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Abstract

This thesis is the realization of the long standing goal of sympathetically cooling
single particles with image currents. Particles with no electronic structure such as
the bare proton or antiproton, are not amenable to standard laser cooling and ma-
nipulation techniques and until now have been cooled only by coupling to cryogenic
tank circuits. In measurements of the proton and antiproton g-factor however, the
energy splitting used to read out the particle’s spin state is larger than thermal en-
ergy fluctuations and special techniques are required to perform the measurement.
The technique developed here uses a cloud of laser cooled beryllium ions to sym-
pathetically cool a single proton by coupling to, and cooling a mode of the tank
circuit. The use of this circuit resonantly enhances the energy exchange between
the trapped particles and allows the cooling ions to be separated from the particle
of interest over arbitrary distances. This technique, is the first demonstration of
sympathetic cooling of a proton and a macroscopic LC circuit to below 25% of the
environment temperature.

Sympathetically cooled protons and antiprotons with this method enable an im-
proved g-factor measurement by increasing the duty cycle of the experiment. This
will further our understanding of matter-antimatter asymmetry by constraining
CPT odd new physics and enhancing sensitivity to even more exotic physics. More-
over, the technique presented here has general applications in experiments with
trapped charged particles, enabling coupling of a large number of ions, distributed
in many separated trapping regions to a single cold resonator.
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Zusammenfassung

Diese These ist die Verwirklichung des langjahrigen Ziels, einzelne gespeicherte Ionen
mit Bildstromen sympathisch zu kiihlen. Laserkiihlungs- und etablierte Manipula-
tionstechniken sind auf geladene Teilchen ohne eine geeignete elektronische Struktur
nicht anwendbar und wurden nur durch Kopplung an kyrogene LC-Schwingkreise
gekiithlt. Bei Messungen des Protonen- und Antiprotonen g-Faktors ist die Detek-
tion des Spinzustands herausfordernd, da winzige Rauschamplituden in der Falle eine
eindeutige Bestimmung des Spinzustands nur bei Temperaturen weit unter der Tem-
peratur von fliissigem Helium zulassen. Daher bendtigen wir eine neue Kiihltechnik
um eine verbesserte g-Faktor Messung durchzufiithren. Die hier entwickelte Technik
verwendet eine Wolke aus lasergekiihlten Berylliumionen, um ein einzelnes Proton
durch Koppeln an und Abkiihlen der LC-Schwingkreis durch die lasergekiihlten Io-
nen sympathisch zu kiihlen. Die Verwendung des LC-Schwingkreises verbessert den
Energieaustausch zwischen den gespeicherten Ionen in Resonanz und ermoglicht
deren Kiihlung tiber beliebige Entfernungen zum lasergekiihlten Teilchen. Diese
Technik ist die erste Demonstration einer sympathischen Abkiihlung eines Protons
und eines makroskopischen LC-Kreislaufs auf unter 25% der Umgebungstemperatur.

Sympathisch gekiihlte Protonen und Antiprotonen ermoéglichen eine verbesserte g-
Faktormessung durch einen schnelleren Messzyklus des Experiments. Dies wird das
Verstandnis der Asymmetrie zwischen Materie und Antimaterie weiter verbessern,
indem eine mogliche Verletzung der CPT invarianz (kombinierte Ladung, Paritét,
und Zeitsymmetrie) eingeschrankt und die Empfindlichkeit fiir Effekte durch neue
Physik erhoht wird. Dartiber hinaus findet die hier vorgestellte Technik allgemeine
Anwendung in Experimenten mit eingefangenen geladenen Teilchen, da sie zum
Beispiel die Kopplung einer grofien Anzahl von Ionen in vielen getrennten Fallen,
die an einen einzelnen kalten Resonator angeschlossen sind ermoglicht.
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Chapter 1

Introduction

Precision measurements of the properties of fundamental particles are unquestion-
ably important in fundamental physics research. The anomalous magnetic moment
of the electron, for example, helped motivate the development of quantum electro-
dynamics (QED), while the anomalous magnetic moment of the proton suggested
that the proton had unexplained substructure. Moreover, precision measurements
with fundamental particles lend themselves well to studying antimatter systems. In
fact, high-precision comparisons of the properties of protons and antiprotons along
with comparisons of electrons and positrons provide some of the most stringent
constraints of CPT symmetry to date [1, 2, 3, 4].

The highest precision mass measurements and highest precision g-factor
measurements are performed almost exclusively in Penning traps whose static fields
and tractable equations of motion allow particle properties to be extracted using
only image current detection systems. While certainly challenging experiments,
the techniques used have lagged behind the rest of the atomic physics community,
which has leaned more and more heavily on laser technology - whether in the form of
precision laser spectroscopy, quantum state engineering, or preparation of ultracold
particles. The work of my thesis was to take the some of the first steps to combine
these two disparate yet sibling communities and to begin to bring some of the benefits
of quantum control experiments with lasers to a precision Penning trap.

There has long been an idea of sympathetically laser cooling particles with
no electronic structure - namely antiprotons - by coupling to laser cooled ions in
another trap via image currents. First proposed in Ref. [5], coupling across large dis-
tances has been sought after in a wide variety of experimental contexts, e.g. quan-
tum information [6], precision mass spectrometry [7], and precision spectroscopy
[8]. Meanwhile sympathetic cooling of exotic particles is desired for precision spec-
troscopy on highly charged ions [9] and additional antimatter experiments with
negative antihydrogen ions [10].



In the context of precision measurements in particular, the comparison of
the proton and antiproton g-factors is uniquely sensitive to physics that violates
the combined Charge-Parity-Time Symmetry (CPT), described in more detail in
Chapter 2. A new generation of g-factor measurements began in 2014 with the first
“double trap” measurement of the proton g-factor [11] with a precision of 9 ppb.
Since then, the antiproton g-factor has also been measured with a precision of 1.5
ppb [3]. However, all of these measurements, including an improved measurement of
the proton g-factor discussed in this thesis have been limited by long measurement
times and high particle temperatures. In addition, frequency shifts due to magnetic
field inhomogeneity will limit the precision of future experiments to around the 100
ppt level.

My thesis begins with the improved measurement of the proton g-factor
which has been measured to a precision of 0.3 ppb using selective resistive cooling. In
this method protons are prepared at low energy by coupling to a cryogenic circuit -
typically taking around an hour per data point. The main focus of my work though,
was realizing and improving the new sympathetic cooling technique in which a mode
of a cryogenic circuit is cooled by laser cooled ions and ultimately used to cool the
proton. This technique has achieved an axial temperature of 2.82%335 K - limited
by the temperature resolution.

The structure of this thesis is, to a large extent, chronological. After pro-
viding the motivation for the proton and antiproton g-factor measurements, I discuss
the theoretical foundations of Penning-trap experiments and summarize our mea-
surement of the proton magnetic moment - the highest precision measurement of any
nuclear magnetic moment to date. Then I show the next generation experimental
apparatus used to implement sympathetic laser cooling and discuss the design, as-
sembly, and commissioning processes which fully characterized the new experiment.
From there I summarize the experiments demonstrating the laser cooling of beryl-
lium ions including the first temperature measurement of laser cooled ions using the
continuous Stern-Gerlach effect. Finally, I conclude with the capstone of my thesis
work - the first sympathetic laser cooling of protons with a new resonant coupling
technique and discuss a small number of possibilities for future experiments.

This thesis is the culmination of a large concerted effort but hopefully is
just the beginning of a new generation of exciting experiments - with protons in
Mainz and any number of trapped ion experiments.



Chapter 2

Motivation

It is well understood that the overabundance of matter compared to antimatter! is an
enormous problem in our current understanding of the universe. As a result, the mo-
tivation for performing precision measurements on matter-antimatter pairs is clear:
any deviation in these properties is an indication of new physics beyond the Stan-
dard Model of particle physics. In fact, this symmetry is linked to what we believe to
be an even more fundamental symmetry - the combined Charge-Parity-Time (CPT)
symmetry [13] that is a general property of all quantum field theories. What is less
obvious though is why we measure the ratio of the proton-to-antiproton magnetic
moments. After all, the relative precision of other matter-antimatter asymmetry
experiments such as studies of kaon oscillations [14] or antihydrogen spectroscopy
[15] can be orders of magnitude larger.

The answer is found by considering what happens to the Standard Model
if CPT symmetry is violated. The Standard Model Extension (SME) [18, 19] is
an effective field theory that perturbatively adds CPT odd and Lorentz symmetry
violating terms to the Standard Model. Different systems have varying sensitiv-
ity to these CPT odd terms and measurements in Penning traps have been found
to be particularly sensitive probes of CPT violating physics [20]. Fig.2.1 shows
these sensitivities in the most competitive systems and highlights the advantages of
proton-antiproton comparisons in Penning traps. A particle in a Penning trap can
be thought of as an artificial atom (see Chapter 3 for more details), with motional
and spin energy levels analogous to electronic energy levels. As a result, if some of
these CPT odd terms are nonzero, the energy levels of a proton in a Penning trap
and those of an antiproton in a Penning trap will differ. Illustrated in Fig. 2.2, the
a terms of the SME characterize an offset from the zero point energy while the b
terms characterize an offset in the transition energies. More concretely, these energy

Ns—Npg . Np

N, T N
imentally to be nearly ten orders of magnitude too large with Nz also inexplicably small. For
a theoretical review, including the Sakharov conditions that describe how a matter-antimatter

asymmetry can arise, see [12].

!This is characterized by the baryon photon ratio n = which is found exper-
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Figure 2.1: The relative precision and energy resolution of matter-antimatter com-
parisons are given and the top two measurements, with antiprotons are performed
by the BASE collaboration. The limits are given in [3, 1, 16, 16, 17, 4, 14] from top
to bottom, respectively. Measurements with antiprotons are highly sensitive to new
physics on an absolute energy scale.

levels can be cyclotron energy levels in a magnetic field or spin energy levels. In our
case, the measurement of the ratio of the proton magnetic moment to the antiproton
magnetic moment is sensitive to both through the relation

e =
i =g—>S. 2.1
A=95- (2.1)
The dimensionless g-factor is given by
wr,
=2= 2.2
g=2- (2.2)

where wy, w, are the Larmor and free cyclotron frequencies in a magnetic field with
energy levels E;, = hwy, E. = hw,.. Details about measurements of the free cyclotron
and Larmor frequencies are described in Chapter 3 and a description of the g-factor
measurement can be found in Chapter 4.

As a result, precision measurements of exactly this quantity are the main
focus of this thesis and of the BASE collaboration in general [21]. The BASE col-
laboration performs precision measurements on antiprotons and negative hydrogen
ions at the Antiproton Decelerator (AD) facility at CERN and precision measure-
ments protons at the University of Mainz®. As part of the collaboration, my work

2The remaining group of the collaboration (along with collaborators at the Max Planck Institute
for Nuclear Physics (MPIK) and RIKEN) is based at the University of Hannover and is focused
on developing new measurement techniques based on quantum logic spectroscopy (QLS) [8].
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Figure 2.2: The Standard Model Extension (SME) characterizes the changes in
energy levels, illustrated here not to scale, due to nonzero CPT odd interaction
terms for the proton and antiproton in a Penning trap. The a terms quantify
the difference in ground state energies while the b terms quantify the difference in
transition energies. See text for details.

during the course of this thesis has been focused on developing a new technique that
will allow measurements of the proton and antiproton g-factor to be performed at
higher duty cycle and even higher precision. A major problem in the latest mea-
surement was the large amount of time it took to prepare a cold particle - described
in more detail in Chapter 3 and Chapter 4. In fact, this was the limiting factor
of our measurement, the error of which is still dominated by statistics. Meanwhile
further precision will also be limited by the temperature of the proton in an in-
homogenous magnetic field. The sympathetic cooling techniques developed in this
thesis have been designed with the primary goal of improving this measurement.
Improved statistics will directly improve the precision of the proton and antiproton
g-factor measurements and the high duty cycle can enable even more experiments,
such as improving our recent limits on exotic antimatter couplings to dark matter
[22]. Without further delay then, the main content of this thesis follows, beginning
with a theoretical understanding of the Penning traps that are the foundation of all
these experiments.



Chapter 3

Theoretical Background

3.1 Penning Traps

3.1.1 Potential and Motion

Earnshaw’s Theorem disallows the creation of an electrostatic potential with a three
dimensional minimum and, in the absence of charge, Gauss’s law states

V-E=0. (3.1)

Of course, traps for charged particles do exist. In an rf, or Paul trap, for example,
the trapping potential is created by introducing a time-varying potential while in a
Penning trap an additional magnetic force traps causes the particle to move around
the axial potential. Developed by Hans Dehmelt in the early 1960s but proposed
as early as 1947 in a patent application [23], the Penning trap has proven to be
uniquely suited to precision measurements. Using only static fields, Penning traps
have extremely low heating rates, and even more importantly relate the fundamental
properties of a charged particle to easily measurable trap frequencies’.

A particle with charge ¢ and mass m in a magnetic field B and electric
field E is subject to the Lorentz force

F=¢(E+vxB). (3.2)

A Penning trap is constructed by choosing the magnetic field to be along the z-axis,
B = Bz, of geometrically well-defined electrodes that produce an axial potential,

6=V,Cy (2= 7) (3.3)

!'Note that this thesis follows the semi-established tradition of using angular frequencies, w; in
theoretical contexts and frequency v in experimental contexts.

6
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Figure 3.1: (a) An illustration of a Penning trap, with electrostatic fields that give
rise to three nearly harmonic oscillatory motions. This potential, Vj can be applied
to physical, hyperbolic electrodes or can be approximated by a series of cylindrical
electrodes, shown later. (b) The motion of the particle is pictured, a combination
of the magnetron, axial, and cyclotron motion.

in cylindrical coordinates. In Fig.3.1, V. = Vj is the applied voltage and C is a
constant defined by the electrode geometry. The axial motion then decouples from
the radial motion and, following [24], yields an axial equation of motion,

5= —w?z, (3.4)
with,
2qCyV;
w? = 24+2vo (3.5)
m

The radial motion is found by solving the equations of motion in Cartesian coordi-
nates,

i = = (CaVow + Bog) (3.6)
F= % (CyVoy + Boi) (3.7)
with the resulting eigenvalues given by
w —&:I:1 w? — 2w? (3.8)
+ — 2 2 4 z* :

Finally, w, is the free cyclotron frequency

w, = % B,. (3.9)



The three trap frequencies, w,, w,, and w_ are known as the modified cyclotron,
axial, and magnetron frequencies, respectively and follow the hierarchy w, > w, >
w_ under typical trapping conditions. From Eq. (3.8) the trapping criterion is clear:
wy is complex unless w, < w,/ V2, setting an upper bound on trap stability in the
absence of trap imperfections. Still following [24], an important set of equations
arise in the presence of trap imperfections. These imperfections are characterized
by parameters €, which defines the ellipticity of the trapping potential and 6, ¢
defined by,

B, = |B|cosf
B, = |B|sinf cos ¢ (3.10)
B, = |B|sinfsin ¢.

Finally, after relabeling the observed axial frequency as w, and the constant in
Eq. (3.5) as w,, the complete equations of motion are then,

w? + Jw? (1 +¢) —iw, cos iww, sin 6 sin ¢
F = iw, cos 0 w? + w2 (1+€) —iww,sinfcosg | . (3.11)
—iwwesinfsing  iww,sin  cos ¢ w? — w?

Eigenvalues are again given by w,, w_, and w,, which obey the relations

1
wiwiw? = ng (1-¢€) (3.12)

, 3
wiw? +wiw? +wiw® = wiw) (1 — 2sin®f — Lesin® 0 cos260) — ng (1+3€%) (3.13)

wh 4 w? 4w =Wl (3.14)

Particularly important is Eq. (3.14). Known as the invariance theorem [24], it di-
rectly relates the observable trap frequencies to the mass of the trapped particle.
Since the magnetic field is not known to high precision, both g-factor measurements
and mass measurements measure frequency ratios. In mass measurements, this is
simply the ratio of the cyclotron frequencies of the two ions of interest:

@ We,1

= 2ot (3.15)

mo We,2

However, for g-factor measurements the Larmor, or spin precession, frequency

q
wp =g9g—B,, 3.16
L=49 om ( )
must be used, and the g-factor can be extracted from the ratio of Larmor frequency
to cyclotron frequency,

wr,
=2—. 3.17
9=2 (3.17)



Figure 3.2: A cylindrical, open endcap Penning trap. All measurements described
in this thesis are conducted with a similar five electrode trap with an orthogonal,
compensated design as described in the text.

3.1.2 The Cylindrical Penning Trap

In the first Penning traps, hyperbolic electrodes produced the electric field C5Vj
used in Egs. (3.5 - 3.7) - illustrated in Figure 3.1. Most modern traps however, now
use a multi-electrode cylindrical configuration. For the proton g-factor experiment
specifically, we use a cylindrical, five electrode design as in Figure 3.2. The derivation
of the trapping potential has been done many times, e.g. in [24, 25|, but the main
results are summarized here.

