small size ion cloud with two rings and no central spot (c) single ion.

carried out with medium or small size ion clouds. The reason for this is an unstable
fluorescence signal that can be observed for ion clouds with less than seven particles.
The frequency and duration of this dropouts do not follow any discernible pattern
[39].

In the last months of my time in the laboratory, the hypothesis of dropouts due
to transitions to a dark state which is not part of the cooling cycle [41] could be
ruled out with the implementation of the repumping laser. This suggests that the
fluorescence dropouts are caused by individual ions leaving the field of view of the
imaging system for a limited period of time. A possible reason for this behavior could
be magnetron heating caused by fluctuations of the cooling laser parameters. Since
the gradient cooling scheme sensitively depends on the offset of the laser position
from the trap center, beam pointing fluctuations may play a role. For this reason,
custom mounts for fiber couplers and highly stable stainless-steel mirror mounts
(Thorlabs, POLARIS-K1S5/) were implemented on the laser beam delivery platform.
In addition, all other optic mounts were replaced by mounts which minimized the
required degrees of freedom and possible movements. Still, vertical drifts of the laser
position at the reference positions of the beam profiling cameras on the order of a
few tens of pm are observable on a timescale of about two hours. To further reduce
the drifts, active beam stabilization is being considered for the future. In addition,
we consider the idea of mode cleaning optics for the cooling beam, as the beam at
the trap center does not correspond to an ideal Gaussian beam, which is assumed for
theoretical predictions. The non-Gaussian beam profiles are caused by the photonic
crystal fibers and additional aberrations, which are introduced due to the required
large beam diameter on the laser beam delivery platform. The topic of magnetron
heating remains the subject of future investigations.

Nevertheless, it is also possible that other, so far unidentified, mechanisms are
causing the unstable fluorescence signal. One such contributing mechanism could be
identified in the last months of my time in the laboratory: ions on high magnetron
orbits. This insight led to the implementation of several cleaning procedures, which
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will be described in the next section.

4.3 Cleaning methods

Cleaning the trap of unwanted ions is an important part of particle preparation.
Although we cannot detect the presence of contaminants such as protons or helium
ions with our system directly, the BASE experiment at Mainz has shown that it is
possible to load a small number of protons through ablation from a beryllium target
and subsequent cleaning of the trap [30]. Since they use the same loading technique
as we do, this suggests that in our setup at least some protons are produced by
ablation along with the beryllium ions as well.

Furthermore, Penning trap experiments with laser cooled Be™ ions usually suffer
from hydride-ion formation [86]. When this happens, the heavier BeH™ ions are
separated from the lighter “Be™ ions due to the centrifugal force caused by the
rotation of the ion cloud. As our system does not offer the possibility for imaging
along the radial direction, we cannot detect the centrifugal separation directly. As an
alternative, it is possible to measure the decay of the total fluorescence signal of the
9Be™ ions due to defect formation over time [91]. However, since no problems related
to a decrease in the signal have been observed with particles trapped for time scales
up to several weeks so far, no precise measurement of this type has been performed.
Nevertheless, defect formation of hydride ions cannot be ruled out completely.

In contrast, one type of contaminant that we can detect with our system are
beryllium ions on high magnetron orbits. These typically manifest themselves in an
unstable fluorescence signal, if the size of the cloud in the center of the trap is small.
Sometimes a collapse of one ion towards the trap center can be observed, which
leaves a typical fingerprint in the fluorescence signal. This consists of a fluorescence
dropout, followed by a rapid spike and an increased signal after a settling time on
the order of a second.

The following cleaning methods have been implemented in our experiment to avoid
disturbances due to contaminants of any kind during a measurement.

RF excitation

For a contamination species with known mass, it is possible to remove it from the
trap with an RF pulse with constant frequency and high amplitude. If the pulse is
applied at the contaminants’ axial or magnetron frequency, while the beryllium ions
are laser cooled at the same time, the contaminants are resonantly excited until they
separate from the ions in the trap center. Subsequently, they are removed from the
trap, either because their kinetic energy exceeds the trapping potential, or because
their magnetron orbit is increased so much that they hit an electrode surface. This
technique can be combined with an evaporative reduction of the particle number to
ensure that excited ions leave the trap.

46



4.4 Measurement of the trap frequencies

SWIFT cleaning

An extension of the RF pulse based cleaning approach is called stored waveform
inverse Fourier transform (SWIFT) cleaning. The method is based on the generation
of tailored waveforms that are applied to a trap electrode with an arbitrary waveform
generator. Here, the Fourier transformed spectrum of the waveforms corresponds
to a sum of frequency bands with sharp edges. This allows to address multiple
frequency bands, and thus to excite different contaminant species at the same time,
while the frequency bands containing resonances of Be™ are cut out. Details on the
generation of the required waveforms are described in reference [92].

Aperture cutoff

A rather simple approach to clean the trap of ions on high magnetron orbits is based
on the transport through an electrode with a small diameter. If the magnetron orbits
are as big as or bigger than the electrode diameter, particles will hit the surface of
the electrode and thus will be removed from the trap. For the implementation of this
scheme, we use one electrode of the proton source, which has a diameter of 4 mm,
whereas the diameter of the electrodes in the beryllium trap is 9mm. To increase
the efficiency of method, we combine it with RF or SWIFT cleaning pulses, which
increase the magnetron orbits of the excited particles.

The combination and frequent repetition of multiple steps for particle number
reduction and subsequent cleaning of the beryllium trap allows for the preparation
of a pure and strongly localized °Be™ ion cloud that can be used for precision mea-
surements. Due to the high vacuum quality, it is usually not necessary to clean a
once prepared cloud again at a later time.

4.4 Measurement of the trap frequencies

The starting point for many measurements in Penning traps is an accurate knowledge
of the trap frequencies. For example, if we want to apply the RF cleaning pulses that
have been described in the previous section, we need to know the trap frequencies
of the contaminants in advance. In this thesis, we are interested in performing
thermometry measurements with an ion cloud. Here, the axial trap frequency is
required for the calculation of the Lamb-Dicke parameter (see equation 2.27), which
yields useful information for the comparison of the Raman resonances obtained with
and without interaction with the axial motion of the ions. Furthermore, the trap
frequencies can be used to calculate the magnetic field, which in turn allows the
calculation of frequency shifts within the level structure of °Be*. As long as the
level structure is not known with sufficient precision, we cannot even tune the lasers
to the involved transition frequencies.

We measure the trap frequencies as follows. We prepare an ion cloud in the
beryllium trap and cool it with the cooling laser with a fixed detuning of —10 MHz
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relative to the resonance frequency, which is determined by a measurement as
described in section 5.1. Next, we deactivate the cooling laser and shine in an
RF pulse with a frequency close to the trap frequency that we want to investigate.
Depending on the detuning of the pulse, it will excite the ion motion with a certain
probability. For detection, we turn on the cooling laser again and collect the
fluorescence light with the PMT. If the frequency of the RF pulse was close to
resonance and the ions have been heated, this will result in an increased Doppler shift
during detection. Thus, the number of detected photons will decrease in comparison
to the case of large RF detuning. We repeat this scheme consisting of initial cooling,
excitation and subsequent detection for different RF frequencies to obtain a resonance
curve of the trap frequency.

For a measurement of the axial trap frequency, a pre-cooling time of 300 ms before
each excitation pulse is chosen to ensure that successive pulses do not influence
each other. The RF pulse is generated with Urukul and applied to one correction
electrode of the beryllium trap. Each pulse has a length of 13 ms and is attenuated
by 60 dB before reaching the vacuum feedthroughs (30 dB set in the Urukul settings
and additional 30 dB introduced with fixed attenuators). Afterwards the fluorescence
light is collected for 12ms with the PMT. The averaged result! of 20 individually
scanned resonance spectra for a ring electrode voltage Vg = —20V is shown in figure
4.3.

With a Gaussian fit to the data we obtain a central frequency v, = 435.792(1) kHz
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Figure 4.3: Measurement of the axial frequency. The normalized PMT counts are
shown as a function of the applied RF frequency. The blue data points and error
bars correspond to an average of 20 individual scans. The solid orange line is a fit of

a Gaussian profile to the data. The RF frequencies are given relative to the central
frequency v, = 435792 Hz of the fit.

1 All resonance spectra shown in this thesis are normalized to the maximum PMT counts of the
respective averaged spectrum.
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and a FWHM Av, = 46(3) Hz. This can be compared with earlier measurements
with the same setup [41], which have determined a Cy parameter of 17639 m—>
for equation 2.16. For the ring electrode voltage used here, this evaluates to an
axial trap frequency of 437.720kHz. The deviation of the recent measurement in
comparison with this value is on the order of 2kHz and can have several reasons.
A possible explanation is given by further findings presented in the same reference.
Asymmetries in the trapping potential were observed, which are probably introduced
by one segment of the ring electrode that is not properly connected to its RF line.
This leads to an energy-dependent correction for the trap frequencies [43]. Depending
on the cloud size and the pre-cooling time in between the RF pulses, different trap
frequencies can be observed. As we do not have the possibility to determine the
cloud size in a quantitative way, no detailed comparison is possible. Nevertheless, it
is reasonable to use long pre-cooling times in between the RF pulses to minimize
energy dependent shifts and broadening effects, as was done in the measurement
presented here.

For a measurement of the modified cyclotron frequency with the same ring electrode
voltage, the same procedure is repeated, with the difference that the RF pulses are
applied to one segment of the ring electrode. Again, a pre-cooling time of 300 ms
is used and the length of the RF pulses is 13ms. A total attenuation of 78.5dB is
used (18.5dB set in the Urukul settings, 60 dB introduced with fixed attenuators).
The fluorescence light is collected for 12ms as before. The averaged result of
20 individually scanned resonance spectra is shown in figure 4.4. We obtain a
central frequency of v, = 8491.033(1) kHz and a FWHM of Av, = 42(3) Hz from a
Gaussian fit to the data. The deviation in comparison with earlier measurements
can be explained by the fact that the modified cyclotron frequency depends on the
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Figure 4.4: Measurement of the modified cyclotron frequency. The normalized PMT
counts are shown as a function of the applied RF frequency. The blue data points and
error bars correspond to an average of 20 individual scans. The solid orange line is
a fit of a Gaussian profile to the data. The RF frequencies are given relative to the
central frequency vy = 8491033 Hz of the fit.
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Figure 4.5: Measurement of the magnetron frequency. The normalized PMT counts
are shown as a function of the applied RF frequency. The blue data points and error
bars correspond to an average of 20 individual scans. The solid orange line is a fit of
a Gaussian profile to the data. The RF frequencies are given relative to the central
frequency v— = 11 154 Hz of the fit.

axial trap frequency (see equation 2.7), where a deviation was found already.

For a measurement of the magnetron frequency, we need to modify the generation
of the RF pulses, since Urukul is not able to generate the required frequency directly.
Instead we connect two outputs of the same Urukul board to a mixer (Mini-Circuits,
ZAD-6+) and filter the output with a fifth-order low pass filter with a cut-off
frequency of 50kHz (Thorlabs, EF124) and an additional low pass filter with a
cut-off frequency of 1.9 MHz (Mini-Circuits, BLP-1.9+). This way, the resulting
frequency is determined by the frequency difference of the two initial Urukul signals.
The signal is split with a power splitter (Mini-Circuits, ZFSC-2-1+) and applied
to two opposite segments of ring electrode. The pre-cooling time, length of the RF
pulses and the readout time are chosen as before. The ring electrode voltage is set to
—20V. The averaged result of 20 individually scanned resonance spectra is shown in
figure 4.5. A Gaussian fit to the data yields a central frequency v = 11.154(2) kHz
and a FWHM of Av_ = 69(5) Hz.

Determination of the free cyclotron frequency and the magnetic field

We can use the invariance theorem (equation 2.10) to calculate the free cyclotron
frequency with the results from the previous section. This results in a frequency
ve. = 8502.216(42) kHz. For this value, we obtain a magnetic field B = 4.989772(25) T,
making use of equation 2.4. This is a deviation of about 10 mT from the expected
value of 5T, but in accordance with earlier results [41].

The value of 5T stems from the specification of the manufacturer and a measure-
ment with a nuclear magnetic resonance (NMR) magnetometer that was carried out
after the superconducting magnet had been energized and shimmed in 2015 [39].
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However, since the calibration of the magnetometer had expired at the time of the
measurement, it cannot be guaranteed that this value corresponds to the actual one.
On the other hand, the invariance theorem used for the calculation of the magnetic
field is exact only for single particles [93]. For more than one particle, higher-order
effects due to particle-particle interaction not covered by the invariance theorem can
falsify the result. Therefore, the value calculated here should also be treated with
caution.

For the anticipated thermometry and sideband measurements, this uncertainty
is problematic. A magnetic field deviation of 10 mT corresponds to a shift of the
qubit frequency on the order of a few hundred MHz. This must be put in relation
with the expected linewidth for the stimulated Raman transitions on the order of a
few kHz for measurements without interaction with the axial motion. Without prior
knowledge about the relevant experimental parameters for the Raman laser system,
finding the resonance for the first time becomes a Sisyphean task. Furthermore,
the optical transition frequencies are shifted on the same order of magnitude. This
impedes the correct addressing of the repumping transition, which is necessary for
high fidelity state preparation of the ions in a single quantum state.

To resolve this issue, we decided to experimentally determine the relevant optical
resonance frequencies of Bet in our system. The corresponding measurements are
described in the next chapter.
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CHAPTER 5

Measurements of optical resonance frequencies

The basis for every laser based cooling, manipulation or detection routine is the
knowledge of the involved optical resonance frequencies with adequate precision.
For example, imprecise addressing of the resonances can lead to infidelities during
state preparation or to an undesired increase of the final particle temperature after
cooling. This chapter describes how we have determined the relevant optical resonance
frequencies of Be™ in our system. To this end, we have implement different types of
resonance measurements based on fluorescence detection, which will be described in
the following.

The resonance measurements can be distinguished by the number of involved lasers.
Section 5.1 describes the procedure for a measurement of the resonance frequency of
the cooling transition, which requires only a single laser. In addition, more involved
resonance measurements with two or three lasers, to which we refer as double and
triple-resonance measurements, are introduced in sections 5.2 and 5.3. The results of
the measurements will be summarized in section 5.4.

5.1 The cooling transition

A particularly convenient property of YBe* is the fact that in a Penning trap, a closed
cooling cycle can be implemented in a straightforward way. Due to the simple level
structure, the gradient cooling technique described in section 2.3 can be realized with
a single laser tuned below the resonance frequency between the %S 5 |m; = +1/2)
and the ?Ps)5 |m; = 4+3/2) state, without the need for an additional repumping
laser'. We can then use the PMT or the EMCCD camera to monitor the fluorescence
signal of the ions.

Still, if we want to determine the central frequency and the linewidth of the cooling

1 Off-resonant excitations will effectively trap a small amount of the population in the
25'1/2 |my = —1/2) state [39, 53]. This effect is partly suppressed through the choice of our
laser polarization. However, for an ion cloud, it will only lead to a relative decrease of the
fluorescence signal. For that reason, it will be neglected here.
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resonance, we encounter two problems. The first problem is that as soon as we
change the frequency of the cooling laser, the cooling parameters change and thus the
temperature of the ions is not constant during the measurement. This in turn affects
the shape of the resonance curve due to a change of the corresponding Doppler shift.
The second problem is that the magnetron motion is heated as soon as we reach
the line center, which will increase the trajectory of the ions until they eventually
leave the region of the beryllium trap that is observable with the imaging system.
An interpretation of the resulting profile can become difficult.

As an example, we record a resonance with a medium size ion cloud!. For the
measurement, the cooling laser beam is sent through the beryllium trap at an angle
of 45° relative to the trap axis and offset from the trap center in the vertical direction.
A vertical beam waist of 155 um, a horizontal beam waist of 270 pm and a power
of 278 uW is used?. Initially, the offset in the vertical direction is adjusted for a
fixed detuning of the cooling laser, until a stable fluorescence signal and a constant
spatial distribution is observed with the EMCCD camera. For the measurement, a
sawtooth frequency sweep with a frequency range of 60 MHz and a period of 20s is
applied to the laser frequency. The maximum frequency is chosen so that the sweep
just covers the expected resonant frequency to minimize heating of the magnetron
motion. Every 100ms the laser frequency is readout with the wavemeter and the
fluorescence light of the ions is collected with the PMT for 12ms. Figure 5.1 shows
the averaged result of six individual frequency scans.