The axial potential in our experiment is produced by a stack of five open
cylindrical electrodes consisting of a central ring electrode, surrounded by two identi-
cal correction electrodes, and two identical endcap electrodes. The endcap electrodes
are typically kept at 0 V and as in [26], the total potential of a stack of p = 5 such
electrodes separated by a gap d can be written as

(I)(p,2>:
2 N | Vicosknzg — VycoskaA = Vi—Vieg | .
Io(knp) .
k,z. 1
X IO (kna) SN Kip 2 (3 8)

Here the coordinates defined in Fig. 3.2 and I is the modified Bessel function of the
first kind. Eq.(3.18) can then be expanded in terms of the coefficients C; and the
potential can be rewritten as

©(0,2) =V Y _ Cj (3.19)
=0



C; =
1 | Viknzo = Vsban | = Vi Vit .
NG ; . + ; W (sm k., z9; — sin k‘nZ?H)
A J
(/A (3.90)
Iy (kpa)sin g (n + j)
Again, the endcap voltages are set to V; = V5 = V.. = 0 while the correction

electrode voltages are set to Vo = V; = V., and the ring voltage is set to to V3 =
Vo = V.. A tuning ratio, TR = V. /V;, is then defined so that the C; coefficients
can be written as

Precision Penning traps are also designed to be simultaneously “compen-
sated” and “orthogonal”. A careful selection of the trap radius a, ring electrode
length [, and correction electrode length [.. produces an ideal tuning ratio, TRyq.
At this tuning ratio, C4(TRiq) = Cs(TRiq) = 0 with odd coefficients also zero due
to mirror symmetry about the trap center. Although not used in this work, traps
have also been designed and used in recent experiments [27, 28, 29], that have seven
electrodes to null higher order Cs and Chy. It is not strictly necessary to ground
the endcap electrodes although this configuration produces the lowest fluctuations
in trapping potential due to voltage supply noise. In the course of this work, the
endcap electrodes have occasionally been set to positive voltage to achieve lower
equivalent ring voltages, and the correction electrodes have occasionally been set to
V.e = 0 to overcome technical limitations. In each configuration the tuning ratio
TR is replaced by an effective tuning ratio so that Eq. (3.21) still holds. C5 is the
dominant coefficient determining the axial frequency, which is also a function of
applied voltage and tuning ratio. In a compensated trap D, is zero, while Fs is a
constant offset that accounts for roughly 97% of the value of Cj.

C}, and additional higher order terms, give rise to energy dependent shifts
of the axial mode. These are characterized by the matrix equation [30]

AW+/W+ E+ E2
Aw,/w, | = Mg, | E. | + M, + O (Cs), (3.22)
Aw_ Jw_ E_ ELE,
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where Q = w, /w,,

MC4 et qLVOg_;lz —%Q2 % 3 3 (323)
302 3 3
(3.24)
and
156 4502 4504 45 N4 45 "4 45 M2
_logs _d5g2 g1 A5l sl _dhq
_ 1 C 45 4 15 45 45 )2 45 )2 45
45 4 45 15 45 )2 45 )2 45
S L e £ Ul S CAN

In practice, Cy and Cy as a function of ATR, the offset in the applied tuning ratio to
the ideal tuning ratio, TRappiea = TRia +ATR. It is useful though to introduce here
the notation used throughout this thesis of k; - the frequency shift due, ATR AT;
where AT; is the temperature of one of the motional modes or E;/kg. For example,
in later chapters we measure shifts of the axial frequency Av, = kp, ATRT,. These
shifts are extremely important in characterizing the trap and are used in temperature
measurements in later chapters.

Due to patch potentials and extraneous charges that can build up on the
surface of the electrodes, the particle motion can also be offset from the center of

the trap. We then introduce asymmetry parameters for the correction and endcap
electrodes AS,, and AS,., defined by

‘/1,5 = ‘/ec + AS@C

3.26
‘/2,4 - ‘/ce + ASce‘ ( )

As a result, the trapping potential is fully characterized by four parameters that
can be adjusted independently: V,., TR, AS.., AS.. [26]. As shown in Chapter 6,
these parameters define the harmonicity of the trapping potential and are crucial to
setting up a new Penning trap experiment.

3.1.3 Image Current Detection and the Circuit Model

The modified cyclotron, axial, and magnetron motions can be modeled as decoupled
simple harmonic oscillators. Following [31, 32], we further model the trapped ion
system as an LC circuit with inductance and capacitance,

o mDeﬁ‘Q

[ = 2
=, (327)
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Figure 3.3: (a) A trapped particle can be modeled as a series LC circuit coupled in
parallel to a high-() resonator and a cryogenic amplifier that reads out the image
current signal. (b) The frequency spectrum of the particle-resonator system has a
characteristic dip feature and on resonance the particle shorts to the noise spectrum
of the resonator.

Amplitude

st ‘

c=— (3.28)

2 )
w2l

respectively. Here Dgg is the characteristic length scale of the trap and N is the
number of stored ions. A trapped charged particle induces image charges on the
trapping electrodes and particle oscillations give rise to image currents which can be
read out by a current detector. In practice, this is achieved by connecting a high- @),
superconducting resonator to the trap with resonant frequency wp ~ w,.

Using this circuit model, the system can then be treated as a series LC circuit
connected in parallel to the parallel RLC circuit of the detection system. Under this
modification the ion-trap system is damped with damping constant,
2
¢ R
V== (3.29)
D% m
Here, R is the effective resistance of the resonator, R = Re (Z) = QwL. Deg is known

as the effective electrode distance [33] and is equivalent to the charge induced by
the particle in a parallel plate capacitor separated by distance D.g-.

The equation of motion for the axial mode then needs to be modified and
Eq. (3.4) becomes,
m (z — i+ wﬁz) = Floise, (3.30)

where F s is the force of the detection system on the trapped particle due to the
combined Johnson and amplifier noise with effective temperature, T'. The solution
to Eq. (3.30) has a transient and steady state solution and the axial frequency w,
remains, to high approximation, unchanged. Finally, the axial amplitude is given
by [24],

(2*) = b (3.31)

2mw,

where the axial energy is £, = kgT,. Likewise, the radius of the other radial modes

12



is given by,

a_ B
T Ly (w2 — 12

o %) (3.32)
s  Ey
ry = L2

2

Notably, as is evident from Eq. (3.32), the energy in the magnetron mode is negative
and the Penning trap is only pseudo-stable due to radiative damping. The damping
constants describing the radiation are [24],

1°w3 wy

T+ =
3med wy —w_

3
w_
V- = <—) Y+l
W4

and can be safely ignored for heavy particles with mass m > m..

(3.33)

In addition to damping, the resonator allows the trap frequencies to be
easily read out via image current detection. Considering only the case of the axial
motion, the current induced by the particle coupled to the resonator with damping
constant v is given by [33],

J, = A,sinw,t. (3.34)

On resonance, the particle-detector system are impedance matched and the power
dissipated in the detector can be written as

<P> = JzQR = k:BTnoiseAf' (335)

Again T, is the noise temperature of the resonator-amplifier system, typically
near 4K but in some cases higher due to feedback. Substituting Eq. (3.29) and
Eq. (3.31), T, = Theise and the lineshape of the frequency spectrum of two coupled
oscillators is well known [24]. On resonance the particle acts as a short or “dip” with
bandwidth Af given by the damping -, or equivalently the dip width. After passing
through both a cryogenic and room temperature amplification stage the signal is fed
to an FFT analyzer® - an example is shown in Fig. 3.3.

3.1.4 The Artificial Atom

It is useful at this point to introduce the view of a trapped particle in a Penning
trap as an artificial atom. The three modes are independent harmonic oscillators
(or quasi-harmonic in the case of the radial modes) and easily quantized, with the

2in this work a Stanford Research SR780
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result that [24]

1
|E_| = hw_ (TL_ + 5)

1
E, = hw, (nz + 5) (3.36)
1
E_;,_ = hw+ (n+ + 5) .

Here, n_ ,n,,and n, are the quantum numbers of the energy eigenstates |—), |z),
and |+) of the magnetron, axial, and cyclotron modes, respectively, in analogy to
atomic quantum numbers, for example F', my, .

In addition, a particle with magnetic moment p interacts with the magnetic
field with the spin Hamiltonian,

Hy=—p-B= ghwcaz, (3.37)

where o, is the spin projection onto the z-axis. For spin—% particles, there are two
energy eigenstates s = £1 and the energy eigenvalues are given by,

S

9
ES ==h cHo .
5 w 5 (3.38)
with spin precession frequency,
Wy = ng' (3.39)

These frequencies, to rough approximation, are given in Table 3.1, with the experi-
mental values in the Appendix. The trapped particle has energy levels and splittings
as shown in Fig. 3.4 - again similar to the hydrogen atom with discrete energy levels,
fine structure, hyperfine structure, and Zeeman and Stark shifts. Much of the earlier
work done with Penning traps, famously [24], explicitly call the system “geonium”,
with the earth replacing the heavy particle of other “true” -oniums °.

3.1.5 Particle Manipulation

Importantly, the motion of a particle in a Penning trap can be modified and excited
at rf frequencies near the motional frequencies. Although covered extensively in the
literature [35, 36], a few basic results are reproduced here.

3Nobel Prize winner and inventor of the Penning trap, Hans Dehmelt also proposed the idea of
“cosmonium” in an incredible article titled Triton,... electron,... cosmon,...: An infinite regression?
in which the decay of the cosmonium atom, the bound state of a cosmon and anticosmon, produces
the Big Bang [34].

14
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Figure 3.4: Illustrated here (not to scale) are the energy levels of a single particle in
a Penning trap. These energy levels and splittings are analogous to atomic energy
levels subject to e.g. Zeeman and Stark splittings.

H wr, We Wy W, w_
p 2m x 80MHz 27 x 30MHz 27 x 30MHz 27 x 500kHz 27 x 10kHz
Bet || 2r x 60GHz 27 x 3MHz 27 x 25MHz 27 x 500kHz 27 x 30kHz

Table 3.1: Approximate frequencies of the proton and beryllium ion in a 2T
magnetic field axial frequencies near those used in all traps in the proton g-factor
experiment. With the exception of the Larmor and free cyclotron frequencies the
exact frequencies depend on the specific axial frequency used in each trap which

vary from about 475 kHz to about 750 kHz. Additionally, note that wy, for the
beryllium ion, refers to the Larmor frequency of the valence electron, not the
nucleus.

Parametric Excitation

In the presence of an additional rf drive, the most basic equation of motion for the
axial mode, Eq. (3.4), becomes [37],

2C 3C;
492+ w, (1 + Ay cos(wiet)) 2 + 74@23 + 7604325 =0, (3.40)
2 2

where A,f and w,s are the amplitude and frequency of the excitation drive respec-
tively. The particles then obey the Mathieu equation and have instability regions

15



where,

2w,
= ——. 3.41
Wyt - ( )

The result is that above a threshold defined by the coupling to the resonator, A, >
27, /w., the motion is bistable, the motional phase locks to the drive phase, and the
motion amplitude grows without bound - ultimately limited by C; anharmonicities.
The axial motion appears as a peak in the FFT spectrum, as in Fig. 3.5, and is an
invaluable tool for trap characterization.

Sideband Coupling

Another critical tool for high-precision Penning-trap experiments is a quadrupolar
drive that couples motional modes through their sidebands. These sidebands are
wsp = w;tw; where w; ; indicate the relevant motional frequencies. For example, the
modified cyclotron motion has a lower axial sideband at wsp + = wy —w,. Following
[36], a quadrupolar drive at frequency wyy detuned by § = w,y — w, + w, produces
an electric field,

E,; = Re (E, ;") (22 + 2%) . (3.42)
The equation of motions in the x- and z- direction can be written as,
E .
:2: _|_ (JJEZ — Re (ueZert.r)
m
g (3.43)
eEy
i' + wiz — Re (_felertZ> ,
m
with solutions [26],
Q
z (t) = zp sin (7Rt> sin(w,t + ¢.)
O (3.44)
ry (t) = ryocos (7Rt> sin(wyt + ¢4).
The Rabi frequency,
E,
0= 1 45 (3.45)

2m,fwy
is set by the drive amplitude that produces the electric field, F.¢, and the phases,
¢+, are determined by initial conditions. The quadupolar drive at the sideband
frequency leads, in the language of [36], to the exchange of the classical action
- equivalent to energy exchange. However, the application of the upper sideband
Wit R Wy +w,, results not in oscillations between the two modes but in the continual
transfer of energy from the axial mode to the modified cyclotron mode. Just as in a
classical oscillator or a two-state quantum harmonic oscillator, the Rabi frequency is
the rate at which the motional amplitude, or energy, is modulated between A(E =
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Ey) to A(E = E. + E.). The same reasoning also applies to the magnetron mode,
although the negative energy of the mode reverses the role of the upper and lower
sidebands. With sufficiently long coupling times, tcoupiing > le, the expectation
value of the energy of the coupled modes is given by

E; i

(B _ i (3.46)
(E;)  wj

or equivalently,
T, w;
— ==, 3.47
T " o (3.47)

While a sideband drive is applied the dip spectrum of the particle splits in
two, as shown in Fig. 3.5, and as expected from amplitude modulated oscillations.
The dip positions also enable measurement of the radial frequencies through the
relation

Wi = Fw; £ w, £ w, + Wy, (3.48)

where w; and w, are the left and right dip positions given, respectively, by

o Q

w; = W, F 5 — TR (349)
0 Qg

Wy w, F 5 -+ 7 (350)

Finally, sideband coupling can also be used as a cooling method. Assuming
an axial resonator at roughly 500 kHz and 4 K, a magnetron temperature of T < 1K
is easily achievable for both the proton and beryllium ion. On the other hand, the
cyclotron temperature is much higher with 7, ~ 150 K for the proton and 7', ~ 50 K
for the beryllium ion. These energies are more than sufficient for the magnetron and
axial modes, but the cyclotron mode must be significantly below 4 K to resolve spin
states. This requires either an additional tuned circuit connected to the trap at the
modified cyclotron frequency or an external cooling method, such as laser cooling.
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Figure 3.5: (a) A parametric excitation at 2w, produces a peak (in orange) in the
FFT spectrum, with the undisturbed resonator (in blue) shown for reference. See
text for details. (b) During sideband coupling the particle appears as two dips
separated by the Rabi frequency (2z. The two dips are slightly asymmetric around
the axial frequency at v, = 1.

3.2 Continuous Stern-Gerlach Effect and Magnetic
Bottle

3.2.1 Essentials

Perhaps the most important tool in the precision Penning-trap toolbox is the con-
tinuous Stern-Gerlach effect [38] which allows non-destructive measurement of the
trapped particle’s spin state. In our case, this is implemented in a purpose-built
trap known as the Analysis Trap (AT). By replacing the ring electrode with an
identical, ferromagnetic electrode the magnetic field drops in proportion to to the
magnetic saturation. Using a CoFe ring electrode® with magnetic saturation around
two Tesla, the magnetic bottle reduces the field strength to around 1.2 T - illustrated
in Fig. 3.6. The magnetic field gradient can then be written as,

B(z,r) = By2+ By ((2* —1%/2) 2 — 21 %), (3.51)

where, By ar ~ 298 000 Tm™2. As in [24], the interaction term —u - AB gives rise
to an interaction Hamiltonian,

AH (r=0,2) = —pu By 2°. (3.52)

It becomes evident that introducing a nonzero B, causes the axial motion to depend
on the energy of the magnetic moment in the inhomogenous magnetic field. The
magnetic moment p is, of course, the intrinsic spin magnetic moment of the trapped

4VACOFLUX from VACUUMSCHMELZE GmbH
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particle, pg, but also contains the classical magnetic moment of a charged particle
in a magnetic field,

fo= fls g (3.53)

Here p4 are the magnetic moments associated with the current loops of the modified
cyclotron and magnetron motions. Each component of i shifts trap frequencies and
the Larmor frequency by [24, 30],

Aer/er E
sz/wz 1 BZ F
Aw_Jw_ mw? BOM32 E (3:54)
AWL/WL h
Again, ) = w,/w, and
-2 1 2
1 B 1 0 -1
Mg, = 2 +0O(By). (3.55)

mwggo 2 -1 =2
-0 1 2

Importantly, the shift of the axial frequency due to the spin state of the proton can
then be read out as,

h By w. gs 1 w_ 1
Aw, = — —+n —+—|n_+- ) 3.56
2mw30w+—w(4+ ++2+w+( +2)> (3:56)
The particle is assumed to be spin-1/2, with s = 1 and g-factor, g. Thus a change
in axial frequency is quantized and arises from a change in the spin, cyclotron,
or magnetron quantum number, expressed as Aw,/As, Aw,/An,, and Aw,/An_,
respectively. The axial frequency and dip signal can also be “smeared out” by fluc-

tuations in the trapping potential leading to axial frequency fluctuations expressed
as Aw,,. For the proton in the AT we have the hierarchy

Aw, - Aw, S Aw. .S Aw,
As = Ang 2 Anl’

(3.57)

and parameters for the AT are summarized in Table 3.2.

3.2.2 Frequency Stability and Transition Rates in the AT

For the proton, Aw,/As is less than three times larger than Aw,/An . As a result,
no more than three cyclotron transitions can occur during a measurement of the
axial frequency - typically around a minute, but determined by the optimal FFT
averaging time.
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H Av, g Av, 4 Av, dv

dT+
206 mHz 74mHz 0.04mHz 85Hz/K
32Hz 9mHz 0.04mHz 9.5Hz/K

proton
Be™

Table 3.2: Approximate frequency shifts of the ions in the AT due to changes in
the radial energy or spin state are given. Note that for Be™, Aw, refers to a
spin transition of the valence electron. Spin transitions have a corresponding shift
that can be easily resolved compared to typical axial frequency stabilities due to
fluctuations of the trapping potential, but are equivalent to less than three cyclotron
transitions.