From low to high laser frequencies, the fluorescence signal increases, until a
sharp drop at a frequency vy = 957.466 932(1) THz is observed. At this point, the
magnetron motion is heated so much, that the ions leave the field-of-view of the
imaging optics. Thus, it indicates the resonance frequency of the cooling transition.
However, the absolute frequency of the transition is hard to determine, as the
ion cloud is rotating. Depending on its size and its rotation frequency, additional
Doppler shifts are introduced. Since we cannot measure the cloud size and the
rotation frequency is not constant during the measurement, it is hard to pin down
a frequency and a corresponding uncertainty. We have observed comparable drops
of the fluorescence signal in a range of frequencies between 957.466 924 THz and
957.466 934 THz in the past.

From the measurement presented here, we cannot infer reliable information about

1 As we cannot determine the number of ions precisely, we roughly categorize them by the number
of observable rings. See figure 4.2 in chapter 4 for a comparison of different cloud sizes.

2 The beam waists and power levels at the position of the ions are estimated from the reference
measurements described in section 3.4.3. In the case of the power levels, a fixed conversion
factor is determined experimentally, which enables us to calculate the power of a laser beam
in front of the vacuum window. About 75 % of this power is transmitted to the ions in the
beryllium trap.

3 This is necessary because of a variable timing offset between the start of the measurement
sequence through ARTIQ and the start of the frequency sweep through the wavemeter PID
regulator. For this reason, the data points in figure 5.1 are provided with an error bar for the
frequency.
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Figure 5.1: Resonance measurement of the cooling transition. The normalized PMT
counts are shown as a function of the applied laser frequency. The blue data points
and error bars correspond to an average of six individual scans. The laser frequencies
are given relative to the frequency vy = 957.466 932 THz, at which a sharp drop of
the fluorescence signal is observed. The blue-detuned side of the resonance was not
scanned, as the ions are heated strongly and leave the observable region of the trap as
soon as the resonance is exceeded.

the linewidth and thus the temperature of the ion cloud, as the recorded resonance
(excluding the points where no fluorescence signal is observed) does not follow the
usual Voigt profile. Obtaining a reliable lineshape is possible with a careful division
of the measurement into cooling and detection steps with individual laser power
levels and detunings [41]. Nevertheless, with this measurement method it is not
possible to measure the resonance frequency with a higher accuracy than is the case
with the measurement described above. For this reason, the above value is taken as
the best approximation of the actual resonance frequency.

5.2 Double-resonance measurements

With two lasers, more involved techniques can be used to measure other optical
resonance frequencies of “Be*t. If one laser is addressing the cooling transition and
constantly scattering photons, then the second laser can be used to disturb the
system by pumping the ions to states, which do not participate in the cooling cycle.
In this way, a decay of the fluorescence signal is detectable, which allows us to draw
conclusions about the resonance addressed with the second laser. We refer to this
technique as a double-resonance measurement.

In the following, we assume that the cooling laser is tuned slightly to the red of
the transition between the 2S5 |m; = 4+1/2) and 2Py |m; = +3/2) states. If we
excite an ion with a second “probe” laser to the 2Py |m,; = +1/2) state, it decays
to the 25}/ [m; = —1/2) state with a probability of 1/3 and thus leaves the cooling
cycle. On the other hand, if the ion decays back into the 2S; 5 [m; = +1/2) state, it
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Figure 5.2: Energy level diagram and relevant transitions for double-resonance
measurements. Transitions for cooling and probing the ions are shown. Only levels
with m; = +3/2 are depicted.

is excited by the probe laser again and the process is repeated, until it eventually
leaves the cooling cycle as well. After a certain time, all ions will have left the cooling
cycle. The speed of the corresponding decay of the fluorescence signal depends on
the detuning of the probe laser from the transition, and thus its excitation rate.
Therefore, measuring the resonance frequency of the probe transition is possible by
measuring the decay as a function of the probe laser frequency [53].

In case of an excitation to the 2P |m; = —1/2) state, the same mechanism
applies, but the probability for a decay to the 255 |m; = —1/2) state is 2/3, and
thus the decrease of the fluorescence signal is more pronounced for the same laser
parameters. To better distinguish the different transitions, we refer to the transition
between the 25 /5 [my = +1/2) and 2Py )5 |m; = +1/2) states as “probe transition I”,
and to the transition between the 2S5 [m; = +1/2) and *Pj /5 |m; = —1/2) states
as “probe transition II”. All transitions are shown in figure 5.2.

For the following measurements, we set the cooling laser frequency to a fixed
detuning of about —10 MHz relative to the resonance frequency, which was measured
before. This corresponds roughly to half of the transition’s natural linewidth of
19.6 MHz and thus prepares the ions at a temperature that is close to the Doppler
limit (see section 2.3). As before, the vertical offset of the cooling beam is adjusted
until a stable fluorescence signal and a constant spatial distribution is observed
with the EMCCD camera. The power of the cooling laser is fixed at 123 nW, which
together with the given beam waists corresponds approximately to the transition’s
saturation intensity [94].

For a measurement of the resonance frequency of probe transition I, the probe
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Figure 5.3: Double-resonance measurement for probe transition I. The normalized
PMT counts are shown as a function of the applied laser frequency, which is given
relative to the reference frequency v = 957.378 630 THz. The blue data points and

error bars correspond to an average of three individual scans. The solid orange line is
a fit of a Voigt profile to the data.

laser beam is overlapped with the cooling laser beam. Its beam waist is set to 135 pum
in the horizontal and 115pm in the vertical direction. The laser power is set to
3pW and the beam is prepared with p-polarization. The procedure for a single
resonance scan is as follows. The ion cloud is initialized with the cooling laser for 2s.
Afterwards, the cooling laser is turned off and the probe laser is applied for 20 ps,
which pumps part of the ions to the dark state. For detection, the cooling laser is
turned on again and the fluorescence light is collected for 12 ms with the PMT. This
procedure is then repeated with different probe laser frequencies. The comparably
large time step for initialization of the ions is required to repump the ions to the
2S1)2|my = +1/2) state. Furthermore, it allows the Hénsch-Couillaud lock of the
probe laser’s SHG cavity to relock after coarse changes of the laser frequency via
the wavemeter PID regulator. These are necessary, since a random ordering of the
probe laser frequencies is used for the measurement. Frequency changes from one
data point to the next can easily exceed 100 MHz. The averaged result of three
individual measurements is shown in figure 5.3. For the measurement, we define an
arbitrary reference frequency v = 957.378 630 THz, close to which we expect the
actual probe transition frequency.

From the fit of a Voigt profile to the data, we obtain a central frequency that is
shifted by —16(3) MHz from the reference frequency and an FWHM of 75(8) MHz.
Both parameters depend on the interaction with the rotating ions and thus on the
vertical position of the probe beam relative to the ion cloud. To analyze this behavior
in detail, we repeat the measurement for different vertical positions of the probe
laser beam. Figure 5.4 shows the dependence of the central resonance frequency and
of the FWHM on the vertical laser beam position.

A linear dependence of the shift of the central resonance frequency on the vertical
laser beam position is observed. From the linear fit shown in figure 5.4a we obtain
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Figure 5.4: Dependence of the observed resonance frequency of probe resonance I
on the laser beam position. Left: Dependence of the central resonance frequency on
the vertical laser beam position. The resonance frequency is given as a frequency shift
relative to the reference frequency vy = 957.378 630 THz. The laser beam positions
must be understood as relative measures, as they are not referenced to an absolute
position. Right: Dependence of the FWHM on the vertical laser beam position. Solid
orange lines are linear fits to the data. See text for details.

a gradient of —67(5)kHz/pm. Reference [53] describes a procedure, which uses
this value to determine the rotation frequency of the ion cloud. This is possible
because the observed frequency dependence results from an additional Doppler shift
due to the rotation. However, we cannot apply this procedure here, as the central
assumption, that the probe laser beam diameter is much smaller than the spatial
distribution of the ion cloud, is not fulfilled.