The rate at which cyclotron transitions occur is given by Fermi’s golden

rule [39],

ony 2w
o = ?Aw (Ey) F’?ﬁf’ (3.58)

where p (E,) is the density of states of a one dimensional harmonic oscillator, and
2rAy = qBy (z*) /m is the coupling strength of the cyclotron mode to the axial
mode. Cyclotron transitions are driven by electric field noise with spectral noise
density Ey. These transitions are dipole allowed with strength given by the transition

matrix element [39],
h n
%, =qEy/ —=. 3.59
14>f q 0 mW+ 2 ( )

It becomes apparent that from Eq. (3.58) and Eq. (3.59) that

— X N4, (3.60)

and minimizing £, minimizes unwanted cyclotron quantum jumps. FEj is determined
experimentally, and previous experiments [39] have found Ey, = 0.35meVs™! in a
nearly identical AT.
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Figure 3.6: The magnetic field in the AT is illustrated. A ferromagnetic ring elec-
trode introduces a strong Bs term and allows spin state detection via the continuous
Stern-Gerlach effect. Adapted from [30].

3.3 Cooling Schemes

3.3.1 Resistive Cooling

Given the parameters in Table 3.2 and the scaling in Eq. (3.59), single spin flips
can only be resolved with cyclotron energies on the order of 100 mK/kp, much
lower than the temperature of the apparatus. Until now, all particles have been
prepared by coupling to an additional RLC circuit resonant with the cyclotron mode.
Once coupled to this circuit, and then decoupled, the cyclotron energy is fixed, but
non-deterministically samples the Boltzmann distribution of the circuit near 4 K -
illustrated in Figure 3.7. The cyclotron mode is then re-prepared each time the
particle is found to have an energy higher than the “cut”, or a certain maximum
energy. However, this technique is extremely time consuming. On one hand, only a
small fraction of preparation attempts are successful, and on the other RLC circuits
near the cyclotron frequency are much more difficult to build at high @ - resulting
in very long coupling times.
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Figure 3.7: Selective resistive cooling is illustrated. On the left is an example of
repeated measurements of the cyclotron energy of the proton after coupling to a
detector near 4K is shown. On the right is a histogram of these attempts and
during a measurement campaign only particles found to be in the highlighted bin
would be used, otherwise the procedure would need to be repeated. Figure adapted
from [30].

3.3.2 Feedback Cooling and Heating

Electronic feedback can be used to change the effective temperature of the detection
circuit, increasing and decreasing the effective temperature with negative and posi-
tive feedback, respectively. First described in the very early Penning-trap days [35]
® feedback is now used in nearly every Penning-trap experiment with image current
detection e.g. [40, 41]. Shown in Fig.3.8b, a fraction of the resonator and particle
signal is picked off before FFT analysis and phase shifted by ¢ = 180° (alternatively,
with no phase shift for heating). Selective attenuation enables tuning of the effective
temperature and the signal is then sent back to the resonator in the apparatus via
weak (< 0.1pF) capacitive coupling®. The following relations then determine the
temperature,

To Qo _
Trg QrB YFB

(3.61)

T, @), and v are the temperature of the system, the ()-value of the detection system,
and the dip width of the particle, where the subscripts 0 and FB correspond to
the unperturbed system and the system with feedback applied. Ultimately, the
minimum temperature is limited by the noise of the amplifier. During the course
of this work feedback cooling proved extremely useful in setting up the AT and
determining the temperature of the axial detection system in the precision trap or
PT.

5Tt is extremely underappreciated how good Dehmelt was at naming things, the “monoelectron
oscillator” certainly adds to the canon.

6A “weak capacitive coupling” is nothing more than a coax cable, with shielding stripped at
one end, tied to another wire.
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Figure 3.8: (a) Feedback can be applied to the particle and resonator which changes
the effective temperature of the system. (b) When feedback is applied Qo — Qrp
and 79 — 7rp. Using Eq. (3.61), the effective temperature of the resonator with
feedback can be extracted.

3.3.3 Laser Cooling

Of course, a natural progression is to prepare particles with laser cooling. As is
common in many other experiments, particles are routinely prepared with energies
around or below the mK level even with simple Doppler cooling [42, 43]. However,
laser cooling requires an optical or near optical transition to scatter photons, which
particles like the proton obviously do not have. As a result, in order to benefit from
laser cooling, such particles can only be sympathetically cooled, a technique common
in many experiments [44, 45, 46] but unexplored with exotic species such as protons
and antiprotons. In fact laser cooling has been used only sparingly Penning traps
e.g. in [47, 48]. Sympathetic cooling uses an auxiliary species with an accessible
transition, in our case Be™, to couple to the inaccessible species, with the cooling
rate of the particle of interest given by the coupling time to the cold particle. An
example of the benefits of such an approach are shown in Figure 3.9, illustrating
that with laser cooling spin states can be reliably prepared and read out with much
improved accuracy and time cost.
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Figure 3.9: The line in green shows the axial jitter as a function of cyclotron energy.
The axial frequency jitter needed to resolve spin flips, similarly determines the spin
state confidence, given in black, which approaches 100% near 100 mK at which point
the uncertainty is given by fluctuations in the axial frequency due to voltage supply
noise. Preparing protons with laser cooling methods turns the statistical process of
selective resistive cooling into a quasi-deterministic one.

3.4 Common Endcap Coupling

Traditionally, sympathetic cooling in ion traps has been performed by co-trapping
the two ion species, for example along the axis of a linear Paul trap as in [44, 45,
46]. A relatively niche, alternative approach is to trap the two species in separate
potentials and rely on the Coulomb interaction to couple the particles, for example
as demonstrated in [49]. More exotically though, a scheme was proposed roughly
three decades ago in which two ion traps share a common electrode which mediates
the energy exchange via image currents [5]. Under such a scheme, the framework
of Section 2.1.3 still holds and the two ion-trap systems can be thought of as two
connected LC circuits, illustrated in Fig. 3.10.

Following [5] and [50] Hamiltonian of this system describes an oscillatory exchange
of energy with eigenfrequencies,

W = () (@) & 5/ [(wh)? + ()22 + 4g. (3.62)

Here the coupling constant is given by ¢* = (LL,C2) ", and w] is the reduced
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Figure 3.10: Ilustration of common endcap coupling. In (a) the circuit representa-
tion is shown, where two traps are independently biased and coupled via a common
electrode with capacitance Cr to ground. Mathematically this is equivalent to two
coupled RLC circuits connect by a capacitor. (b) shows schematically how the sys-
tem is built, the common electrodes are connected to a resonator to read out the
axial frequencies and a hypothetical decoupling switch ensures that the detector
does not limit the temperature.

(a)

resonance frequency

, N —1/2
W = (L,-q.) (3.63)
with oo
4 T 7
=t .64
¢ Ci + Cr (3:64)

For the coupling to be resonant, the particles will have the same axial frequency and
the following assumption holds,

@ = 3l(04) + (w0)] ~ () = (), (3.65)

where w is the shared axial frequency. Energy is exchanged between the two ion
trap systems with a characteristic exchange time,

D1 D
fvi[VQ()T mim2

q192

(3.66)

T = W,T

In fact, this exchange time is a general consequence of coupling two oscillators, and
the relation

"Note that w4, here does not refer to the radial trap modes, and is used only to keep consistent
with the notation in the literature. In the following chapters w4 refers exclusively to the radial
frequencies.
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w—, 3.67
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T =

holds, where « is a proportionality constant that determines the strength of the
interaction based on the medium of exchange.

However, as suggested by the switch in Fig. 3.10, the resonator, which is necessary
to determine the axial frequency, creates an additional problem. The system shown
in Fig.3.10 is assumed to be in thermal equilibrium and, following [32] and [50],
satisfies the following system of equations:

1 1 1 k k k
Oz—kB( +—+ )Tp+ =T + ——Tpe + —Thias
TD-p TBe-p Thias TD-p TBe-p Thias

1 1 1 1 k k k k
0:—k3< + +—+ >+ ETp + —Tp + —Tpe + —Thias.
TBe—p TD-Be TL Thias TD-Be TBe-p TL Thias

(3.68)

The temperature of each element in the system, i.e. T}, T'g, is determined by its
coupling, 7; to the “thermal baths” of the laser and detection system at temperatures
Tr, = Tooppler = 0.5mK and T ~ 4 K, respectively.

TBias-Be

TBias
4

Figure 3.11: Ilustration of the coupling of the proton to the detector, biasing net-
work, and beryllium ions in a common endcap cooling scheme. The laser is coupled
exclusively to the beryllium ions, which are also coupled to the detector, and in
order for the cooling to be effective, we require 7p < 7. Figure adapted from [50].

As shown in Fig.3.11, the temperature of the proton is essentially a competition

between the detector coupling with time constant 7p_, ~ 1s and the exchange
coupling with time constant 7., ~ 1min. Initially, the experiment described here
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relied on a switch mechanism as illustrated in Fig.3.10 (b), in which a switchable
capacitance lowers the resonator frequency while keeping the trapping potentials
unchanged. However, as implemented in this work, technical problems prevented
its use. An improved version of this switchable capacitance is is currently under
development® and will be used in the next version of the apparatus. The highlights
of this work though are the results presented in Chapter 9, which use a modified
version of the common endcap coupling technique. In this technique, the resonator
is used to compensate the trap inductances and significantly larger coupling rates
are obtained. See Chapter 9 for more details, including a detailed discussion of the
model presented in Eq. (3.66) and Fig. 3.11.

8in the context of the Ph.D. work of Markus Wiesinger, also at MPIK

27



Chapter 4

Proton g-Factor Measurement

Although a limited part of my thesis work, this chapter summarizes the proton g-
factor measurement that was completed in 2017 (the culmination of a large amount
of previous work mainly, by Georg Schneider and Andreas Mooser). This chapter
also provides some context for the sum of the work shown here. The heart of the
Mainz proton experiment is the g-factor measurement and the techniques developed
were in service of that goal.

4.1 Double-Trap Technique

As described earlier, a magnetic bottle is necessary to resolve spin-flips but has the
unwanted side effect of shifting the Larmor frequency, as in Eq. (3.54), by,

A 1 B ?
wr =2 <—E+ (ﬂ) +E, +EZ> . (4.1)

wr, mw, By Wy

This shift not only needs to be constrained as a systematic error, but also broad-
ens the g-factor resonance due to frequency fluctuations (see Section 2.2.2). First
developed by the highly charged ion group in Mainz in the 1990s, the double-trap
technique solves this problem by separating g-factor measurements into two, spa-
tially separated components. First, in the precision trap (PT) the trap frequencies
Wy, w,, w_ are measured while a spin-flip drive near the Larmor frequency wy is
applied. Then, in a second trap, the analysis trap (AT), the spin state is resolved
to determine whether or not a spin flip occurred.

The apparatus used in the measurement, along with the experimental sequence, is
shown in Fig. 4.1. Unlike the next generation experiment, cold protons were prepared
in the PT using a dedicated cyclotron image current detector. The measurement
cycle was as follows:
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Figure 4.1: The apparatus and experimental sequence used in the 2017 proton
g-factor measurement is shown. The PT is used for particle preparation and mea-
surement of the trap and Larmor frequencies while the AT is used for spin state
analysis. Image from [2, 30]. See text for more details.

1. The proton is coupled to the cyclotron detector and transported to the AT
where the temperature is measured.

2. If the cyclotron mode is insufficiently cold, E, /kg > 600 mK, the proton is
transported back to the PT and then coupled to the cyclotron resonator again
in Step 1.

3. When the cyclotron mode is sufficiently cold, E, /kg < 600 mK, the spin state
is initialized by driving a spin transition. This step also determines the final
spin state of the previous cycle.

4. The proton is transported back to the PT where the trap frequencies are
measured. A spin flip drive at the Larmor frequency, vy, is applied during the
sideband measurement of the cyclotron frequency.

5. The cycle starts again at Step 1, until, after moving onto Step 3, the resulting
spin state can be resolved.

Each of these measurement points is denoted I';, a tuple with value,
VL

—=), 4.2
) (42
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where p; is the probability that a spin transition occurred at the drive frequency vy, ;
with instantaneous free cyclotron frequency v, ;. Note that it is during the sideband
measurement in Step 4 that the cyclotron mode is heated and it becomes necessary
to re-prepare a cold particle. When the cyclotron mode is coupled to the axial mode,
and thus the axial detector, it comes away with an energy E, = v, /v, E,, where
E. is Boltzmann distributed around the resonator temperature.

4.2 Spin State Analysis

Of course, neglected until now is the determination of the spin state. There are two
main analysis methods, both relying on axial frequency measurements in a strong
magnetic bottle. First, the straightforward but rather primitive threshold method
compares the axial frequency jitter, Av, = v,; — v,,_1, to a threshold frequency,
denoted Avy,. This threshold frequency is set near the level given by Eq. (6.12) and
a spin flip is defined to have occurred when |Av,| > Ay, On the other hand, the
Bayesian method, weights the probability of a spin transition due to a change in axial
frequency Av, by the previous frequency measurements. As a result, the complete
axial frequency dataset is used and a continuous spin flip probability is assigned to
each I';, in contrast to a binary “0” or “1”. Ultimately, while the threshold method
is useful when the confidence of assigning a spin state is close to unity, the Bayesian
method allows more advanced statistical methods to be used in the final g-factor
analysis. What follows is a brief summary of the spin flip analysis conducted in the
last measurement campaign, following the approach of Refs. [3, 30, 39].

T,=0K T+ =300 mK

_-é’ | ho é | ho
S mE h_ © B h_
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Figure 4.2: (a) The distribution of axial frequency shifts in the AT after attempting
to drive a spin transition in the PT is shown at 7y = 0. (b) When 7’ is not zero,
shown here is T, = 300mK, the distributions of the axial shifts are broadened.
These distributions hg, h_, and h, denote the axial frequency shifts due to no spin
transition, spin up, and spin down transitions, respectively.

First, the initial spin state is determined in the AT by continually mea-
suring the axial frequency while applying a spin flip drive. The sequence of axial
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frequency measurements is denoted S; and stops when an axial frequency jump
AV, = Uy — Van—1 > Ay, is observed, with the sign of Av, determining the
spin state |¢T>1’n. After attempting to drive a spin transition in the PT, the proton
is transported back to the AT where, again, a series of axial frequencies, Sy, are
recorded in the presence of a spin flip drive. When a sufficiently large axial fre-
quency shift, Av, = v,9, — V,2,—1 > Ay, is observed, the sequence is stopped and
the two series of axial frequencies can be written as,

Sl = {Vzl,Oa Va1, ---Vzl,n} (43)

Sy = {sz,o, V2,1, ---Vz2,n}-

Four spin states can then be assigned,

100 W11
205 W 1)as

measured at the beginning and end of series S; and S, respectively. Then the spin
flip probability, p;, of Eq. 4.2 can be written as,

pi= P (I1)10 # 12 (4.7)

i.e. the probability that the spin state at the start of sequence S, is different than
the one at the end of series S;.

However while the spin state |¢T>Ln is trivially assigned by the threshold
method with no loss of confidence, the same is not true for |¢T>270. In other words,
since |¢T)1’n comes at the end of an axial frequency series, only the final state
matters and can be prepared with arbitrary fidelity (although with a potentially
large number of spin transitions occurring in the meantime). The final spin state
on the other hand, requires the spin state to be assigned immediately - we are
not afforded the luxury of being able to wait until a high visibility spin transition
associated with large Av, is observed. Rather, it is necessary to work backwards
from the well determined final spin state, [{1),,, using Bayes” Theorem, to assign
a spin state probability to the start of the series.

As shown in Fig. 7.1, there are three distributions of axial frequency fluc-
tuations Av,, during an AT spin measurement. Labeled hg, hy, and h_, these
correspond to no change in spin state from measurement v, ; to v,,;4; and an “up”
or “down” transition during the same window, respectively. We then need to deter-
mine to which distribution the axial frequency measurements at the beginning of S,
belong. hg, hy, and h_ are normal distributions with widths o(F, ), determined by
the proton’s axial frequency jitter - whether from radial energy or the stability of
the voltage supplies. Meanwhile, the centers are given by

fi(ho) =0
p(ho) = —Av, gp .
p(hy) = +Av. sp, (4.10)



where Av, gp is the change in axial frequency due to a change in spin state - during
this campaign around 170 mHz. Now, Bayes’ theorem,

P(B|A)P(A)
P(B)

states that the probability of A given B is equal to the probability of B given A
normalized by their respective marginal probabilities. In the language of spin flips,
the probability of a spin-flip having occurred given a certain series of axial frequency
shifts, allows us to assign a probability to the initial spin state. Using this, we assign
a spin state probability, PiT =1- PZ-J’, given the change in axial frequency Av,;, the
radial energy F.,, and the previous knowledge of the spin state. Derived in [30, 39],
the spin state probability is assigned iteratively throughout a series .S by

(1= pse) ho (E4) PLy + hy (Ey) psp <1 - Pf,l>

Pl = - L (1)
(1= psr) ho (E1) + P_yh- (Ey) pse + (1 — psp) hy (Ey)
where psp is the spin flip probability and the initial uncertainty is maximized by
POT = POi = 0.5. Spin state analysis during the measurement campaign then uses
all available tools to assign a spin state, the threshold method when the spin state
can be assigned with high confidence, and the Bayesian method when a spin state
probability must be assigned.

P(A|B) = (4.11)

4.3 g-Factor Analysis

Finally, the now completed g-factor resonance data, {I'y, ..., }, yields a “g-factor
resonance” i.e. the spin-flip probability at a given I';, see Eq. (4.2). This data
is analyzed with a maximum likelihood parameter estimation using the likelihood
function

£:H£1,i'p+£2,i'(1_p)' (4.13)
Here, p is the spin flip probabilli:; Lo;=1—Ly;, and
Lii=1—-xTp0))+xTsp0), (4.14)
with the lineshape of the Larmor resonance given by x (I, u, o) [51, 2].
The final resonance is shown in Fig. 4.3 with the final result of,

% — 2.792 847 344 62(75)(34) (4.15)

where the first error is the 1-o statistical error and the second error is the systematic
uncertainty [2]. Together with an improved measurement of the antiproton g-factor
3], p1p # pp is constrained to [52],

(’)‘ _
OB _ (ﬂ + ﬁ) = 0.3(8.3)1077, (4.16)
HN UN  UN
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where gy, is the nuclear magneton. These measurements set the most stringent
constraints on CPT odd parameters in the baryon sector of the Standard Model
Extension (SME) and the constraints are reproduced in Table 4.1, both with 95 %
confidence intervals [52].
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Figure 4.3: The final g-factor resonance of the 2017 measurement campaign shown
in [2]. The red line comes from a maximum likelihood parameter estimation with
errors on the resonance center given by the dark gray bands and errors on the spin
flip amplitude given by the light gray bands. The binned data points are not used
in the analysis but are shown for reference. gcopara is the previous CODATA value
of g, = 5.585694702(17) [53]. Figure from [2].
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Table 4.1: SME Constraints
CPT odd coefficients in the Standard Model Extension can be constrained with
the improved limits on 3—]’3. See [52] for details.

4.4 Uncertainty Evaluation and Outlook

The systematic uncertainty budget is summarized in Table 4.2 and described briefly
below, see [2, 30] for more details.

Relative shift on g,/2 (ppt) Error (ppt)

Trapping Potential* 0 9
Magnetic inhomogeneity™* 8 4
Relativistic Shift* -44 26
Image current 1 1
Image charge -98 3
Fitting 0 80
Total Systematic Uncertainty -133 123
Total Statistical Uncertainty* 269

Table 4.2: The uncertainty budget of the most precise measurement of the g-factor
of the proton, adapted from [2]. Shifts marked * are due to nonzero radial energies
and benefit from enhanced cooling techniques.

Trapping Potential* A nonzero Cy shifts w,, proportional to ATR and the
mode temperatures, see Eq. (3.22).

Magnetic inhomogeneity™® A nonzero B; shifts w,, wy, proportional to the
mode temperatures, see Eq. (3.54).

Relativistic Shift* w, , w;, are proportional to E,. This can be thought of as
a consequence of the (larger) relativistic mass of the proton with finite energy

[24].
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Image Charge and Image Current Image charges induced on trap elec-
trodes are an additional force on the trapped proton and shift w,, w_. For a
detailed analysis of this systematic effect see [54].

Fitting Determination of v, is limited by both the error in fitting the axial dip
and changes to the dip lineshape due to small changes in the axial resonator
spectrum.

Notably, as seen in Eq. (4.15) and Table 4.2, the precision to which g,
(along with g; [3]) can be determined is still limited by statistics, largely because of
the long duration of the measurement sequence described here. In addition, many
of the major systematic effects, marked with * above, are the result of high particle
energies. In fact, for some experiments, these are even more dominant and limit
further precision, e.g. [28, 55, 56]. As a result, the rest of this thesis describes a new
apparatus, new techniques, and new results that will enable increased precision in
future measurements of the proton g-factor and other precision measurements.

35



Chapter 5

Design of the New Experiment

A new experimental apparatus was required o implement sympathetic cooling of
protons. In particular, we redesigned the system of Penning traps shown in Fig. 4.1
to include optical access for both the cooling laser and an ablation laser which
ultimately replaced the electron gun as our ion source. An overview is illustrated in
Fig. 5.1 where, in addition, the double-trap design of previous generations, consisting
of the precision trap (PT) and the analysis trap (AT), was expanded to a five-trap
design. What follows is a description of these new elements and a more detailed
look into the experimental apparatus.

Figure 5.1: A new apparatus, replacing the one used during the latest g-factor
measurements, consists of five Penning traps and includes optical access for lasers,
as well as additional traps to implement p-Be™ image current coupling.

5.1 Overview

To begin, I present an overview of the experimental concept and an overview of each
of the traps used in the five-trap configuration.

36



Precision Trap (PT)

The precision trap (PT) is a large, homogeneous trap that retains the function of the
previous generation. During a g-factor measurement, the PT is used to measure the
trap frequencies and the Larmor frequency. This apparatus however, features a new
design with trap radius r = 4.5 mm, compared to the previous value of r = 3.5 mm.
The larger trap increases the trap volume with largest harmonicity, enabling phase
sensitive detection methods [36, 57] that proved difficult in the previous version of
the experiment [30].

Analysis Trap (AT)

The previous analysis trap (AT) is retained from the earlier experiment and is used
to analyze the spin state of the proton. However, because the axial detection system
was changed, the AT needed to be completely re-characterized, with results shown
in Chapter 5.

Coupling Trap (CT/BT)

The coupling traps, consisting of a coupling trap (CT) and a nearly identical beryl-
lium trap (BT), have been designed to implement the common endcap coupling
described in Section 1.4. A single proton is stored in the CT and coupled to a large
cloud of beryllium ions in the BT. The motivation for the design of these traps is
described in the following section.

Storage Trap (ST)

The storage trap (ST) was designed as a production region for protons, located near
the electron gun, but separating the sensitive AT electrodes from the electron beam.
Over the course of my thesis work the ST was moved in between the ablation ion
source and the coupling traps to act as a buffer region (see the following chapter)
and protons were produced with the ablation laser. The ST has a trap radius of
r = 2.5mm, chosen as a compromise between homogeneity and image current signal
strength. The dip width v is proportional to the effective electrode distance Dg
and scales with the trap radius. Ultimately the ST and the PT were the two traps
used to demonstrate sympathetic cooling - described in Chapter 9.
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5.2 Trap Design and Coupling Traps

The coupling traps, the CT and the BT, feature a novel design, tailored to the
sympathetic cooling experiment described in Section 2.4 and Eq. (3.66). Even a
cursory inspection of this equation is instructive to guide trap design. For example,
m; = m, and N; = 1 are clearly fixed. Meanwhile, the choice of beryllium as
cooling ion gives my = mp. ~ 9u'. The constraints, as @, is set by the detector
design and N, can vary, are Cr and D, Dy where, to have a symmetric set of traps
we chose D = D,. As a result, the coupling traps are designed to be as small as
possible with the size of the AT used as a reference design. The capacitance of the
traps to ground, Cr is also minimized through a careful selection of the geometry
of the electrodes. The final design is shown in Fig. 5.2 where the angled correction
electrodes and inset endcap electrodes have been designed to maximize the spacing
between the conductive and isolating materials?’. In addition, while the traps are
usually kept electrically isolated with sapphire spacers, the ring electrodes of the
CT and BT are held in place with quartz rings - featuring roughly a factor of two
lower in relative permittivity. The common endcap that enables the coupling, is, in
this design, split into two symmetric parts which are then capacitively connected.
This design retains the ability to apply independent biasing voltages and reduces
the electrodes’ length-to-diameter ratio, lowering heating rates during transport.
Table 5.1 provides an overview of the final design parameters for the coupling traps,
reproduced from [30].

Finally, the BT has a unique feature where the ring electrode is split into six segments
for fluorescence detection (see Section 5.4.2 and Chapter 7) and to apply a rotating
wall, as in [58]. Because the magnetron motion has negative energy, naive Doppler
cooling results in increasing magnetron radius [43]. The rotating wall then, is a
hexapolar drive that provides a confining radial force that keeps the laser cooled
ions at a constant radius®.

L Although not my work, the choice of ion for these experiments is interesting. Be% is the
lightest easily laser cooled ion, but the wavelength of the cooling transition is inconvenient and
can introduce unwanted charges onto cryogenic surfaces. Nevertheless, due to the much lower
charge-to-mass ratio of, e.g., Ca™,* it’s difficult to image current detection and coupling working
well at all with other commonly used species.

2We also investigated a design of the endcap electrodes with holes in the region touching the
sapphire ring. Sadly this is yet to be tested.

3In practice this drive was only used a few times and with limited success. In experiments with
purely optical detection, the rotating wall can be a very useful tool, but in our case the benefits
are minimal. The magnetron sideband drive described in Section 2.1.5 seems to be much more
suited to this experiment.
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C (pF) r (mm) D, (mm) D, (mm) Dy, (mm)
CT/BT 10 2.0 4.2 4.6 2.9

Table 5.1: Final parameters for the coupling traps, shown in Fig.5.2. C is the
estimated trap capacitance of a single trap with Cr = 2C while D, D,., and Dy
are the effective electrode distances when connected to the correction electrode,
endcap, or both, respectively.

CcT BT

Figure 5.2: The coupling traps, the CT and the BT, are shown. As described in the
text the traps employ a symmetric design and have been optimized to minimize the
coupling constant, 7 - see Eq. (3.66).
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5.3 Trap Chamber and Assembly

Taking a very roughly “outward” approach, this section details the construction of
the experiment, beginning with the electrodes themselves.

Trap electrodes are machined from oxygen-free high thermal conductivity
(OFHC) copper to a tolerance of a few micrometers® and then gold plated with
galvanic deposition of an 8 pm silver base layer and a 7pum gold layer®. Afterwards,
we polish the inner cylindrical surfaces and separate each electrode with polished
sapphire rings, shown in Fig. 5.3. A “trap stack” is then formed, consisting of a series
of gold plated electrodes that make up the precision Penning traps and the transport
sections. These electrodes are pressed together and suspended by threaded brass
rods inside a larger 5cm diameter “trap can”. This provides a unique advantage
as, once pumped to high vacuum (HV) through a pinch-off tube, the trap can is
hermetically sealed at low pressure. The trap can is then connected to a liquid
helium bath cryostat at around 4 K and placed in the bore of a superconducting
magnet, also at high vacuum. When brought down to cryogenic temperatures, all
residual gas is frozen out (including hydrogen as there is sufficient surface area to
allow residual hydrogen gas to form a single monolayer). Each electrode is then
connected to alumina (or if a low loss tangent is required, as with the resonators,
sapphire) vacuum feedthrough at the end of the trap chamber. These feedthroughs
are soldered at high temperature to one end of the trap can which is referred to as
the “pinbase”. Ultimately, these connections lead to a high-precision voltage source
which in this work is a UM-1-14 from Stahl Electronics. These feature precision
channels that supply DC voltages to the ring and correction electrodes - stable to
around §V/V - 1/6t ~ 1075h~!. These voltages are filtered in several stages with
standard surface-mounted device (SMD) RC filters, in a 4 K stage, a 77 K stage, and
finally at room temperature. Excitation lines are also connected via feedthroughs
to cryogenic coaxial cables and routed to external flanges on the vacuum chamber
of the magnet.

As an aside, adding optical access to the new apparatus was a significant
experimental challenge. First, through a collaboration with Kyocera’s ceramic divi-
sion, we designed a custom optical feedthrough that allows the cooling laser to pass
through the trap chamber and hit an alignment silicon photomultiplier (SiPM) on
the resonator housing, shown in Fig.5.4. To withstand high temperatures during
the soldering to the “pinbase” flange while remaining transparent and anti-reflective
at 313 nm, we ultimately designed an angle cut sapphire feedthrough similar to our
other electronic feedthroughs. On the other end of the trap chamber, the windows
for the incoming lasers had similar constraints. In the end, we chose to use g10 mm
fused silica windows which are pressed onto an indium seal on the trap can flange.

4In this apparatus by the workshops at the University of Mainz and MPIK as well as Blum
CNC - Technik GmbH
Drollinger GmbH
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Figure 5.3: (a) An image of the assembled trap stack is shown along with (b) an
image of the trap stack when wired with DC bias lines and excitation lines. Note
that here the trap configuration is slightly different than shown above, as discussed
in Chapter 6.

A flaw in this design, however, is that the force needed to compress the indium seal
is sufficient to crack the windows if applied unevenly. An improved design would
use a large scale version of the optical feedthrough described above that could be
soldered onto the flange.

Finally, the two flanges are indium sealed and the trap chamber is baked out
and pumped for several days until the background gas pressure is below 10~ mbar
at which point the trap chamber is sealed with the pinch-off tube.

5.4 Axial Detection Systems

Due to space constraints and the need for an additional resonator, the axial de-
tection system required a complete redesign while retaining the same high ) res-
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Connected Traps | v9 (Hz) @ (cryocooler) @ (magnet) C (pF) L (mH)
ST, PT 754 000 12600 12600 5.2 1.2
AT 552 000 32500 29000 8.7 1.5
CT, BT 502 000 3900 3400 7.8 3.0

Table 5.2: Resonator parameters in the new apparatus, where vy is the center fre-
quency and C', L are the effective capacitance and inductance respectively. Note
that these values are intended only as a guide and a reference. During the course
of the different measurement campaigns in this thesis the resonance frequencies and
(Q)-values changed and different resonators were connected to different traps. Impor-
tantly, during the measurements of Chapter 9, the PT and the ST were connected
to the resonator with highest @) and lowest frequency. The Appendix lists the values
used in this measurement.

onators. These resonators, well described in [41, 59], consist of a toroidal PTFE core
around which a few thousand windings of superconducting NbTi wire is wrapped.
The resonators have a “hot” end connected to the trap, a “cold” end connected to
ground, and an inductive tap connected to a cryogenic amplifier. A schematic of
the amplifiers is shown in Fig.5.5, with the basic design described in [30, 26, 60].
Importantly, the signal-to-noise ratio of the axial dip depends on the @-value of this
circuit, and care is taken at each step to minimize dielectric and other losses. For
the coils, PTFE, with low loss tangent, is exclusively used as an insulating material
while the toroidal geometry reduces losses induced by the magnetic field. Similarly,
the amplifiers use PTFE laminate milled circuit boards, low loss SMD components,
and GaAs field effect transistors (FETs) that remain operational at liquid helium
temperatures. Shown in Fig. 5.4, the final axial detection system consists of three
individual resonators placed in an oxygen-free high conductivity (OFHC) copper
housing that thermalizes both the resonators and their amplifiers near 4 K.

The resonators and amplifiers have been tested in a cryocooler, using a test
version of trap electrodes (“dummy trap”) as a capacitive load. The parameters
of the detection system are summarized in Table 5.2, with the largest @-values
obtained using PTFE insulated NbTi wire and lower values obtained using Formvar
insulated NbTi wire. Although @-values typically drop in the large magnetic field,
dip detection is feasible and convenient, for our trap characteristics, with Q-values
around 20 000. Of final note here, a variable capacitance in the form of a varactor was
added to the amplifier of the CT and BT detector to detune the resonator during
the common endcap coupling. However, this was of limited use and ultimately
proved decisive in the decision to advance the alternate cooling technique described
in Chapter 9.
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Figure 5.4: (a) A drawing of the axial detection system is shown, consisting of three
toroidal coils in an OFHC copper housing. (b) Also shown is an image of one of
the PTFE wrapped coils.
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Figure 5.5: (a) A schematic design of the cryogenic axial amplifier features low-
noise GaAs FETs that remain operational at 4 K (b) In the apparatus the amplifiers
are assembled on small milled circuit board. The one shown here consists of two
amplifiers, the AT at the top and the PT at the bottom; the CT/ BT amplifier is
located on the back segment of the copper mounting piece.
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5.5 Cryomechanical Assembly

First described in [61], the cryomechanical assembly of the proton g-factor experi-
ment remains largely unchanged since the first construction. A liquid helium bath
cryostat is connected via solid copper rods and braids to the trap chamber and axial
detection systems, thermalizing the entire assembly near 4 K. After isolating sensi-
tive exposed cabling with PTFE tape, the trap chamber and axial detection system
is wrapped in superinsulating foil and suspended in a 77 K heat shield by Kevlar
threads. This heat shield is itself then wrapped in superinsulating foil and connected
to a liquid nitrogen bath cyrostat. Shown in Fig. 5.6, the traps, trap chamber, and
shielding are then placed in the bore of a superconducting magnet charged to 1.98 T
and pumped to high vacuum. Once cold, the apparatus can be used for months or
even years. The results that follow consist of a few experimental runs conducted
over nearly three years.

44



cryostat

superconducting

magnet

6-axis
translation stage

(a)

laser

ctyomechanics axial detection system incoupling

trap stack and trap chamber

Figure 5.6: The experimental apparatus is shown, consisting of the trap stack and
trap chamber inside the bore of a horizontal superconducting magnet. See text for
details.
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5.6 Laser and Optics Design

The most important new hardware development within this thesis was the addition
of lasers to the experiment. This addition includes an ablation laser, used to produce
beryllium ions and protons and a laser to address the cooling transition in Be™ at
313nm. A complete optical system was built around the cooling laser, including a
custom made single mode UV fiber.