We can see this by looking at the dependence of the FWHM of the measurements
on the vertical laser beam position (see figure 5.4b). As is also laid out in reference
[53], the effective width of the resonance depends on the natural linewidth of the
transition, Doppler broadening due to the ion temperature and an additional Doppler
broadening due to the rotation of the ion cloud and the finite laser beam diameter.
For the case of a probe beam waist that is much smaller than the ion cloud, the
resonance width is expected to be constant and independent of the laser beam
position. In contrast, we observe a maximum FWHM at a vertical laser beam
position y = 154 pm and a decrease of the width towards higher and lower positions.
As a guide to the eye, two linear functions are fitted to the data points on the left
hand side and the right hand side of the maximum, from which one can see that the
corresponding gradient depends on the direction in which the position of the laser
beam changed.

This behavior can be explained if a cloud diameter on the order of the probe laser
beam diameter is assumed. In this case, the resonance width depends on the velocity
spread of the particles that interact with the laser. If the laser beam fully overlaps
with the ion cloud, it interacts with all ions and thus the velocity spread is maximal,
while a partial overlap corresponds to a reduced spread and thus a reduced linewidth.
Because the beam shape is not symmetric with respect to its center-of-intensity, the
observed gradient depends on the direction in which the beam is moved.
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The linear fits overlap at a laser beam position of y = 147(40) pm, which we
attribute to the position where the overlap of the laser beam with the ion cloud
is maximal. This position is our best estimate on the vertical position of the trap
center, at which the Doppler shift due to the rotation of the ion cloud is minimized.
If we evaluate the linear fit of figure 5.4a at this position, we obtain a frequency shift
of —12(3) MHz corresponding to an absolute value of 957.378 618(3) THz.

Without a measurement of the rotation frequency, we are unable to determine the
plasma parameter and the ion temperature as introduced in section 2.2. Although it
is also possible to obtain the rotation frequency from cloud aspect ratio measurements
[95], we are unable to do so, as we lack the possibility to image the ion cloud along
the radial direction. The reason for these difficulties is that our apparatus was
designed as a single-ion experiment and was not intended to be used with ion clouds.
Nevertheless, the double-resonance measurement allows us to determine the resonance
frequencies of the probed transition with sufficient accuracy. We thus repeat the
resonance measurement for probe transition II.

The same experimental parameters are used as before. As we do not adjust
the polarization of the probe laser to a circular one, the higher probability for a
decay to the dark state is compensated by a lower excitation probability, and thus
no adjustment of the laser power is necessary. For the measurement, a reference
frequency of v = 957.286 702 THz is assumed. Figure 5.5 shows the dependence of
the central resonance and the FWHM on the vertical laser beam position.

As before, a linear dependence of the frequency shift on the vertical laser beam
position is obtained. The gradient is determined from the linear fit in figure 5.4a
to be —62(8)kHz/pm. This is compatible with the value measured using probe
transition I, although we cannot measure or control the absolute cooling beam
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Figure 5.5: Dependence of the observed resonance frequency of probe resonance I1
on the laser beam position. Left: Dependence of the central resonance frequency on
the vertical laser beam position. The resonance frequency is given as frequency shift
relative to the reference frequency vyef = 957.286 702 THz. The laser beam positions
must be understood as relative measures, as they are not referenced to an absolute
position. Right: Dependence of the FWHM on the vertical laser beam position. Solid
orange lines are linear fits to the data. See text for details.
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position and thus the rotation frequency, which determines the gradient. Two linear
fits to the left and right half of the data points of figure 5.4b yield a crossing at a
vertical laser beam position y = 175(46) pm. Evaluating the linear fit of figure 5.4a
at this position yields a frequency shift of —11(3) MHz and a corresponding absolute
value of 957.286 691(3) THz.

5.3 Triple-resonance measurements

The previous measurements can be expanded by introducing a third laser, which
allows us to address the resonance frequencies of transitions that bring the dark ions
back into the cooling cycle. In this way, monitoring the increase of the fluorescence
signal allows us to draw conclusions about the resonance addressed with the third
laser. We refer to this technique as triple-resonance measurement.

In the following, we refer to the transition between the states 2Sy/; [m,; = —1/2)
and Pyj5 [my = +1/2) as “repumping transition I” and to the transition between the
states 251 /2 [my = —1/2) and 2Py |m; = —1/2) as “repumping transition II”. The
transitions are shown in figure 5.6. If we excite an ion that is in the 25} 5 [y = —1/2)
state by applying a laser that is resonant with one of these transitions, it will either
decay into the bright 255 |m,; = +1/2) state or back into the dark state. In the
latter case, it will be excited again by the repumping laser and the process is repeated.
After a certain time, all ions will have been repumped into the cooling cycle.

For the measurement, we set the power of the the cooling laser to 123 pW and tune
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Figure 5.6: Energy level diagram and relevant transitions for triple-resonance mea-
surements. Transitions for cooling, probing and repumping the ions are shown. Only
levels with m; = +3/2 are depicted.
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its frequency to 10 MHz below resonance. The probe laser beam is aligned to the
trap center and tuned to the resonance frequency of probe transition II, where both
parameters have been determined with measurements as described in the previous
section. The power of the probe laser is fixed at 3pW. The third laser beam is
overlapped with the probe laser beam and tuned close to a repumping transition.

The measurement procedure for determining the resonance frequency of repumping
transition I is as follows. The beam waist of the third laser is fixed to 240 pm in the
horizontal and 80 pm in the vertical direction. The laser power is set to 3uW and
the polarization is chosen to be left circular to maximize the excitation probability.
The ion cloud is initialized with the cooling laser for 2s. Afterwards, the cooling
laser is turned off and the probe laser is applied for 20 ps. Next, the probe laser is
turned off and the repumping laser is applied for 20 ps. Finally, the cooling laser
is turned on and the fluorescence light is collected for 12ms with the PMT. The
procedure is repeated for different frequencies of the repumping laser. The averaged
result of three individual measurements is shown in figure 5.7.

We obtain a central frequency v = 957.517502(1) THz and an FWHM of v =
71(3) MHz with the fit of a Voigt profile to the data. Due to the overlap with the
probe laser beam, it is reasonable to assume that the repumping laser beam is aligned
so that it crosses the trap center and it is not necessary to repeat the measurement
for different vertical laser beam positions. However, it must be taken into account
that this position is subject to an uncertainty, which in turn is connected to a Doppler
shift because of the rotation of the ions. Thus, it is reasonable to assume the same
+3 MHz frequency uncertainty that was obtained for the probe transition frequencies,
which must be added to the uncertainty from the fit.

We repeat the same measurement procedure for repumping transition II. Because
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Figure 5.7: Triple-resonance measurement for repumping transition I. The normalized
PMT counts are shown as a function of the applied laser frequency. The blue data
points and error bars correspond to an average of three individual scans. The solid
orange line is a fit of a Voigt profile to the data. The laser frequencies are given relative
to the central frequency vy = 957.517 502 THz of the fit.
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Figure 5.8: Triple-resonance measurement for repumping transition II. The normal-
ized PMT counts are shown as a function of the applied laser frequency. The blue
data points and error bars correspond to an average of three individual scans. The
solid orange line is a fit of a Voigt profile to the data. The laser frequencies are given
relative to the central frequency vy = 957.425 578 Hz of the fit.

of wavelength tuning limitations, we switch to a different UV laser, which we can
tune close to the desired transition. The laser comes with a symmetric beam waist
of 145 pm for both the horizontal as well as the vertical direction. Its power is set to
2nW for the measurement and p-polarization is chosen. Again, we overlap the laser
beam with the probe laser beam to ensure that it crossed the trap center. Figure
5.8 shows the averaged result of three individual measurements. A Voigt fit yields
a central frequency v = 957.425578(1) THz and an FWHM of v = 59(4) MHz. As
before, an additional uncertainty of the resonance frequency on the order of +3 MHz
needs to be taken into account due to the position uncertainty relative to the trap
center.

5.4 Summary of the measured transition
frequencies

The frequency measurements presented in this chapter provide us with all the
relevant information that we need for cooling, probing and repumping *Be™ ions in
our Penning trap. The results of the frequency measurements are summarized in
table 5.1.