5.6.1 Cooing Laser and Optical Beampath

The cooling laser at 313 nm, shown in Fig. 5.7 and Fig. 5.8, is a commercial external
cavity diode laser (ECDL) that consists of a fundamental beam that is amplified by
a tapered amplifier (TA) and frequency doubled twice in two bow-tie cavity second
harmonic generation (SHG) stages®. The output of this laser is variably attenuated,
polarized, and optionally sent through an acousto-optic modulator (AOM) before
being coupled into a UV fiber. In early runs of the experiment, the fiber then went
through a vacuum feedthrough and was attached directly to the outside of the trap
can. However, this scheme was quickly abandoned as mechanical shifts when the
trap is cooled to cryogenic temperatures cause the beam to become misaligned. In-
stead, the fiber is still used as a mode cleaner but bridges only a short gap between
the optical table and the magnet, where an additional optical breadboard has col-
limating optics and piezo actuated alignment mirrors - shown in Fig.5.8. Finally,
the laser is PID locked to a wavemeter’, which is referenced to a frequency stabi-
lized, narrow linewidth, 729 nm laser in the Schmidt-Kaler group at the University of
Mainz. Frequency stability of the cooling laser is ultimately limited by the waveme-
ter resolution, around 1 MHz, but is sufficient for the Doppler cooling measurements
shown in this thesis.

5.6.2 UV Fiber

While ultimately successfully implemented, the development of single mode 313 nm
compatible optical fibers proved to be a major experimental effort. At low wave-
lengths, optical fibers suffer severe degradation due to solarization, or the formation
of color centers. Qualitatively, when exposed to high-energy UV light, the molecular
bonds of impurities in the silica are broken and the newly reformed molecules are
no longer transparent. In a technique first developed by Yves Colombe at NIST
[62], solarization can be overcome by loading the fibers with hydrogen gas and sub-
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Figure 5.7: Schematic of the lasers used in the new experiment. The cooling laser is
locked to a wavemeter and sent through an optical fiber before going to the magnet
while a pulsed Nd:YAG laser is used for an ablation ion source, described in Section
4.5.

sequently “curing” with UV light®. As a result, when the impurities in the silica
are broken by high energy light, the resulting ions form “harmless” hydrides which
remain transparent. Once cured, the hydrogen can safely diffuse out with no loss of
transmission in the fiber.

A complicating factor though, is the choice of optical fiber. In the most
commonly used fibers, the core size and the wavelength of the light defines which
modes are transmitted and a sufficiently low core diameter ensures single mode
operation. At low wavelength however, the core diameter, or more generally, mean
field diameter (MFD) necessary to ensure single mode operation becomes too low
for efficient incoupling (MFD ~ 2pum). Photonic crystal fibers then become a more
attractive option. In particular, we employ high numerical aperture (NA), “endlessly
single mode” photonic crystal fibers, constructed of pure silica with a series of hollow
holes around the core acting as an effective cladding” shown in Fig.5.9. This hole
structure presents a serious problem during hydrogen loading and care must be taken
to melt, or collapse, the two ends of the fiber with a fiber splicer. The “recipe” used
for preparing UV fibers is presented below, including the rather unique approach to

8Since 2014 a small community of “homebuilt” UV fiber users has sprung up consisting of,
among others, the Schmidt group at PTB and the Blatt group at Innsbruck both of which provided
valuable insight and assistance while developing these fibers in Mainz.

9NKT Photonics LMA-PM10-UV
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Figure 5.8: (a) A view of the commercial ECDL used to Doppler cool beryllium ions
and (b) the beam path of the cooling laser and ablation laser entering the magnet.

connectorization that I developed during this thesis®.

UV Fiber Recipe

1. Collapse both ends of the photonic crystal fiber. If left unsealed, hydrogen
will diffuse out of the fibers in around twelve hours.

2. Load the fibers with hydrogen gas at high pressure. Typically we send our
fibers out to have this done externally!. The fibers are placed in a chamber
filled with 100 bar of Hy gas for ten days. The fibers are then shipped back
with icepacks to slow diffusion.

3. The fibers can be safely stored in a standard 0°F or —18°C freezer for several
months until ready to use.

4. When ready to cure, collapse one end of the fiber again if necessary. Cleave off
the remaining uncollapsed region. When using the fiber splicer while the fiber
is hydrogen loaded large bubbles tend to appear from rapidly expanding gas.
As a result, it is best practice when collapsing the fiber to work “outward” i.e.
sweeping the splicer toward the nearest open end.

5. Prepare the connector.

(a) Prepare a repurposed syringe needle by removing any plastic attached.
The needle should be sufficiently large to allow the fiber to pass cleanly
through.

10T the near future, ready-to-use commercial UV fibers may become available. Both the Schmidt
group at PTB and the Eikema group in Amsterdam have reported some success in ordering custom
pre-cured and connectorized fibers in addition to the results shown in [63].

A0S GmbH
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(a) (b)

Figure 5.9: (a) A view of a collapsed photonic crystal fiber. The illuminated bands
are the result of a hole structure that acts as a cladding, while the clear region is
where this structure has been re-fused, marked with an arrow. (b) An example of
a cured, connectorized, and polished fiber following the recipe given here. The fiber
is glued into an additional needle which is then glued into an FC/PC connector,
reducing incoupling losses from stress induced birefringences.

(b)

(c)

Slide the needle into an FC/PC connector and slide the fiber, with a
small amount of coating stripped at the end, into the needle and out the
face of the connector.

With a durable epoxy, glue the needle into the connector and when set,
glue the fiber into the needle with low expansion epoxy. The uncollapsed
region of the fiber should not extend past the surface of the connector as
this will be polished away. The needle allows the fiber to be glued further
away from the area where the incoming light is modematched, and where
stress induced birefringence must be minimized.

Polish the end of the fiber, working with increasingly finer polishing sheets
- here 15 um, 6 pm, 3 um, 1 pm, and finally 0.3 pm grit sizes. Note that at
this point it is only necessary to connectorize one end of the fiber before
curing.

Alternatively, the fiber can be cleaved as shown in Fig. 5.9(a). In contrast
to other groups we found the polishing to be more robust and have used
it nearly exclusively.

6. Optimize the coupling as well as possible and cure for a few days. The amount
of time necessary has not been characterized in our group but working fibers
have been produced after roughly 72 hours of curing with, at most, a few
hundred pW of transmitted power at 313 nm.

7. Attach protective fiber shielding and connectorize the remaining end.
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Although not extensively studied, fibers prepared using this method have remained
operational after around two years of use with no loss in transmission. Shown in
Fig.5.10, a similar, uncured fiber rapidly solarizes within hours.

313 nm Fiber Transmission,
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Figure 5.10: A comparison of cured and uncured optical fibers while monitoring
transmission of 313 nm light is shown. During this measurement the coupling into
the cured fiber drifted significantly and the coupling into both fibers was optimized
at the end (see the jump at ~ 72h). The cured fiber showed no measurable loss in
transmission while the uncured fiber showed nearly complete loss in transmission.

5.6.3 Fluorescence Detection

Unique to precision Penning trap experiments based on image current detection,
the latest version of the Mainz proton g-factor apparatus features an in-situ fluo-
rescence detection system. In fact, as described in Chapter 6, the results presented
here are some of the first measurements combining simultaneous image current and
fluorescence detection. The constraints of the experimental apparatus made the de-
sign of this system difficult, and the focus of significant experimental developments
- described both here and in [64, 65]. In particular, the combination of a cryogenic
environment with the limited optical access of a small diameter magnet, @= 9cm,
meant that the common method of using a photomultiplier tube (PMT) or CCD
camera was infeasible. Instead, as shown in Fig.5.11, we utilize a sixfold split ring
electrode in the BT, with a small gap between electrodes to collect fluorescence,
which is then read out by cryogenic silicon photomultipliers (SiPMs)'?. Featuring
6° slits between electrodes, 36° total collection angle, and quantum efficiency around
10% at 313nm and 4 K, we estimated a fluorescence signal at the tens to hundreds

128ensL, Series C. Cryogenic operation was first shown in [66] and the Achenbach group at the
University of Mainz provided valuable assistance in soldering and working with these SiPMs.
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(a)

Figure 5.11: (a) An illustration of the split BT electrode with an array of six SiPMs
to read out the fluorescence signal. (b) The split ring electrode before assembly.
The electrodes are spaced by polished quartz blocks and held in place by a large
quartz ring, designed, as described in Section 4.2, to minimize the trap capacitance.

of nA level for Ng. ~ 10 — 100. In fact, using readout electronics described in [64],
we have been able to count single fluorescence photons and are limited only by back-
ground counts due to scattered photons. Further results using the setup described
here are given in Chapter 7 and future improvements, including stray light shielding
are described in [67].

5.7 Ablation Source

In previous versions of this apparatus, protons were loaded with an electron gun.
Located on one end of the trap stack, the resulting electron beam impinged upon a
hydrocarbon target on the opposite side, in theory releasing and ionizing hydrogen.
The design and usage of the electron gun is first described in [26], with details of
the upgraded and current version described in [68]. However, it was found in our
experiment, as well as the in BASE experiment at CERN, that protons could be
produced even without the target, suggesting that, in reality, frozen out residual gas
is liberated and ionized by the electron beam. Unfortunately, the use of an electron
beam to produce beryllium ions poses some difficulty. As an alkaline earth metal,
beryllium tends to be very “sticky” and earlier experiments from the highly charged
ion group in Mainz [69, 70, 27] had to employ special techniques to produce calcium
- even in a highly optimized electron beam ion source [27]. As a result, our new
apparatus includes a new in-trap ablation source, initially used to produce beryllium
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Figure 5.12: Illustration of ablation loading in the new apparatus. The pulsed
532 nm laser is sent into the trap chamber where it is tightly focused onto a beryllium
target; frozen residual gas on the target also allows protons to be loaded with the
same source.

ions, and later also used to produce protons.

[lustrated in Fig. 5.12, laser ablation uses a high intensity laser to rapidly
heat a target, releasing a hot plume of atoms or plasma. In our case a pulsed, ns,
frequency doubled Nd:YAG laser’® at 532 nm is sent through the trap chamber and
tightly focused onto a beryllium target, visible in Fig.5.13. Originally envisioned
with in situ optical fibers like with the cooling laser, the current design uses a free
running beam, as the necessary pulse energy, around 1 mJ induced surface damage
even before damaging the rest of the large multimode fibers. Alternatively, the
source could be redesigned to use very large mode area photonic crystal fibers,
although the benefits are likely to be minimal as the ablation laser light is easily
brought into the trap at present. Typical parameters for the ablation source, as well
as loading procedures are described in the following chapter.

13 Continuum Minilite
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Figure 5.13: (a) An image of the assembled beryllium target and optics along with
(b) a close-up view where the previously ablated region is visible.
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Chapter 6

Trap Characterization

Following the design and assembly of the new experiment, a significant effort was
made to thoroughly characterize the traps. In particular, the AT and the PT param-
eters are crucial for the laser cooling measurements in Chapter 8 and Chapter 9. To
resolve spin flips an extremely strong magnetic bottle is required in the AT. Due to
this strong magnetic bottle though, it is difficult and time consuming to find the ideal
operating conditions in the trap. However, even without a g-factor measurement,
it is an indispensable tool that enables highly sensitive temperature measurements.
The PT, meanwhile, is comparatively easy to set up initially. However, a complete
characterization, especially necessary when used for temperature determination, re-
quires many detailed measurements. Note that while all homogeneous traps (i.e the
ST, PT, CT, and BT) were used, the PT was the most characterized and the most
important in demonstrating sympathetic cooling of protons. Still, the techniques
shown here are broadly applicable and were used in general for all traps.

6.1 Loading and Cleaning

6.1.1 Loading and Mass Spectra

After a period of initial setup and trap characterization, it is usually sufficient to
begin cleaning and particle preparation immediately. As shown in Fig. 6.1, however,
a “mass spectrum” measurement provides useful identification of the trap contents
and can be especially useful with a new or unknown trap. In our case, when first
beginning ablation loading, little was known about the traps, the loading procedure,
or the laser itself. In a mass spectrum measurement, a parametric drive (see Section
2.1.5) at vy = 21y, where 1y is the resonator frequency, is applied and the ring
voltage is swept over a large range. The detector signal, readout either with low
averaging time on the FFT analyzer or with a spectrum analyzer, then shows a peak
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at a time and ring voltage corresponding to
w, (Mi, Vei) = wo (6.1)

where m; is the mass of the identifiable species.
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Figure 6.1: Three mass spectra taken in the ST are shown. Typically beryllium ions
are loaded at lower pulse energies than protons. The measurement shown here was
intended to find the transition point between optimal beryllium loading energy and
optimal proton loading energy. In the ST, this configuration is optimized for the
beryllium ions although, as seen in the second x-axis, the different voltage supply
configuration introduces offsets in the ring voltage (and thus mass). The beryllium
ions appear as a large, clean peak while the proton peak is smeared out and decays
with successive scans in which high energy particles escape the trap at low voltages.

Once the particle of interest is found in the mass spectrum it is relatively straight-
forward to continue with trap characterization, but first any other ions present must
be removed.

6.1.2 Cleaning

The next essential part of preparing particles for use in measurements is cleaning,
i.e. removing unwanted ions. This is especially challenging in Penning traps which
provide radial confinement up to a few hundred eV. In addition, we suspect that we
create ions with unusual orbits that are hard to detect since the beryllium target,
and likely ionization region, is far off center. Described here are some of the cleaning
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techniques used as well as a complete cleaning routine for both beryllium ions and
protons.

Axial and Radial Excitations

During a simple cleaning procedure the trap is kept at a fixed ring voltage so the
particle has fixed axial frequency, v, and a frequency swept excitation that avoids
the trap frequencies is applied. Shown below are the regions of interest, where
various frequency sweeps are used to prepare an ion with mass m;.

v_ — v, excites the axial mode of all ions with mass m > m;
v, — v, excites the axial mode of all ions with mass m < m;

v, — oo excites the cyclotron mode of all ions with mass m < m;; usually
this is not particularly effective.

After one or more of these excitations, the trap is “lowered” by ramping the ring
voltage. During this ramp, |V,| = |V;10ss| > 0, where |V} 10s5] is the energy dependent
ring voltage at which particles are no longer confined. More concretely, the ions of
interest are kept near the temperature of the resonator while the contaminant ions
are excited and undamped. When the potential is lowered the contaminant ions have
energies larger than the trap depth and |V, 10| can be thought of as an evaporation
point.

An additional note is that while sweeps tend to be most straightforward,
it is also possible to apply broadband excitations with an arbitrary waveform gen-
erator that cut out (or inversely, address) narrow frequency bands around the mode
frequencies. These are referred to as stored waveform inverse Fourier transform
(SWIFT) excitations and, while used initially, proved less reliable than the sweeps
described here.

Instability Cleaning

Another simple, but remarkably effective cleaning procedure is to ramp the ring
voltage V. — V,.ins where V.5 is the instability voltage given by v,(V,ins) =~ v/ V2
so that all particles with mass m > m; will no longer be trapped. To implement
this, we use large, high voltage compliant capacitors to filter the biasing lines of
both the AT and the ST ring electrodes. This allows us to apply sufficiently high
voltages to remove all ions except protons in the AT, where the lower By produces a
lower cyclotron frequency and the instability voltage is approximately V, ins = 250 V.
Similarly, ramping to V, ins =~ 130V in the ST is sufficient to remove all ions with
mass m > 10u.
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Magnetron Cleaning

For a given ring voltage, the magnetron frequencies of all species lie roughly within
1kHz of each other. As a result, the magnetron sideband, vsg_, can couple the
magnetron mode of the ion of interest to the axial mode, which is in turn, exclusively
coupled to the resonator. An excitation at and around v_ then excites the magnetron
mode of all species while the magnetron mode of the particle of interest is damped.
An FFT spectrum during this procedure looks like a double dip with an additional
peak at the axial frequency. When using this cleaning method, contaminant ions
are not removed but excited to a large magnetron radius where the strength of the
excitation field drops to zero. It is often useful then to transport to another trap
with a smaller radius (e.g. ST to BT or PT to AT) to completely remove the excited
particles.

Separation Cleaning

Described here, and illustrated in Fig. 6.2, separation cleaning is a new, highly de-
terministic cleaning method developed using some of the methods first shown in
[71]. First, the ring voltage (in this case of the PT) is quickly ramped up to near
the maximum of the voltage supply (for the UM-1-14, 14 V), splitting the ion cloud,
along with any contaminants into two regions. One part of this cloud can be trans-
ported to a storage region while the other is be brought back into resonance with the
detector. If cleaning a single particle, the presence of a dip indicates that the storage
region should be emptied while the absence of a dip indicates that the contents of
the storage region should be transported back. The number of contaminants will
thus decrease geometrically by N = NyP"™ where Ny is the starting population, n
is the number of cycles, and P is the probabilistic fraction of the population that
remains in the trap, typically P ~ 0.5.

In practice, the fraction of ions separated into the right or left potential well
(in Fig. 6.2 the PT and the storage region) is determined by small offsets in patch
potentials on the electrodes. These are compensated experimentally by applying
slightly different voltages to each electrode and the population remaining in the
trap can be adjusted by tuning these offsets. This cleaning technique has proven
to be very reliable and extremely attractive for preparing single, clean particles.
Separation cleaning works for all masses and all frequencies, relying only on an axial
detection system that enables deterministic reduction of all unwanted ions.