With the repumping frequencies known, we are now able to prepare the ions in
the 25} /2 [m; = +1/2) state with high fidelity. Furthermore, we can determine the
resonance frequency of the qubit transition with these results. We can calculate
the frequency either by taking the difference between the frequencies of probe
transition I and repumping transition I or the difference of the frequencies between
probe transition II and repumping transition II. The results are frequencies of
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Table 5.1: Summary of the measured transition frequencies.

Transition Frequency Uncertainty
Cooling 957.466 932 THz -
Probe I 957.378 618 THz +3 MHz
Probe II 957.286 691 THz +3 MHz
Repumping I  957.517 502 THz +4 MHz
Repumping IT  957.425 578 THz +4 MHz

138 884(7) MHz and 138887(7) MHz, which are compatible with each other within
the uncertainty ranges. Indeed, addressing the transition with a phase-locked laser
system that is tuned close to this frequency difference allows us to drive stimulated
Raman transitions. The results of these measurements are presented in the next

chapter.
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CHAPTER 6

Stimulated Raman transitions and thermometry of “Be™

In this chapter, the functionality of the Raman laser system is demonstrated with
first measurements based on stimulated Raman transitions. These measurements
can be divided into two categories, depending on the way in which the Raman laser
beams are aligned in the beryllium trap. In the first case, both Raman laser beams
are overlapped, which suppresses the interaction with the motion of the ions and
allows for a high precision measurement of the qubit frequency. The corresponding
measurements are presented in section 6.1. In the second case, the measurements
are carried out with crossed Raman laser beams, which enables the interaction with
the axial motion. Thermometry measurements carried out in this configuration are
presented in section 6.2.

6.1 Measurements with co-propagating Raman
laser beams

To locate the Raman resonance in the first place, we overlap both Raman laser
beams and send them through the center of the beryllium trap as shown in figure
6.1. In this way, the interaction with the ion motion is reduced, as the wave vector
difference between the beams and thus the effective photon recoil is minimized.

For the following measurements, we choose a detuning of A ~ 20 GHz for Raman
laser I relative to repumping transition II and for Raman laser II relative to probe
transition II (see figure 6.2). Furthermore, the phase stability of the Raman lasers is
ensured with the setup described in section 3.4.4. We prepare Raman laser I with a
horizontal beam waist of 180 um, a vertical beam waist of 110 pm and p-polarization.
Raman laser II is prepared with a horizontal beam waist of 160 pm, a vertical beam
waist of 80 pm and right circular polarization. Because the beams are propagating
with an angle of 45° relative to the direction of the magnetic field, the overlap
of p-polarization with m-polarization is smaller than the overlap of right circular
polarization with o~ -polarization in the reference frame of the ions. To compensate
this effect, we set the power of Raman laser beam I to 3.2mW and the power of
Raman laser beam II to 1.2 mW.
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Raman I+I1

Figure 6.1: Laser beam setup for co-propagating Raman beams in the beryllium trap.
Both Raman lasers are aligned with the laser beams for cooling and repumping. This
setup leads to a negligible wave vector difference between the Raman lasers. Some
components for this drawing were taken from reference [70].

6.1.1 Qubit frequency

For the measurement of the qubit frequency, we use a cooling and a repumping laser
to prepare the ions in the 25y [m,; = +1/2) state. The former laser is tuned 10 MHz
below the cooling resonance and the latter is resonant with repumping resonance
I. The length of the preparation step is set to 75ms to ensure that consecutive
measurements are independent of each other. In a second step, we turn off the
cooling and repumping lasers and apply both Raman lasers for 75 ps. This transfers
part of the population to the 25 2 [m; = —1/2) state, with a probability that depends
on the detuning of the Raman laser frequency difference vgr from the qubit transition
frequency. In the final step, we shine in the cooling laser for 12ms and detect the
fluorescence light with the PMT. The sequence is repeated with different detunings
from the qubit transition, where we use an AOM for an adjustment of the frequency

difference vg. An averaged result of 20 individual measurements is shown in figure
6.3.

A Gaussian fit yields a central resonance frequency of 138 887.380(12) MHz with
an FWHM of 178(29) kHz. The result for the central frequency is compatible with
the calculations of section 5.4. However, due to the narrower linewidth of the Raman
transition, a measurement resolution on the order of kHz is achieved here. In this
case, residual AC Stark shifts limit the absolute accuracy. As the laser beam positions
are not stabilized with respect to the trap center, the observed shifts differ between
individual measurements.

The measured linewidth is more than an order of magnitude larger than expected
from the fundamental limit due to the finite Raman laser pulse length. Furthermore,
we observe a dependence of the resonance width on the number of ions and the
radial spread of the ion cloud. The fewer ions are used for the measurement and
the smaller their spatial distribution, the smaller becomes the resonance width.
This behavior is possibly caused by a combination of the following effects. First, a
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Figure 6.2: Energy level diagram and relevant transitions for stimulated Raman
transitions. The 2P, /2 manifold is not shown for clarity and only levels with m; = +3/2
are depicted.

magnetic field inhomogeneity along the spatial distribution of the ions can contribute
to the linewidth. The more ions are part of the cloud, the larger is the region of the
trap that is probed during a measurement. In turn, the bigger becomes the spread
of the ions’ resonance frequencies. Second, the residual wave vector difference of the
Raman laser beams leads to a Doppler shift that depends on the cloud’s rotation
frequency and the position of the individual ions in the cloud. Ions on the outer
trajectories will experience a stronger shift, due to their higher velocity. Third, we
know that the beam diameters of the Raman lasers are on the order of the cloud
diameter. Thus, the laser power is not constant along the cloud and the ions will
experience individual AC Stark shifts. This effect is further enhanced by residual
drifts of the beam positions during a resonance measurement.

Recently, my colleagues were able to repeat this measurement with single ions. Due
to the considerably smaller spatial distribution and the omission of the rotation of the
cloud, the influence of the effects mentioned above were minimized and a linewidth
on the order of 10kHz was achieved. Challenges and prospects for measurements
with single ions are described in section 7.2.1.

6.1.2 Coherence time

For a measurement of the coherence time, the population transfer as a function of the
Raman laser pulse length was measured. A similar measurement routine as before
was used, with the difference that the frequency difference between the Raman lasers
was set to the central qubit resonance frequency, and the pulse length was scanned
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Figure 6.3: Measurement of the qubit frequency. The normalized PMT counts are
shown as a function of the laser frequency difference between the Raman lasers. The
blue data points and error bars correspond to an average of 20 individual scans. The
solid orange line is a fit of a Gaussian profile to the data. The frequency differences
are given relative to the central frequency vy = 138 887.380 MHz of the fit.

instead. Figure 6.4 shows the the averaged result of 20 individual measurements.
No Rabi oscillations can be observed. The fast decay of the collective coherence is
expected, since the large linewidth of the qubit resonance corresponds to a broad
distribution of the contributing Rabi frequencies among the ion cloud. A simple
exponential fit results in a decay time of 74.. /~ 4 ps, which agrees with the observed
order of magnitude of the FWHM of the resonance measurement. Higher coherence
times and first signals of Rabi oscillations were observed in the measurements with a
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Figure 6.4: Measurement of the coherence time. The normalized PMT counts are
shown as a function of the applied Raman laser pulse length. The blue data points
and error bars correspond to an average of 20 individual scans. The solid orange line

is a fit of an exponential function to the data. The fit includes an offset to correct for
background counts and yields a decay time of about 4 ps.
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single ion carried out by my colleagues recently.

6.1.3 Conclusion for the magnetic field

We can use the results of the previous sections to determine the magnetic field with
high precision. Using the Breit-Rabi formulae from appendix A and assuming that the
broadening of the resonance is caused exclusively by magnetic field inhomogeneities,
we obtain a value of 4.989225(6) T. This value is close to the one obtained from
the trap frequency measurements in section 4.4 and confirms the hypothesis of a
magnetic field that is lower than the value specified by the manufacturer.

The explanation of this deviation is not straightforward. A distortion of the
magnetic field in the beryllium trap could be caused, for example, by the presence
of the ferro-magnetic nickel plating of the trap electrodes. Since we are unable to
distinguish a broadening of the resonance frequency due to magnetic field inhomo-
geneities from effects due the residual Raman laser wave vector difference and the
variation of the laser power along the ion cloud, further investigations with a single
ion and a modification of the experimental setup are required for a quantitative
characterization.

6.2 Measurements with crossed Raman laser
beams

For thermometry measurements, we align both Raman laser beams such that they
cross in the center of the beryllium trap as shown in figure 6.5. The orientation of
the laser beams is chosen such that a wave vector difference along the magnetic field
is produced. This leads to an effective photon recoil along the axial direction, while
the interaction with the orthogonal radial motional degrees of freedom is minimized.

Raman II

T

Raman I

Figure 6.5: Laser beam setup for crossed Raman beams in the beryllium trap. Both
Raman lasers intersect at the trap center under an angle of 90°, which leads to an
effective wave vector difference along the trap axis. Some components for this drawing
were taken from reference [70].
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6 Stimulated Raman transitions and thermometry of ?Be™

For the Raman laser beam that does not follow the cooling and repumping beams
on their way through the trap, a new strategy for alignment was developed, as it
could not be overlapped with an existing beam. For a coarse adjustment of the
laser beam position, we tune Raman laser I close to the cooling resonance and use
the fluorescence signal of the EMCCD camera as a reference signal. As soon as an
image is obtained, we optimize the laser beam position with the same routines that
are used for the optimization of the cooling laser position (see section 5.1). At this
position, we tune the laser frequency back to the one required for the stimulated
Raman transition and check if we are able to drive the Raman resonance. The
laser beam is then moved until the drop of the fluorescence signal is maximized for
a a given set of Raman laser parameters. Once a good position is obtained, the
reference position of Raman laser I on the laser beam delivery platform is recorded
with a beam profiling camera. If the beam setup is changed from crossed beams
to co-propagating beams and back, this reference position is used an initial guess,
which simplifies the realignment.

6.2.1 Axial thermometry measurements

Since we are using an ion cloud for the thermometry measurements, we expect a
high number of motional degrees of freedom, that cannot be resolved by means of
sideband spectroscopy. As described in section 2.4, we expect a Doppler broadened
spectrum instead. Thus we can use the FWHM Awv of the resonance to calculate the
ion temperature via!

_ mAN AV

= —— 1
81112]{137 <6 )

where m is the beryllium mass, A the Raman laser wavelength and kp the Boltzmann
constant.

For a measurement of the axial mode temperature we use the same laser parameters
and the same routine as for the measurement of the qubit frequency, but need to
increase the Raman laser pulse length to 500 ps, which is an increase of a factor
~ 6.7. This is necessary to compensate for the reduced coupling strength introduced
through the coupling with the axial motion, as described by equation 2.29. Figure
6.6 shows the averaged results of 20 individual measurements.

The Gaussian fit yields a central resonance frequency of 138 911.81(8) MHz with
an FWHM of 9.60(27) MHz. Using equation 6.1, we calculate a corresponding
axial mode temperature of 1.77(10) mK. This is a factor ~ 3.5 higher than the
theoretical Doppler limit of 0.5mK. There are several possible reasons why the
temperature is higher than expected. One is the uncalibrated shift of the cooling
laser detuning due to the rotation of the ion cloud. Another reason could be heating
due to trap imperfections, which have been observed in the setup before [41]. The

1 1In general, this equation is only valid if both laser beams cross at an angle of 90°.
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Figure 6.6: Raman resonance measurement with crossed Raman lasers. The normal-
ized PMT counts are shown as a function of the laser frequency difference between the
Raman lasers. The blue data points and error bars correspond to an average of 20
individual scans. The solid orange line is a fit of a Gaussian profile to the data. The
frequency differences are given relative to the central frequency vy = 138 911.81 MHz
of the fit.

lowest possible temperature after Doppler cooling is desirable because the lower the
initial temperature is, the easier and more effective the subsequent sideband cooling
becomes. A quantitative analysis of these effects is planned for measurements with
single ions.

In comparison with the measurement of section 6.1.1, we observed a shift of the
central frequency by =~ 24 MHz . The shift is reproduced in all measurements with
crossed Raman laser beams and corresponds to a change of the magnetic field on
the order of 900 nT. More recent measurements performed by my colleagues showed
that this shift was permanent. The central frequency of the latter measurements
can be reproduced independent of the optical path of the Raman lasers. We suspect
small mechanical changes within the experimental setup due to a failure of the
air conditioning system as the cause. Such a failure occurred between the two
measurements with co-propagating and crossed Raman laser beams presented here.
Furthermore, we are able to observe a shift of the resonance frequency of about
2 MHz while filling the superconducting magnet with helium, probably caused by
a similar effect, as the temperature in the lab and the magnet is strongly affected
by the filling process. However, this shift is non-permanent and a relaxation of the
resonance frequency is observed within 24 hours.

6.2.2 Influence of the cooling laser parameters

We repeat the thermometry measurement for different parameters of the cooling
laser to analyze their influence on the final temperature. Figure 6.7 shows the
dependence of the axial temperature on the detuning of the cooling laser. We observe
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Figure 6.7: Measurement of the axial mode temperature as a function of the cooling
laser detuning. The large uncertainty of the detuning for each measurement is related
to the unknown Doppler shift due to the rotation frequency. See text for details.

a minimum temperature of 1.8(1) mK at a detuning of —10 MHz, which is about half
the linewidth of the resonance and in accordance with the theory presented in section
2.3. For detunings further away from the resonance, a significant increase of the
temperature is observed, while for detunings closer to the resonance, the temperature
increase is less pronounced.

Measurements as a function of the laser power and the vertical laser beam position
are shown in figure 6.8. No clear dependence of the temperature on these parameters
can be observed. This is in accordance with equation 2.22, which does not predict a
dependence of the axial kinetic energy on these parameters.
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Figure 6.8: Measurement of the axial mode temperature as a function of the cooling
laser power (left) and the vertical laser beam position (right). The error bars for the
laser power are smaller than the data points. The vertical laser beam position must
be understood as a relative measure, as it is not referenced to an absolute position.
See text for details.
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CHAPTER 7

Summary and Outlook

7.1 Summary

In this thesis, a cryogenic Penning trap system was presented that offers all prerequi-
sites for ground state cooling of single ?Be™ ions. In addition, cw laser systems at
313 nm for Doppler cooling, repumping and Raman interactions have been developed
and integrated in the experiment. To this end, a new optical platform for laser
beam delivery to the beryllium trap was used. Furthermore, a setup for locking the
relative phase of two lasers at 313 nm as required for coherent Raman interactions
was developed, characterized and set up.

The existing loading and particle ejection routines for the beryllium trap were
extended by new cleaning procedures which reduce the influence of contaminants
on all measurements. Carefully prepared ion clouds were used to measure the trap
frequencies with high precision. These measurements gave indications that the
magnetic field deviates from its expected value of 5T.

The discrepant information about the magnetic field made it necessary to determine
the resonance frequencies of the transitions used for cooling, probing and repumping
of “Be* through single- and multi-resonance measurements. After the determination
of the repumping resonance frequencies, it was possible to prepare the “Be™ ions with
high precision in the 25 /5 |m; = 4+1/2) state. Furthermore, the results allowed to
estimate the qubit frequency, which subsequently could be probed with the Raman
lasers.

A pair of phase-locked lasers at 313 nm was used for the demonstration of stimulated
Raman-transitions with “Be* ions. Co-propagating Raman laser beams were used
to determine the qubit frequency with high precision, which in turn confirmed
a magnetic field of about 4.989T. Crossed Raman laser beams were used for
thermometry measurements and the axial mode temperature was measured as a
function of the cooling laser parameters. A minimal temperature of 1.77(10) mK
could be achieved with a Doppler-cooled cloud of ?Be™ ions.

These results pave the way for future high-precision measurements with *Be™ ions
and protons. However, in order to enable sympathetic laser cooling of (anti-)protons
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and g-factor measurements based on quantum logic spectroscopy, several improve-
ments and system upgrades need to be implemented in the future.

7.2 Outlook

In the following, the major milestones on the way towards (anti-)proton g-factor
measurements with quantum logic spectroscopy will be outlined. These milestones
comprise improvements for the near future as well as long term upgrades of the
Penning trap system.