Laser Dissociation

Present in nearly every ion trap, unwanted molecular ions can form during ion
creation or from inelastic collisions with hydrogen gas. This results in trapped
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Figure 6.2: The separation routine is illustrated in which a voltage ramp in the PT
splits the ion cloud along with any contaminants into two clouds - one of which is
then transported to a storage region. With only ions from either the PT or the
storage region retained, single, clean particles can be prepared with high confidence.
See text for details.

hydrides AH*, where A is a earth alkali (or similar) ion. While BeH™" is extremely
difficult to remove, the dissociation energy of BeH is near 2.4eV [72], far below
the energy of the cooling laser at around 4eV. While not resonantly enhanced,
we observe an increase in dip width, v5. o« Np. when first applying the cooling
laser, suggesting both the presence of BeH™ in the trap and the effectiveness of laser
dissociation as a cleaning method.

6.1.3 Particle Preparation Recipes

Although all of these techniques are well established and commonly used, preparing
clean, single particles after ablation loading has consumed a very outsized fraction
of my experimental work. Presented below then, is a kind of heuristic recipe that
can be used to prepare single protons and stable clouds of beryllium ions.
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Protons

1. Load the ST by firing a single pulse from the ablation laser with pulse energy
near 1.4-1.7mJ. The necessary pulse energy is higher for protons than for
beryllium ions due to the difference in ionization potentials.

2. Ramp the ST ring voltage to —250V to remove contaminant ions with mass
m > 4u.

3. It is not necessary to cool or observe the protons in the ST, transport directly
to the PT.

4. Apply aggressive (i.e. at amplitudes near the amplitude where the proton
is lost) sweeps from v_ — v, and ramp the ring voltage to around -100 to
—200mV. As described in the Axial and Radial Excitation method, this ex-
cites ions with mass m > m, which escape the trap once lowered.

5. Transport to the AT and ramp the ring voltage to —175V. This should be
repeated, going up to —225V, but not in a single step. While the number
of protons will decrease with each subsequent ramp, immediately ramping to
—225V will cause the entire cloud to be lost.

6. The only particles remaining should be protons, although there could be pro-
tons trapped on a large radius which remain invisible to the detector. The
final step is then separation cleaning. Ten repetitions puts the probability of
having any contaminant, even given large initial populations of Ny ~ 1000, to
below a percent.

Beryllium

1. Load the ST with lower pulse energy - around 0.7 mJ.

2. Ramp the ST ring voltage to up to —125V, starting around -75 to —100V,
similar to the procedure with the proton in the AT.

3. The only species remaining should have mass m < 10u and can be cleaned
with sweeps of increasing amplitude from v, — v,

4. Finally, apply the cooling laser. The laser frequency can be, but does not need
to be, far from resonance. However, if near resonance, the magnetron mode
will need to be cooled by the sideband drive.

6.2 Precision Trap
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6.2.1 Tuning Ratio Optimization

The most important parameter in precision Penning-trap experiments using im-
age current detection is the tuning ratio, TR, defined, as before, as TR = V. /V,.
V.. and V, again, are the voltages on the correction and ring electrodes as illus-
trated in Fig. 3.2 and described in Section 2.1.2. Using the BASE convention [26],
we introduce a new unit, the “Unit”, defined as 1U = 1, with the more com-
monly used 1mU = 1 x 1073, Typically, the ideal experimental tuning ratio must
be known to around 10mU to resolve a dip, while during precision measurements
such as the 2017 g-factor measurement it was determined and set to a precision
ATR = |TRapplied — TRideat] < 1 X 107°. The ideal tuning ratio can be determined
theoretically, but in practice the value found in experiments is used to account for
voltage offsets and patch potentials.

SNR Method

The first, and easiest, method to determine the tuning ratio is to measure the signal-
to-noise ratio, defined by a fit parameter as the bottom of the dip to the top of the
resonator. Cy can be written as Cy(TRappiied) = D1 ATR and Eq. (3.22) gives the
shift of the axial frequency due to nonzero axial temperature and nonzero Cy as

AVZ 3 1 04
=-___F,. 6.2
v, 4qVyC2 (6.2)

Since the proton continually samples the energies of the Boltzmann distribution of
the axial resonator, the SNR of the dip is reduced and given by

SNR = —20 Lng (Re [Z(Wz (04 - 0) + W (04 - C4,app1ied)>]>

R, (6.3)
where Z(w) is the impedance of the combined particle-detector system and R, is
the effective resistance of the detector, R, = QwL on resonance. An example of
this measurement is shown in Fig. 6.3 where the ideal tuning ratio is taken to be the
tuning ratio that yields the largest signal-to-noise ratio. In Chapter 8, Eq. (6.3) is
written explicitly and used to extract the temperature of the detection system.

Burst Method

Alternatively, and more precisely, the tuning ratio can also be found by exciting the
magnetron mode and measuring the shift of the axial frequency as a function of the
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Figure 6.3: (a) An illustrative series of dips with tuning ratios yielding varying SNR.
(b) A different dataset here shows the results of a similar measurement in which
the dip is placed at the center of the resonator for each tuning ratio, minimizing
unwanted corrections to the lineshape.

(b)

magnetron energy F_. Again, using Eq. (3.22), this shift can be written as

sz 3 C4
=——_F_. 6.4
w,  qVpC3 (6.4

The magnetron mode is excited by an rf burst at the magnetron frequency v_ and
the burst number n defines the magnetron energy,

E_ =n’a_,. (6.5)

Here, a_; is an experimental factor that depends on the parameters of the excita-
tion lines and the drive amplitude. Fig.6.4 (a) shows a measurement of the axial
frequency shift Av, and a polynomial fit gives the values of Cy and Cj. Fig. 6.4(b),
meanwhile, shows the shift per detuning from the ideal tuning ratio. The ideal tun-
ing ratio, in turn, is given by the zero crossing of the Cy shift. Although not used
here, by adjusting the drive strength by a known amount, a_ » = ka_ ; we can take
the two slopes my, my and extract kp, by

2kp, = my + mok. (6.6)

As discussed in Chapter 8 this an important parameter for determining the resonator
temperature.

6.2.2 PT By Measurement

Although many orders of magnitude lower than in the AT, the magnetic bottle in
the PT produces a small, but important B, term. Frequency shifts due to By pr
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Figure 6.4: (a) Applying a burst excitation to the trap excites the magnetron motion
of the particle to an energy given by Eq. (6.5). Applying a second order polynomial
fit to the points shown yields values of Cy and Cg for a given tuning ratio. (b) The
quantity kp, ATRa/v, is given by the slope shown, with the zero crossing the ideal
tuning ratio. The slope proportional to Cg, or kp,, is not shown but consistent with
zero for the range of tuning ratios shown here.

are a significant systematic effect in a g-factor measurement but can also be used
to measure the temperature of the axial detection system as described at the end of
this chapter.

To measure By we first introduce a nonzero Cj through a tuning ratio
offset, ATR, and then measure the modified cyclotron and axial frequencies at a
given magnetron energy. We then excite the magnetron mode with an rf burst
near v_ and measure the modified cyclotron and axial frequencies again. The two
frequency shifts are then Avy = vy 5 — vy, Av, = 1,9 — v, Where the subscript
1,2 corresponds to frequencies measured at the initial and final magnetron energies,
respectively. From Eq. (3.22), the shift of the axial frequency due to nonzero
magnetron energy can be written as
Av, = 6% E-

Comu,

(6.7)

Meanwhile from Eq. 3.54, the shift of the modified cyclotron frequency due to
nonzero magnetron energy can be written as
W4 B2 E_

Aw, =2——= . 6.8
Wt w, By muw, (6.8)

After rearranging Eq. (6.7) and Eq. (6.8), By can be written as,
v,  CyAv,
By =3—=By—
2 v, 2Cy Av.’
and B, pr can be extracted from the measured ratio Avy /Av,. The results of such
a measurement are shown in Fig. 6.5 with

By pr = —0.39 £ 0.11 Tm 2. (6.10)

(6.9)
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Figure 6.5: (a) Measurement of By pr by measuring the cyclotron frequency at
varying magnetron radii. The slope shown here (orange line with error bands) is
used in Eq. (6.9) to produce the value given in Eq. (6.10). The excitation strength
required in this measurement was very large and cause the large scatter shown here.

6.3 Analysis Trap

Due to the size of the magnetic bottle, the AT is difficult to operate and set up. As
in Section 2.2.1 and Eq. (3.54), the axial frequency shift due to By can be written
as,

Av, = kg, (E, + |E_|) (6.11)
with
h By
= —kg. 12
B, 4mmu_ By ki (6.12)

For the beryllium ion, xp, ~ 10Hz/K, and is a factor of m,/mpg. ~ 9 larger for the
proton. In more concrete terms, if the cyclotron energy of the proton is Boltzmann
distributed with a temperature of T, = 4K, the axial frequency in the AT will be
distributed over a few hundred Hz. On the other hand, if the cyclotron mode is ther-
malized by an axial detector, with resulting temperature 7'y = T, v, /v,, the axial
frequency in the AT will be distributed over a few kHz, or several hundred detector
linewidths. As a result, the AT was characterized first with a single beryllium ion,
narrowing the trap parameter space when working with the proton.
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Figure 6.6: (a) A typical example of a 2w, search, where the tuning ratio and ring
voltage are scanned and the maximum FFT signal is plotted. The range of peaks
indicates a region where we can search for the dip directly. (b) The first proton dip
in the new apparatus, following a 2w, scan in (a)’.

6.3.1 Particle Searches

When commissioning the AT, there is uncertainty in both the tuning ratio TR
and ring voltage V,., arising from patch potentials, asymmetric electrodes, or other
manufacturing imperfections. This, of course, is in addition to the uncertainty in V,
and TR from the radial energy. Typically, both of these parameters can be calculated
to around 5 to 10%. Afterwards, the best one can do is a two dimensional parameter
scan. We proceed then in two steps, first with a “2w.” scan in which a parametric
excitation is applied to the trap and the ring voltage and tuning ratio are scanned.
A typical example of such a scan is shown in Fig. 6.6, and the parameter space is
narrowed down to the area in which a peak appears. This process is then repeated
without the excitation drive and we search dip signals on the resonator.

6.3.2 Tuning Ratio and B; Measurement

As in other traps, the most important trap parameter is the tuning ratio, TR.
However, the magnetic bottle also introduces a shift of the axial frequency Av,
B4 TR E,, meaning that the ideal tuning ratio must be found for varying cyclotron
energy. At large energies, e.g. when the cyclotron mode of the proton is sideband
cooled, the tuning ratio range necessary to resolve a dip can be less than a few mU.

A measurement of the ideal tuning ratio for a given radial temperature yields a value
of

TRigeal = 0.881 & 0.018 Hz/mU — B, = 69 + 2mT/mm*. (6.13)

! This rather unremarkable and ugly dip, shown in LabView 2015 glory was the result of several
months effort.
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Additionally, because axial frequency shifts Av, oc Cy are difficult to measure in the
presence of a large Bs, the ideal tuning ratio is found only by maximizing the SNR
of the dip. In many cases, and during the 2017 g-factor measurement, the tuning
ratio is applied through the relation,

TRapplied - TRE+:0 : E+ By (614)

where TR g, —o is the ideal tuning ratio at zero temperature, £ is the radial energy
of the proton and By is given by Eq. (6.13).

6.3.3 DBy and v,

In homogeneous traps the radial frequencies v are easily measured with a sideband
drive (see in Section 2.1.5), yet such techniques fail in the AT. If attempted, the
sideband drive would change the radial energy and shift the axial frequency until
the sideband drive was no longer resonant. As a result, we measure the modified
cyclotron frequency v, by exciting the motion of the particle directly with a drive
at vy = vy as in Refs. [60, 73]. At very low amplitudes the drive introduces a
small frequency jump and increases the axial frequency jitter. As shown in Fig. 6.7,
a drive at v = v, — 4, is continually applied and for each d,, we measure two axial
frequencies, v, ,_1, v,,. At low excitation energies the jitter increases only when
the drive is resonant with the modified cyclotron mode.

N
4 y =
= 1
= <
22 2 o ’
I:O r,,qu N N A N L/H N
~ =
O N~ N N\ —
0 20 40 60 1.892 1.894 1.896
Measurement Excitation Frequency (MHz)

(a) (b)

Figure 6.7: (a) A measurement of the mean frequency while an excitation is applied
near vy is shown. (b) During the same measurement the axial frequency jitter is
taken from v,, — v, 1.

Using this method, we also measure v, with varying axial position (z) by
introducing an offset voltage to one of the electrodes. This offset shifts the center
of the trapping potential deterministically, with the value (z) as a function of Vet
given by the trap geometry. Shown in Fig. 6.8, the measured v, can be converted
to a magnetic field value B, and a fit to the data gives,

Ba ar = 297000 £ 43000 T /m?. (6.15)
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Figure 6.8: Bs ar is measured by introducing an offset to the trapping potential,
shifting particle’s center of motion, (z). The modified cyclotron frequency is then
measured as in Fig. 6.7 at the offset position.

6.4 PT Resonator Temperature

The main result highlighted in this thesis is, of course, the demonstration of sympa-
thetic cooling of a proton. However, since the proton is cooled via a sympathetically
cooled LC circuit, we only measure the temperature of the LC circuit, labeled Tp.
In the notation used throughout 77, pr refers to the thermal temperature of the res-
onator and Tp = T, pr when there is no additional cooling. As a result, the final
temperature of the proton and the LC circuit is given by

T, =Tp = T.pr — ATp, (6.16)

where ATp is the change in detector temperature and the precision of the final
temperature is, to a large part, limited by the precision to which T pr can be
measured. Importantly, during the measurement run in which these results were
taken the temperature of the axial detection system was significantly higher than
the temperature of the cryogenic environment because of increased current noise of
the cryogenic amplifier due to stress during thermal cycling. In the end then, we
used four independent techniques to measure 7 pr - measurements of shifts due to
B> T, in two separate traps and two measurements of frequency shifts due to C, T.,.
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Figure 6.9: A measurement of the axial frequency scatter induced by coupling to
the cyclotron mode at 7, with the fit to the data yields o (Av,) = 147mHz and an
axial temperature of around 20 K.

6.4.1 By Method

The B, shift of the axial frequency,

1 B
Av, = WBQ (B, +|E_]), (6.17)
is the most straightforward method of determining the temperature of the resonator.
In such a measurement the axial mode is coupled to a radial mode with a sideband
drive at wsp+ = wi Fw, with the resulting radial mode energy, Fy = F.wy/w,. Re-
peated couplings and measurements of Av,(E., Bs) will be Boltzmann distributed
at Ty and the axial temperature is given by

T, = (v,)/{ve)Ty. (6.18)

Here (v,) indicates the mean frequency during the measurement (in practice, the
frequencies can often be assumed to be fixed as the drift is much smaller than the
measurement resolution).

When measured in the PT the modified cyclotron sideband, wsgy = wy —
w,, is typically used as it produces the largest shifts. The results of a measurement
performed in the PT, T, pr are shown in Fig. 6.9.
with the result that

T, = (1210 + 0.042) K,

6.19
T.pr = (20.0 £5.6) K, (6.19)

and the error is dominated by the uncertainty in Bs pr.

The same measurement can also be performed by reading out the axial
frequency shift in the AT, utilizing the much stronger B,. In this measurement,
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Figure 6.10: (a) The axial frequency is measured in the AT after the cyclotron mode
is coupled to the axial detection system. (b) The width of the resulting distribution
gives the temperature of the radial modes and consequently the temperature of the
axial detection system - see text for details.

V; (Hz)
5
S

the magnetron sideband is applied in the PT and the particle is transported to the
AT. The distribution of axial frequency shifts is a convolution of the Boltzmann
distributed energy shift and a Gaussian distributed random walk arising from addi-
tional axial frequency instability in the AT (see Sections 2.2.2 and 3.1). Using the
data from the measurement shown in Fig. 6.10, the resulting temperature is found
to be

T_ = (0.292 4 0.042) K,

6.20
T.pr = (172 £24)K, (6.20)

and again the error is given by the precision to which By o was measured.

6.4.2 Feedback Method

The temperature of the axial detection system can also be obtained by adjusting the
effective temperature with feedback. Described in Section 3.3.2, feedback changes
the @-value of the detector and allows the temperature to be written as,

T _ s

—_— . 6.21
To Y0 (6.21)

Here Ty, 7o and Trp, Yyrp are the temperature and dip width of the proton without

and with feedback, respectively. We again adjust the TR at each feedback setting

and measure the quantity %%“11/{' Av, is given by Eq. (3.22) and can be expressed as

1 6D
0D T ATR. (6.22)

Av, =
v 47T277’LVZ402
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Figure 6.11: (a) Individual measurements of Av,(TR) are shown that depend on
the temperature of the resonator. (b) These measurements can be combined to
extract % where the slope gives the axial temperature for a given xp, and the
y-intercept gives Dy - see text for details.

D, is determined by the trap geometry and calculated to be Dy = 1.28 x 10°m~*
to a precision of a few percent set by electrode tolerances during machining. Using
the notation of Section 3.1.2, kp, is defined as

1 6D,
A2, 4 Cy
and, as illustrated in Fig. 6.11, measuring the TR derivative of Eq. (6.22) allows the
temperature to be extracted by,

= 45.4mHz/(mUK) (6.23)

KDy

0Av,

TR Dy + kp,T. (6.24)
With this method we ultimately find

T.pr=(19+14)K. (6.25)

Notably, this method is very similar to the one used to measure the temperature of
the sympathetically cooled proton and plays an important role in the measurements
of Chapter 9.

6.4.3 Lineshape Method

Finally, just as the ideal tuning ratio can be found by maximizing the dip SNR, the
scaling % can be used to find the temperature of the axial detection system. The
complete lineshape of the particle-resonator system is given by the real part of the
impedance of the resonator RLC circuit and the equivalent LC circuit of the particle
[74],

a?

2} + (2120 —1)°

S(v)=ng+mn (6.26)
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Here the parameters xy and x1, along with scaling parameters ny and n,, describe
the resonant behavior of the particle and axial detector respectively, by,

2(v—v)
TR
However the axial frequency is additionally shifted by kp,T, and appears “smeared

out” due to FFT averaging. The real lineshape is found by taking the convolution
of Eq. (6.26) with the Boltzmann distributed frequency shifts,

. (6.27)

_ OO 1 —-T/Tz
x(v) = /0 S(v)* Tp ATRT. ATRTze dT. (6.28)

With the FFT spectrum measured in units of dBV,
SNR (TR) = Sier — 2010g, x (vo + kp, ATRT,), (6.29)

where S, is the reference level of the detector. The measured SNRs as a function
of tuning ratio can be fit with Eq. (6.29) to extract T,. In fact, we measure this at
multiple points during the course of a measurement campaign to confirm that the
noise temperature remains constant and find

T.pr = (1727 £ 1.2) K, (6.30)

by taking the weighted average of the measurements shown in Fig. 6.12.

T,=17.82 119K
T,=16.73 £ 0.69 K

2 T,=17.56 = 0.62 K

18

16

SNR
A

14
12

10

0.8835 0.8840 0.8845 0.8850 0.8855 0.8860
TR (U)

Figure 6.12: The measured dip SNRs are shown at different tuning ratios along with
curves corresponding to axial resonator temperatures.

6.4.4 Axial Temperature Summary

Again, as the temperature of the sympathetically cooled proton is largely depen-
dent on the temperature of the axial detection system considerable effort was put
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Figure 6.13: T pr is measured with different methods throughout a measurement
campaign. The agreement between the measurements provides assurance that the
value we set is consistent and does not vary with time.

into understanding each method and confirming that all agree. The results of this
analysis are summarized in Table 12.2 and Fig. 6.13 with the resulting temperature
given as

T.pr = (17.36 + 0.42) K, (6.31)

where T, pt is the weighted mean of the measurements in Table 12.2. The feedback
method relies on a measured 0Av,/OTR value, which is exactly what is measured
with laser cooling. As a result, while the error on 7, pr shown here is taken from
the weighted mean of all the measurements in Table 12.2 while the measurements
shown in Chapter 9 use the errors on the feedback method to account for additional
uncertainty in the measurement routine.

Date Method T, (K) o7, (K)
2020.08.11 Lineshape 17.56 K 0.62K
2020.07.30 Lineshape 16.73K 0.69K
2020.07.24 Lineshape 17.82K 12K
2020.07.14 AT B, 172K 24K
2020.08.24  PT B, 200K 5.6 K
2020.06.24 Feedback 20.3K 28K
2020.08.11 Feedback 18.3K 39K

Table 6.1: Summary of temperature measurements used to determine 7}, pp. All
methods agree and produce consistent results of a large period of time.
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Chapter 7

Heating Rates

A discussion of cold, trapped particles necessarily includes heating rates. To first
order, Penning traps have no driven motion and do not suffer from the “anomalous
heating” present in rf traps [75, 76]. In fact, the BASE group at CERN recently
observed the lowest reported heating rates of a single motional mode during a long
measurement of the cyclotron energy of a single antiproton [77]. Nevertheless, these
experiments are not immune to unwanted motional heating effects and this chapter
aims to discuss those present in the proton g-factor experiment. First, as in [77],
we observe low heating rates of the proton during transport from the PT to the
AT, consistent with the predictions of Eq. (3.60). With beryllium however, unex-
pected heating rates arise while transporting ions to the AT. With these heating
rates beryllium ions proved to be very challenging to work with and were the focus
of significant experimental effort. In fact, a limiting factor in the beryllium temper-
ature measurements performed in the magnetic bottle, as discussed in Chapter 8,
is the unexpected heating described here. Interestingly, we have found that this is
consistent with the phenomenon of resonantly enhanced transition probabilities due
to degenerate energy levels. Such phenomena is well documented in other systems
but has remained unexplored in Penning traps'. Finally, a characterization of the
trap anharmonicities follows and problems arising from charges introduced by the
cooling laser and by the ion loading procedure are discussed.

While limiting for temperature measurements involving transporting cold
beryllium ions, the low observed heating rates are very promising. Together with
the results from the CERN group, they suggest that in future experiments protons
can be prepared with sympathetic cooling to the milli-Kelvin level and transported
to the AT with no change in motional quantum numbers.

! Additional details can be found in [65]
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7.1 Proton Heating Rates

As a highly sensitive “particle thermometer” the AT can be used to measure heat-
ing of the modified cyclotron mode via the continuous Stern-Gerlach effect - see Eq.
(3.54). With v,(ny;) — v:(n4i11) =~ 74mHz, dn/dt can be measured simply by
tracking the axial frequency. However, during the measurements of this thesis, most
protons were prepared with sideband coupling, resulting in subsequently large cy-
clotron energies. As a result, the energy stability, and thus axial frequency stability,
is not competitive with [77]. Nevertheless, the stability shown in Fig. 7.1 is sufficient
to enable high precision temperature measurements in the magnetic bottle.

20
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z g
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— | |
0 20 ‘tl.?ne(m.ﬁ()) 80 100 0 -0.10 -0.05 0.00 0.05 0.10
Av, (Hz)
(a)
(b)

Figure 7.1: (a) Axial frequency measurements in the AT and (b) the resulting axial
frequency jitter, Av, = v, ,, — v, ,—1. During these measurements £, /kg < 5K and
the distribution of axial frequencies is expected to narrow at lower energies.

Following [30], the axial frequency stability in the AT is composed of two
components: white noise arising from fit uncertainty and (to a lesser extent) voltage
instability, denoted A, and the random walk of the cyclotron energy described by
Eq. (3.60), denoted A,. The axial frequency stability as a function of averaging
and waiting time, ¢, can then be written as,

(Av,) = /A2(t) + A2,(1). (7.1)

For a given averaging time of 60s, used during a g-factor measurement, the axial
frequency stability scales with the cyclotron energy E., and is described experimen-

tally by,
(Av,) =+\/a+bE, /kg. (7.2)

Here a, b are found to be (0.055 Hz? and (0.095 Hz/K)?. As a result, the measurement
shown in Fig. 7.1 is consistent with Eqs. (7.1) and (7.2) and is both sufficiently low
for a g-factor measurement and expected to decrease with lower radial energies.

Importantly though, we do not observe significant heating of the cyclotron
mode due to transport. During a measurement in which the proton is repeatedly
transported from the PT to the AT, the jitter of the radial energy is around 20 mK -

73



shown in Fig. 7.2. This is consistent with the predictions of Eq. (7.2) and indicates
that axial frequency scatter is not induced by the transport.
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A(E+ +[E-]) (K)

(a) (b)

Figure 7.2: (a) The radial energy of the proton is shown during a series of transport
measurements referenced to the lowest measured radial energy. Although subject to
a long term drift not present in the measurement of Fig. 7.1, the resulting distribution
shown in (b) is consistent with the the expectations from [77], and expected to
decrease with lower radial energies.

7.2 Beryllium Heating

With beryllium ions however, transporting into the AT poses a significant challenge
- in particular making some of the measurements shown in the following chapter
extremely difficult. During a typical transport sequence the maximum voltage of
the voltage supplies, V = —14V, is applied to two neighboring electrodes and
the particle is transported by raising the potential of a following electrode while
simultaneously lowering the potential of the previous electrode. However, unlike
with protons, beryllium ions are subject to very large heating rates using this maxi-
mum voltage. Following a measurement campaign to optimize the transport routine,
Fig. 7.4 shows the scatter of the axial frequency, and thus the change in radial energy,
as a function of transport voltage V. There is a clear minimum around V; ~ —6.5V
and all the following measurements are conducted at this setting. However, note
that the points shown in Fig. 7.4 should be considered a lower bound only. The ax-
ial frequency and ring voltage were found with a parametric excitation with limited
resolution. Further measurements used dip detection to optimize further but the
—6.5V setting remained unchanged.

In fact, the heating of the beryllium ions is, in some sense worse than simple trans-
port induced heating. While remaining in the AT we observe heating of a single
beryllium ion while ramping the ring voltage from V, = —6.5V — —6.0V, shown
in Fig. 7.6. In the magnetic bottle, the magnetic field drops from By ~ 1.98T to
By =~ 1.18 T. The resulting reduction of the cyclotron frequency causes the already
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Figure 7.3: During a transport sequence the beryllium ion is heated when the trap
frequencies are swept over a resonance point that enhances transition rates between
the modes. Temperature measurements were ultimately performed at a transport
voltage of —6.5V - see text for details.

small spacing of the trap frequencies to become even smaller. As a result, reso-
nances can occur at certain values of the axial frequency. For example, when the
ring voltage is set near V, =~ —6.2V, the trap frequencies can be written as

mv_ =v, = imﬁ (7.3)
Here m is an integer and in this particular case m = 3. Illustrated in Fig. 7.5, when
the trap frequencies can be described by Eq. (7.3), the energy eigenmodes of the
trap motion are degenerate. Coupling between the modes, which is especially strong
in the magnetic bottle, then allows energy to be exchanged. Transitions between the
modes are resonantly enhanced by these degeneracies as in other atomic or nuclear
systems. For example, this phenomenon is similar to neutrinoless double beta decay
experiments in which mass degeneracies in two atoms enhance the probability of
nuclear transitions [78]. We also observe increased scatter during a downward ramp
of the ring voltage over the m = 4 resonance point. Ultimately, ramping over
such instability points or resonances during a transport sequence is unavoidable
due to monotonic changes of the radial frequencies during the transition region
Bypr — Boar. With 50 and 20 data points respectively, we assign an average
scatter of the radial energy due to transport of

AE':i:,transport/kB = (22 =+ 02) K (74)
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Figure 7.4: During a transport sequence the particle is stored in two electrodes
which are subsequently ramped to move the particle along the trap stack. See text
for details.

and an average scatter of the radial energy due to ring voltage ramps of,
AFE. ramp/ks = (0.99 £ 0.14) K. (7.5)

As a result, even with optimization significant heating rates remain and make mag-
netic bottle temperature measurements with beryllium ions a significant challenge.

In the future this limitation could be overcome by raising the magnetic
field up to 7T, which is possible in the existing superconducting magnet or by
conducting temperature measurements in a weaker magnetic bottle. In addition,
better alignment of the trap axis with the magnetic field, as will be done during the
next assembly of the apparatus, is expected to reduce these heating rates with no
additional modifications.
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Figure 7.6: Axial frequency, and thus radial energy A(E, + |E_|), during a ramp of
the ring voltage, V,, = —6.5V — —6.0 V. Changes in the radial energy are believed
to come from instability points where trap frequencies are in resonance, enabling
energy exchange between the modes. See text for details.
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7.3 Induced Charges

While not necessarily a form of heating, the introduction of semi-permanent charges
onto surfaces near the traps presents similar challenges and should be discussed in
the same context. It is well documented, for example in [79, 80, 81], that bare
charges can appear on trap surfaces when exposed to scattered UV light and distort
the trapping potential. In these measurements, performed in rf traps, this distortion
results directly in larger heating rates in the form of increased micromotion. In our
case, when induced charges are present the trapping potential is distorted and shifted
from the geometric center. This then necessitates asymmetry compensation as in Eq.
(3.26), and reduces the signal-to-noise ratio of the dip spectrum through additional,
uncorrected modifications to the trap potential. In fact, we observe induced charges
from three sources: the cooling laser at 313 nm, the ablation loading procedure, and
the use of the electron gun - each of which creates free electrons or ions that can
attach to frozen out residual gas. An example of the shift in trapping potential
due to this effect is shown in Fig. 7.7, where the ring voltage of the ST is shown
and a large ~ 0.5V shift appears after many days of operation with the cooling
laser and repeated loading cycles. In fact, after this large shift appeared the trap
became essentially inoperable, with low dip resolution and large trap frequency
drifts. However, with careful alignment of the cooling laser and judicious use of the
ablation laser, these induced charges can be largely avoided and trap operation can in
principle continue indefinitely. Once introduced though, these charges remain until
the apparatus is warmed up to room temperature and are neutralized by collisions
with background gas.
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Figure 7.7: An example of shifts to the trapping potential that can arise from
induced charges onto trap surfaces is given. After more than a month of operation,
repeated loading cycles introduced a large shift of the trapping potential, and thus
ring voltage.

While fairly noncontroversial and a well-known phenomenon, this effect
was a source of considerable difficulty in the early days of commissioning the new
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apparatus. With the largest shifts coming from the ablation laser, we at first consid-
ered the idea that the ablation laser was coating the trap electrodes with a layer of
neutral beryllium that produced patch potentials. However, this idea was rejected
after observing the electrodes in question under a microscope and seeing no discol-
oration or visible coating. In a later run, we also observed that warming up the
apparatus to room temperature and cooling down again with no further modifica-
tions was sufficient to restore the original trapping potentials. As a final note, it
should be mentioned that this effect had a significant impact on the design and con-
struction of the experimental apparatus used for all following measurements. The
design shown in Fig. 5.1 and the top of Fig. 7.8 was modified, and the ST was moved
away from the AT and placed in between the ablation ion source and the coupling
traps. In this configuration, the ST acts as a buffer region, adding distance between
a “dirty” production region and a “clean” coupling region. Luckily, this design also
enabled the measurements presented in Chapter 9, in which coupling and cooling
between ions in two separate traps was demonstrated.

<>

30 mm

Figure 7.8: The trap apparatus was modified to place the ST between the loading
region and the ablation ion source. The buffer region proved valuable in preventing
the coupling traps from charging up. The results of the following chapters were
conducted in the new configuration.
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Chapter 8

Laser Cooling of Beryllium Ions

After much work to set up and characterize the new apparatus, a significant initial
success was the demonstration of laser cooling of beryllium ions. With the correct
theoretical understanding of Doppler cooling in the large magnetic field, this obser-
vation proved to be relatively straightforward, with many ways to observe reduced
beryllium temperatures. Some of the first signals observed were frequency shifts
due to k¢,, kp, and the reduced radial energy. While cooling, the characteristic
dip spectrum changes and provides a clear signal. We then went on to measure re-
sulting temperature of the beryllium ions using both a magnetic bottle temperature
measurement and the observed fluorescence spectrum.

8.1 Theoretical Treatment

Although laser cooling in ion traps is a common and well-established technique
(32, 42], the presence of the large magnetic field is a complicating factor. In this
chapter, familiarity with the basic principles of Doppler cooling is assumed, although
a full treatment of the repumping scheme and the level splittings unique to our
system is presented here. Fig.8.1 shows the relevant energy levels of °Be™ in the
1.98 T' magnetic field. At such large field strength the splitting of the atomic energy
levels can be described by the Paschen-Back effect - the high field limit of the Zeeman
effect where the spin-orbit coupling is broken by the external magnetic field. In this
limit, the good quantum numbers are m; and my, the magnetic and spin quantum
numbers, respectively. Be™, a lithium-like ion with a single valence electron, has
atomic energy levels (denoted here E, to distinguish from axial energy F.) given by,

Ea :E0+B(]/,LB (ml—i—gsms). (81)

Here FEj is the unperturbed transition energy, up is the Bohr magneton, and va-
lence electron has Landé g-factor, gs. Illustrated again in Fig. 8.1, Doppler cooling
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is performed on the strong dipole allowed 2S;/5 — *P3/o transition with natural
linedwith I' = 19.6 MHz [82]. In our case we cool mainly on the |myg, mjyo) —
|mi1,myq1) =|—3/2,—1/2) — |—3/2,—3/2) transition, where my 1, mj; are the nu-
clear and electronic spin quantum numbers and 0,1 denote the ground and excited
states, respectively. We have also observed cooling on the equivalent |[+3/2,+1/2) —
|[+3/2,+3/2) transition, with identical behavior. Rather uniquely, Be™, along with
Mg*, can be cooled using a single laser, relying on a rempumping scheme first de-
scribed in Refs. [83, 84]. Ignoring the nuclear spin quantum number, my, selection
rules limit the allowed driven transitions to Amj; = 41 and Amj; = 0,%1 dur-
ing spontaneous emission. Possible transitions are shown in Fig. 8.1, with a dark
state at my = +1/2. In experiments that require high fidelity state preparation,
e.g. in [8], a second laser a few hundred GHz away can be used to repump ions
in the dark state back into the cooling cycle. However, off resonant transitions
driven by the cooling laser can also be used to preferentially bring the ion back
into the cooling cycle. By using o~ polarized light (again, in the case of driving
the |-3/2,—-1/2) — |-3/2,—3/2) transition), the transition that populates the
my = +1/2 dark state is doubly disfavored - it can only be driven off resonantly
and only with opposite polarization. On the other hand, the transition from the
my = +1/2 dark state to the mjy = —1/2 excited state is only singly disfavored, as
the transition is preferentially driven with o~ polarized light. From the mj = —3/2
excited state spontaneous emission brings the ion back to either ground state, again
shown in Fig. 8.1.