7.2.1 Measurements with single ions

To simplify future measurements with single ions, it is necessary to enable their
deterministic production. Although the current setup allows for the production of
single ions, the loading process is non-deterministic and thus time consuming. As
outlined in sections 4.1 and 4.2, we usually load a large number of ions, which is
subsequently reduced until a single ion is left. However, for a low number of ions, it
often happens that we lose all of them at once through the application of an ejection
or cleaning routine. In this case, the whole process needs to be started over again.
Currently, the production of a single ion takes several hours.

This can be remedied through the implementation of a photoionization laser for
direct loading of a small number of ions [95]. In this case, the pulse energy of the
ablation laser can be reduced, so that only neutral beryllium ions are ablated and
the production rate of photoionized ions could be controlled with the additional laser.
A suitable laser system has already been developed in the past [87, 88]. However,
as it was not absolutely necessary for the operation of the experiment so far, it
was dismissed to reduce the experimental overhead. In addition, the laser system
suffered from the degradation of the BBO crystal used for the generation of light at
235 nm through SHG. This effect needs to be investigated and eliminated before the
re-integration of the laser system into the experimental setup.

Another problem which needs to be solved in order to simplify measurements with
single ions is the occurrence of fluorescence dropouts, as described in section 4.2.
Since there is a reasonable chance that these dropouts are connected to the sensitive
dependence of the gradient cooling technique on the cooling laser parameters, a
disentanglement of the cooling process in the axial and radial directions will be
helpful. For example, an additional axial cooling laser beam can be implemented, as
is the case in other Penning trap experiments with laser cooled ions [89, 91]. The
additional cooling beam will allow for an independent adjustment of the axial and
radial cooling rates. In this way, a bigger parameter space is available for the search
of a robust setting with a stable fluorescence signal. A potential design for the
implementation of an axial cooling beam in our experimental setup was investigated
in reference [96].
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In general, the experiment will benefit from an improved beam pointing stability of
all lasers. Although a series of improvements concerning the passive stability of the
laser beams has been implemented recently, slow drifts of the beams are still present
at the position of the ions. A connection between these drifts and the aforementioned
fluorescence dropouts could not be ruled out so far. To this end, an active beam
pointing stabilization setup based on a position sensor and piezo-actuated mirror or
lens mounts can be implemented.

A complementary approach to the problem of fluorescence dropouts is the imple-
mentation of an axialization drive [65, 97|, which allows to couple the magnetron
motion to the modified cyclotron motion. The advantage of this method is that the
magnetron mode can be cooled more efficiently and laser cooling becomes possible
without the restrictions comprised in equation 2.21. To this end, it will be necessary
to ensure the functionality of the RF lines of the ring electrode segments in the
beryllium trap, as otherwise no pure rotating quadrupole field can be applied. Since
this requires to open and disassemble the experimental apparatus, the electrodes
of the beryllium trap should be replaced by new ones without nickel plating at the
same time. In this way, it is possible to check whether the ferro-magnetic plating is
the cause of the observed reduction of the magnetic field.

7.2.2 Sideband spectroscopy and ground state cooling of
9Be+

With a possibility to reliably trap and detect single ?Be™ ions without fluorescence
dropouts, the techniques used for thermometry measurements presented in this thesis
can be used for sideband spectroscopy of single ions as well. Figure 7.1 shows a
sideband spectroscopy measurement of the axial motion that was taken with a single
ion. Here, the data was post-processed to dismiss all data points where the ion had
left the field of view of the imaging system. Although the post-processing routine
increased the total time required for the data aquisition and evaluation to two days,
it was the first measurement which proved that sideband spectroscopy is possible in
our setup. However, a large number of sidebands was observed, corresponding to a
large Lamb-Dicke factor and a high thermal occupation number. Sideband cooling
with this system is very slow and requires the implementation of many sideband
pulses on different higher order sidebands to reach the ground state.

To improve on this problem, we can increase the axial trap frequency, which reduces
the Lamb-Dicke factor and the mean occupation number after Doppler cooling at
the same time. However, an increase of the axial frequency is always connected to
an increase of the magnetron frequency as well. Thus, the axial trap frequency can
only be increased up to the limit resulting from equation 2.21, as long we rely on the
gradient cooling technique only.

One way to overcome this limit is to use the axialization technique as described in
the previous section. To this end, careful tuning of the applied DC and RF voltages
is required, to avoid the introduction of micromotion at the axialization frequency

75



7 Summary and Outlook

—_
—_

e e
N e T =N =)

Normalized counts

O
A

Detuning vg- vy (MHz)
Figure 7.1: Sideband spectroscopy measurement of the axial motion of a single ion.
The normalized PMT counts are shown as a function of the laser frequency difference
between the Raman lasers. The blue data points and error bars correspond to a
series of resonance measurements, where each sideband was probed in a “windowed”
measurement. The solid red line is a comb of individually fitted Lorentz profiles with a

global Gaussian envelope. The frequency differences are given relative to the frequency
vy = 138911.9 MHz.

[89]. With a carefully tuned and aligned trap, temperatures close to the Doppler
limit and thus a lower thermal occupation number should be achievable. From this
starting point, ground state cooling of single “Be* ions can be implemented with a
multi-sideband cooling procedure as laid out in references [26, 98], where the number
of required sideband pulses is reduced and the cooling speed is increased.

7.2.3 Sympathetic cooling of protons

For sympathetic laser cooling of protons, the demonstration of Coulomb coupling
of single ions in a double-well potential is necessary. To this end, *Be*t ions and
protons must be transported along the trap stack.

Fast adiabatic transport of ions in our Penning trap system has been investigated
in reference [41]. Although the measurements were carried out with ion clouds, the
techniques developed in this work enable for fast adiabatic transport of single ions
as well. Using the macroscopic coupling trap currently installed in the Penning trap
stack, we will be able to conduct first proof-of-principle measurements for Coulomb
coupling of two *Be™ ions in a symmetric double-well potential in the future.

To extend this technique to protons, it will become necessary to commission the
proton source. In the current setup, it was not possible to demonstrate proton
production. We suspect a gold mesh which is mounted in front of the electron gun
as the cause. Although the mesh is mounted in order to prevent excessive charging
of the dielectric surfaces, it looks like the period of the grating was chosen too small,
so that even a small misalignment of the electron gun during assembly or because
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of contractions during the cooldown of the system might lead to an orientation in
which the mesh blocks the beam of the electron gun. In this case, no protons can be
produced from the polyethylene target. In the new design of the proton source, a
mesh with a larger period is chosen to avoid this problem in the future.

As soon as protons can be produced, they need to be pre-cooled with a cryogenic
tank circuit. To this end, particle detection based on induced image-charge detection
with the already installed cryogenic resonators [66, 99] needs to be demonstrated
and characterized.

For Coulomb coupling of single “Be™ ions and protons, a micro-fabricated coupling
trap needs to be machined and produced [35]. This miniaturized version of the
coupling trap will allow for an asymmetric double-well potential, which is required
for efficient coupling of particles with different masses. In the current design, each
electrode will have an inner radius of 400 pm and a thickness of 200 pm. The smaller
dimensions of the trap will allow to decrease the distance of the particles in the
double-well potential to 300 pm and to increase the trap frequency of both particles
to about 4 MHz [7]. Both of these effects will increase the exchange rate and thus
reduce the time required for a complete exchange of the motional energy. Electrode
samples for the new coupling trap have been produced and are currently being
investigated.

In combination with ground state cooling of single beryllium ions, the micro-
fabricated coupling trap will enable for ground state cooling of single protons, which
is an essential prerequisite for quantum logic spectroscopy.

7.2.4 Quantum logic spectroscopy with protons

The last missing tool for the implementation of quantum logic spectroscopy is a
sideband trap for protons. In this dedicated trap, sideband transitions can be driven
through the combination of an RF drive with a static magnetic field gradient [38,
100]. Provided the proton is in the ground state, red and blue sidebands can be
driven as in the case of laser driven sidebands.

Combining all the aforementioned techniques, fast readout of the proton’s spin
state will be possible using quantum logic spectroscopy. To this end, a single proton
will be cooled to its ground state through sympathetic laser cooling with a single
9Be™ ion in the engineered double-well potential. In the next step, the spin state
information can be transferred from the proton to the °Be™ ion using the common
motion as a quantum bus. Finally, fluorescence detection can be used to determine
the spin state of the Be™ ion and to retrieve the information about the spin state of
the proton.

7.2.5 Measurement of the proton g-factor

The details of g-factor measurements based on quantum logic spectroscopy are laid
out in reference [34]. In comparison with current routines for particle preparation and
spin state readout based on cryogenic tank-circuits and the continuous Stern-Gerlach
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effect, faster experiment cycle times will become possible and potential sidereal
variations of the g-factor may be studied.
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APPENDIX A

Calculation of the transition frequencies

In the following, the equations for calculating the transition frequencies of YBe* are
summarized briefly. They are taken from reference [91], in which the corresponding
theory is laid out in detail. The calculations are based on the fact that the field-free
transitions between the S and P manifolds are well known and only additional con-
tributions due to the spin-orbit coupling, the Zeeman interaction with the electron’s
spin and orbital magnetic moment, the Zeeman interaction with the nuclear magnetic
moment and the hyperfine interaction need to be taken care of.

Throughout this appendix, h is Planck’s constant, up is the Bohr magneton and
the different ¢g’s denote corresponding g-factors of angular momentum. Measured
atomic constants for YBe™ are listed in table A.1.

Table A.1: Atomic constants of “Bet

Name Value Reference
Field-free transition vg, ,p, , 957.396 80(13) THz [61], converted to THz
Field-free transition vg, ,p, , 957.19965(12) THz [61], converted to THz
Fine structure splitting AE/h 197.150(64) GHz [61]
Hyperfine constant Ap, , —1.5(12) MHz [61]
Hyperfine constant Ap, , —118.6(36) MHz [61]
Hyperfine constant Ag, , —625.008 837 048(10) MHz [63]

Nuclear g-factor® gy 2.134779853(2) x 10~ g; [63]

a We use the definition of reference [63], which relates the nuclear magnetic moment to the Bohr
magneton pup. This simplifies the Breit-Rabi formulae given below. In some literature, such as
reference [61], the magnetic moment is related to the nuclear magneton py and a corresponding
value for g; is quoted instead.
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A Calculation of the transition frequencies

Energy shifts of the 2P1/2 and 2P3/2 states

The energy scale in the P manifold is dominated by the spin-orbit interaction and
the electronic Zeeman interaction. The hyperfine interaction and contributions from
the nuclear magnetic moment can be neglected in the initial calculations, because
their energy scale is several orders of magnitude lower. The following equations
are obtained using exact diagonalization of the corresponding Hamiltonian in the
|L, S, mp, mg) basis.

The energy shifts of the 2P;, states are given by the equations

3/9 1 1
E3;2 = gAE + MB(l + EQS)B

1
Efg == (—AE +3usB + \/9AE2 +6AFup(g9s — 1)B + 9u3(gs — 1)232)

6

: 1

1 1
3/2
Efg/z - gAE - MB(l + égS)B

(A.1)

and the energy shifts of the 2P, /, states are given by

1
Ell//g =5 (—AE + 3upB — \/QAE2 +6AEus(g9s — 1)B + 9u3(gs — 1)232)

1
EZQ/Q =3 (—AE — 3upB — \/QAE2 —6AFEug(9s — 1)B + 93 (gs — 1)232) )

(A.2)

In both cases, we can account for the hyperfine interaction and the contribution
of the nuclear magnetic moment by treating them perturbatively and adding the
additional terms

Ertnue = hAMpmy 4+ ppgrm B, (A.3)

where A corresponds to the hyperfine constant of the respective P state.

Energy shifts of the %5, , states

In case of the S manifold a different approach needs to be pursued. Due to the
vanishing orbital angular momentum, the spin-orbit interaction does not dominate
the energy scale and the hyperfine interaction as well as the contribution due to
the nuclear magnetic moment need to be considered before diagonalization. Thus,
diagonalization is carried out in the |F, mg) basis, which leads to equations that are
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known as the Breit-Rabi formulae. The resulting energy shifts are given by
1

in the case of the stretched states with Fy = +(I + J), where A is the hyperfine
constant of the 25}, states. The energy shifts for the remaining states are given by

hA 1
EFJHF = _T+gImFﬂBBi§\/h2A2F-|2- + ZhAmF/LB(gJ — g[)B + /LQB(g[ — gJ)2B2,
(A.5)

where a plus (minus) sign in front of the root corresponds to the case of F' = 1
(F=2) and mp =0, £1.

Transition frequencies

The resonance frequency for a given transition can be calculated by adding the shifts
of the involved states from the field free transition. In case of the cooling laser,
these are the 25) o [m; = +3/2,m; = +1/2) and the Py )5 |m; = +3/2,m; = +3/2)
states, yielding

hl/cooling = hV31/2HP3/2 + E33//22 - lAE

3 (A.6)
+ hAsommy + ppgrmiB — By,

In case of the repumping laser, these are the 25 /5 |m; = +3/2,m; = —1/2) and the
2Pyjo |mp = +3/2,m; = +1/2) states, corresponding to

1

3/2

hVT@PUmpmg = hV51/2—>P3/2 + El//2 - gAE (A?)
+ hAsommy + ppgrmiB — Ep—g pm—1.

Furthermore, the transition frequency for the qubit is given by the Breit-Rabi
formulae:

hl/Qubit = Emp:F+ - EF:Q,mpzl' <A8)

81






APPENDIX B

Rendered image of the experimental setup
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APPENDIX C

Recipe for UV fiber production

To guide the laser beams at 313nm from their enclosures to the optical delivery
platform, we use custom UV-compatible fibers. The fibers are produced with the
following recipe, which was adapted from the procedures described in references [101,
102]. Although an infrastructure for fiber connectorization and hydrogen loading
exists at PTB, we decided to rely on external companies for the production process.
In the case of connectoriziation of PM fibers, this is because the company achieved
better results than the average PhD student in terms of mode shape and incoupling
efficiencies. In the case of hydrogen loading, this is because the hydrogen vessel at
PTB is not able to accommodate fibers with the required length of 6 m.

In the following, the steps for the production of ready-to-use fibers are summarized:

« Step 1 - Fiber connectorization: We use large mode area (LMA) fibers
of the type LMA-10-PM from NKT Photonics, which we order with a length
of 6m at ALPhANOYV. Before shipment, the fibers are equipped with two
FC/APC connectors that can handle injection losses up to 500 mW and a 3 mm
steel jacketing. We choose steel instead of polyvinyl chloride (PVC), as this
reduces the problems associated with plastic memory, which typically occur
after hydrogen loading.

e Step 2 - Hydrogen loading: We send the fibers to iXBlue Photonics, where
they are hydrogenated in a pressurized vessel for two weeks. Typical process
parameters' are a pressure of 150 bar and a temperature of 50°C. After
hydrogenation, the fibers are stored at —18°C and shipped in an insulated
cooling box, because a low temperature reduces the rate at which hydrogen
diffuses out of the fiber. Once the fibers arrive at Hannover, we store them in
a freezer. In this state, the fibers can be stored for weeks, if required.

o Step 3 - UV curing: We take the fibers out of the freezer and let them
accommodate to room temperature. The fibers are mounted with pairs of

1 Tt is likely that other combinations of time periods and process parameters will give equally good
results. Due to the limited number of fibers produced, we have not yet had the opportunity to
try them out.
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C Recipe for UV fiber production

suitable fiber couplers, so that the fiber tips can be flushed with nitrogen to
avoid degradation. We couple a 313 nm laser beam into the fibers, so that a
laser power between 10 mW and 20 mW is transmitted and expose the fibers to
the laser light for 48 hours. In this process, color centers are formed through
the interaction with the UV radiation and subsequently inactived through a
chemical reaction with the nearby hydrogen molecules. The result are UV
solarization resistant fibers, which are ready for use in the experiment.

If the fibers are handled carefully and constantly flushed with nitrogen, operation
is possible for about a year without problems. Over time, a slow degradation of the
mode profile is observable, which leads to a smearing of the usual hexagonal shape.
In this case, one can try to polish the fiber tip to remove potential contaminants on
the surface or send the fibers to ALPhANOYV, so that they can be re-connectorized.
It is not necessary to repeat hydrogen loading and UV curing for fibers which have
been cured before.
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