Quantitatively, the population of the dark state can be found by taking
the ratio

p (do)
py= 200 8.2
a P((Soff) ( )
where &g, dog are the detunings of the cooling laser from the my = —1/2 — my =
+1/2 and my = +1/2 — m; = —1/2 states, respectively, and the transition rate
p(0) is given by [42],
S/2
o(6) = 1— (5.3)

1+ S+ (20/1)%
Here I is the natural linewidth of the S/, — P3/ transition and S is the saturation
parameter, assumed to be 1. Using the the values in Table 8.1, we estimate a dark

state population of
Py~ 1/10, (8.4)

for unpolarized light, and an average dark state occupation time of
tdark = 0.69s. (85)

This is sufficiently low to enable efficient cooling, even of single ions - albeit com-
plicated by thermalization with the axial detector. With o~ polarized light the
dark state population drops to P; ~ 1/19. In the measurements that follow, faulty
polarization optics introduced some difficulty in maintaining the polarization of the
cooling laser. As a result, 1/10 < Pjexp < 1/19 although uncertainty in intensity
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Zeeman Shift Function

—-1/2 — =3/2 vo + Bo i gs,,, — Bo s gp,,,  cooling

+1/2 —» —1/2 vo — Bous gs,,, + Bo i gp,,,  dark state pumping

-1/2 - +1/2 vo + Bo g gs,,, + 2Bo B gp,,, cooling cycle pumping
A(+1/2 = —1/2) 2By 1B 9s,,, — 2Bo p1B gp,,,  detuning from cooling laser
A(—1/2 — +1/2) —4Bo ps gp,), detuning from cooling laser

Table 8.1: The Zeeman shift terms for the relevant transitions of the beryllium ion in
a strong magnetic field are given where 14 is the 2515 —? P55 transition frequency
at zero field and no hyperfine splitting. The dark state population is given by the
relative detuning of the off resonant pumping into the dark state A(—1/2 — +1/2)
and the repumping into the cooling cycle A(4+1/2 — —1/2). See text for details.

and laser detuning during some measurements may have reduced the repumping
rates given by Egs. (8.2) and (8.3).

As a final note Doppler cooling in Penning traps is complicated slightly
by the negative energy of the magnetron mode as discussed in [43]. Unless the
geometry of the cooling beam is optimized or an additional force, such as a rotating
wall, is applied Doppler cooling will increase the magnetron radius. As a result,
the majority of the laser cooling shown in the rest of this thesis takes place with
the magnetron sideband, v,y = v, + v_, applied. This thermalizes the magnetron
motion with efficiently cooled axial mode and keeps the ions on a constant radius.
In the literature this is also referred to as axialization [85, 86].

82



Zeeman and hyperfine Paschen-Back
structure limit

m,_ m, m,

+3/2
+1/2
1/
. 32
< /’/ +3/3
E— —_—
i /5
2 , e
P3/2 P Ll 3/2

+3/2

+3/2

+1/p x +1/7

ot

+3/2

+1/2

f—- 172

—" 3/5

+3/2 I

N V) 3 i E 73/2
— . D

3/,

/2 — o)

+3/2
+1/2

1]

+1/2

3/
2p

1/2

+3/2

\::::: +1/2 A1 ; E
N /5 /2 .
_3/2 E E
313nm O-
B +3/5 E g
s +1/3 - +1/
s ; a2 :

[]]

3/5
S

1/2

+3/2

3/3

[l

Figure 8.1: Energy levels and splitting of Be™ in a strong magnetic field (not to
scale). The cooling transition from |myg, myo) — |mi1,myo) = |—3/2,-1/2) —
|—3/2,—3/2) is highlighted in blue while transitions to the dark state are highlighted
in red. The repumping scheme described in the text is also illustrated, ignoring the
nuclear spin quantum number m; with the dark state again highlighted in red. The
cooling cycle is closed by off resonant transitions that are preferentially driven by
o~ polarized light.
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8.2 Image Current Interaction

The first indications of laser-ion interaction were observed with the axial image
current detection system. As in Fig. 8.2, the laser can be far detuned, blue detuned,
or red detuned from the cooling transition. In the first case, when the laser is
far detuned the damping rate of the axial motion due to the photon scattering v,
is much less than the dip width ~p., or coupling strength to the detector. As a
result the ion is still able to “follow” the thermal noise of the detector i.e. the
ion and detector are phase locked and the characteristic dip signal remains. When
the laser is blue detuned with respect to the cooling transition however, the axial
motion of the trapped particles is excited and appears as a clear peak on the image
current detector. As in Fig.8.2 (b), heating of the radial modes also induces shifts
of the axial frequency as described by Eq. (3.54) and Eq. (3.22). Finally and most
importantly though, when the laser is near resonance and red detuned to cool the
ions, the dip spectrum vanishes. Here, v, > 7vpe, and as a result the ions are no
longer phase locked to the noise and do not thermalize at the noise temperature.
These dynamics are also described in [87, 88].

This observation was a very important first step in realizing laser cooling
in the new experiment. In particular, these first measurements were done before the
fluorescence detection had been fully implemented. Moreover, the magnetic bottle
measurement shown below relies exactly on the disappearing dip signal while the
demonstration of sympathetic cooling in Chapter 9 uses a similar change in the
dip-resonator spectrum as an indication of ion cooling.
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Figure 8.2: (a) Shown in blue, when the laser is far detuned from the cooling
transition the dip spectrum remains visible. Meanwhile, shown in orange, the dip
disappears when the cooling laser is near resonance and the ion is no longer cou-
pled to the resonator. The peak on the left side of the resonator is noise from an
axialization drive. (b) In a separate measurement the red detuned laser is weakly
coupled to the ions resulting in the blue dip spectrum with the double dip due to
coupling to the magnetron mode. Shown in orange, when the laser is blue detuned
to the cooling transition the ions are heated and, result in a large peak.

8.3 Magnetic Bottle Temperature Measurement

The temperature of laser cooled ions is typically determined by measuring the width
of an optical transition, as in, e.g. Refs. [89, 90], although other methods such as
resolved sideband spectroscopy [91, 48] or fluorescence imaging [92] are also possible.
However, because the proton temperature will ultimately be measured in the mag-
netic bottle and must remain cold for up to several minutes, an experimental goal
was to perform a similar measurement with a beryllium ion while also demonstrating
this as a new temperature measurement technique. Ultimately, these experiments
had mixed results - while cooling was certainly observed, the measured tempera-
tures were far above the Doppler limit. However, the reasons why are discussed and
are readily solvable technical problems which should be overcome in a new appara-
tus designed for these measurements. Still, the measurement sequence is described
here and the major results are presented - constituting the first magnetic bottle
temperature measurement with laser cooled ions.

8.3.1 Experimental Sequence

During a measurement, a single beryllium ion is stored in the CT! and laser cooled
with the disappearance of the dip is a signature of cooling. While laser cooled,

!The PT, while a larger and easier to work with trap, required large voltages to trap beryllium
at the resonator frequency and was not used.
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the axial mode is coupled to the cyclotron mode whose effective temperature can
then be read out in the AT using the continuous Stern-Gerlach Effect. Ultimately
with a temperature resolution of Av,/AE, kg ~ 9Hz/K, in principle a ~ 10 mK
level measurement is possible with enough statistics. Described here is the complete
measurement sequence for temperature determination in the AT:

1. The trap frequencies are measured in the CT. During the sideband measure-
ment of the cyclotron frequency, the cyclotron mode is thermalized by the
axial resonator, again by the relation,

T+ = TZ,O V+/VZ, (86)
where T, o ~ 6.7 K is the axial temperature when coupled to the detector.

2. The cooling laser is applied, the axial motion is Doppler cooled, and the dip
signal vanishes. While the cyclotron mode will also be cooled by the laser
there is no signal indicating that the cooling is successful as with the disap-
pearing dip. As a result, the cyclotron sideband is applied and the resulting
temperature is now given by

Tyr=T. v/ v., (8.7)

where T, 1, is the temperature of the axial mode when cooled by the laser. If
cooled to the Doppler limit 7, ; ~ 0.5 mK.

3. The ion is now transported from the CT to the AT at V; = —6.5V to minimize
the heating rates described in the previous chapter.

4. The cyclotron energy E, is found by measuring the (voltage adjusted) axial
frequency, v, (F.).

5. The ion is transported back to the C'T and the cycle begins again at Step 1.

Each data point produces a cyclotron energy E.,, or equivalently an axial
energy E, via Eq. (8.7). As in Section 1.2 and Section 1.3 a series of cyclotron
energies,

S (T-‘r) = {E+,0a E+,1a "'E+,n}7 (88)

is Boltzmann distributed and a fit to the data yields the temperature of the laser
cooled ion. However, because the dark state population is non-zero and non-
negligible, there is a roughly 1 in 10 (or 1 in 19 if o~ polarized light is used) that
the cooling stops when the ion is in the dark state and has begun to heat up by the
resonator - illustrated in Fig.8.3. As a result, S(7';) is not described by a single
Boltzmann distribution of temperature T, but by,

S(T+) =85 (T+7L) + Sdark- (89)
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Figure 8.3: During a magnetic bottle temperature measurement the ion occupies the
dark state for a time 4,1, before rempumping back into the cooling cycle. If the
cyclotron mode is coupled during this time, the ion will have an effective temperature
Tyarx and the energy distribution measured in the AT will be only approximately
Boltzmann distributed - see text for details.

This distribution S, is then the weighted sum of a Boltzmann distribution B(7%; 1)
arising from the laser cooling and the distribution after leaving the dark state xqark,

S (T+> =B <T+,L) (1 — Pd) + Xdark Pd, (810)

where the dark state population P, given by Eq. (8.2) and Ty 1 is given by Eq. (8.7).
In addition, the series S (77 1) is on average around nine times longer than S (7p),
again determined by the dark state population. Unfortunately, all of these parame-
ters are not known a priori due to uncertainty in laser intensity at the ion’s position
and uncertainty in polarization state after passing through birefringent windows.
As a result, we make the simplification that the distributions of both the ion energy
measured in the AT, S, and the dark state energy Sy, are Boltzmann distributed
and can be assigned an effective temperature 7' og and Tk, respectively.

The effective temperature T, o is a parameter that approximates the prob-
ability that a particle is found with energy E, by fitting a Boltzmann distribution to
St. In this way, T ¢ is found by a maximum likelihood parameter estimation and
compared to Monte Carlo simulations with Py = 0.1, 7 ; = 0.5K, and Tj = 15K,
shown in Fig. 8.5. Ultimately, we extract a minimum effective temperature of,

Tieg=T70+1.0K (8.11)
T, = 1.8+ 03K (8.12)

from the measurement shown in Fig.8.4. This should be compared with temper-
atures when coupled to the resonator of Ty y = 26K and 7., = 6.7K, showing a
reduction by a factor of 3-4. Note that the detector temperature in the ST is mea-
sured independently with a magnetic bottle temperature measurement, as described
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Figure 8.4: The blue histogram shows the cyclotron energy measured in the AT
after coupling to the cooled axial mode. The measured data follows the distribution
of particle energies measured in the magnetic bottle after laser cooling and coupling
to the cyclotron mode. An effective temperature can be extracted of T} ¢ = 7.0
and T, .4 = 1.8, with a fit to a Boltzmann distribution with free parameter, 7'
shown in orange. T . is limited by the repumping rate out of the dark state and
transportation induced heating. See text for details.

for the PT in Chapter 4. In addition to the dark state contributions, the transport
heating also contributes to the final temperature and the complete heating effects
are summarized in Table 8.2.

It is important to mention that these results should be thought of as a
proof-of-principle measurement that can be immediately improved in future versions
of the experiment. For example, the transport heating rates can be overcome, as
discussed in the previous chapter, while the dark state population can be minimized
with improved polarization and intensity control of the laser. Moreover, magnetic
bottle temperature measurements improve dramatically when using protons. The
transport heating effects are negligible and as the proton can be coupled to multiple
ions, the dark state occupation time, tg,, can be ignored. In this case the dark
state population only contributes to the final temperature by 7, ; = Tinin(1 — Paark)
where T,,;, is the temperature with zero dark state population.
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Figure 8.5: Monte Carlo simulations are performed at (a) T4, = 0.1K and (b)
T, 1 = 1K with an equal number of data points as in Fig.8.4. The full distribution
of N = 10000 is shown in (c¢) and (d), again for 7%, , = 0.1K and (b) 7} , = 1 K.
These simulations are illustrative of the distributions expected from Eq. (8.9) and
Eq. (8.10) where Ty = 15K and Pp = 0.1. At large N, shown in logarithmic
scale, the tail of the distribution is very long and reduces the probability of finding
a low-energy particle from the expected laser-cooling distribution.

Value (K) Uncertainty (K) Data Points
Transport Scatter 2.2 0.2 50
AT Ring Voltage Ramp 0.9 0.14 20
Magnetron Scatter 0.7 0.1 50
Minimum Cyclotron Temperature 7.0 1.0 47
Minimum Axial Temperature 1.8 0.3 47

Table 8.2: Summarized here are the heating effects during the magnetic bottle
temperature measurement. The transport scatter and scatter induced by the AT
ring voltage ramp are described in Chapter 6 and contribute to heating of the radial
modes. In addition, scatter is introduced by thermalizing the magnetron mode.
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8.4 Fluorescence Detection

One of the most successful measurements during the course of this work was the
observation of fluorescence with the newly designed in-situ fluorescence detection
system - described in Section 5.3. In fact, these measurements are the first to si-
multaneously utilize image current detection and fluorescence detection, and are the
first to demonstrate fluorescence detection with silicon photomultipliers (SiPMs) in
a cryogenic trapped ion experiment. While I designed the first implementation of
this system, Markus Wiesinger put in the indispensable work of achieving single
photon resolution without which the data shown here could not have been collected.
Together we collected this data and further details, including a complete discussion
of temperature limits and single photon SiPM operation, will be described in his
thesis [65] and an upcoming publication [64].

A limiting factor in the fluorescence detection experiments was scattered
background light leading to high background counts. However, with single photon
sensitivity the signal can be clearly distinguished, as in Fig. 8.6, by scanning the
laser frequency over the resonance. During a typical measurement with around 100
ions, again shown in Fig. 8.6, the laser frequency f; is modulated at

fr = fro+ Asin (2m x f,, 1), (8.13)

where A is a modulation amplitude of ~ 150 MHz, f,, is a modulation frequency
of ~ 0.1Hz. Both f, and A are set so that the maximum of f, is just below the
frequency at which the fluorescence signal is maximized. During such a scan, the
photon counts and the image current signal are taken simultaneously and the disap-
pearing dip phenomena is readily visible. When fluorescence counts are maximized
the dip signal vanishes, while at larger detunings the dip spectrum becomes visible
once again. As the a blue detuned laser rapidly heats the ions, the maximum mod-
ulation is set below the frequency for maximum cooling and fluorescence to account
for jitter of the sinusoidal modulation.

Finally, in a separate measurement in which the laser frequency is swept
over the entire resonance, the width of the fluorescence spectra yields a limit on the
axial temperature via the Doppler width,

fo [2kgT

A frwnm = N (8.14)

Here fy is the unshifted frequency and the resonance follows a Voigt profile with full
width at half maximum (FWHM),

A frwin = (33.8 4 0.07) MHz (8.15)
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Figure 8.6: As in Section 2.2 and Fig. 8.2, the axial dip is visible when the laser

is far detuned and Doppler cooling is negligible as in (a), left. However when the
cooling laser is brought close to resonance, Doppler cooling becomes efficient and the
ions are cooled (b), left. A similar cooling signal is also visible in the fluorescence
spectrum (right) where, as expected, the photon count is maximized when the ions
are coldest. The FFT spectrum shown on the left is taken when the laser frequency
and fluorescence counts are marked by the orange line on the right.
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Figure 8.7: The axial temperature of the laser cooled beryllium ions can be extracted
from the width of the fluorescence resonance. A fit of the Voigt profile to the data
puts the axial temperature below 60 mK - see text for details.

which limits the axial temperature to,
T, < 59.3mkK, (8.16)

shown in Fig. 8.7. Note that when the laser intensity is larger, the resonance is
asymmetric as the blue detuned laser quickly heats the ions.

Although the high photon background count necessitated measurements
with many beryllium ions, improvements such as laser stabilization and additional
in-trap shielding [67] mean that in the future it may be possible to work with
single ions. This would open up an entirely new class of experiments, for example
measurements with a co-trapped proton and beryllium ion.

Finally, it is important to note that these initial results, gathered in mid-
2019, were a huge step forward both in this thesis work and in the development of a
new proton g-factor experiment. In the end, we had three independent methods of
observing beryllium cooling: the disappearance of the dip, the reduced temperature
in the AT, and the narrow Doppler width fluorescence spectrum. Together these
form a complete toolbox that acts as the foundation of the sympathetic cooling
measurements discussed in the following chapters.
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Chapter 9

Resonant Coupling

The highlights of my thesis work are the measurements demonstrating the first
sympathetic cooling of protons with laser cooled ions. Instead of the common endcap
coupling approach described in Chapter 2 and in Refs. [5, 50], we have developed a
generalized resonant coupling scheme that couples ions in distant traps via a shared
axial detection system. This approach does not rely on a shared endcap and, in
addition, uses the large inductance of the resonator to compensate the capacitances
of Eq. (3.66). However, in this configuration the ions are strongly coupled to the
resonator throughout the entire cooling sequence and are cooled only by reducing
the temperature of the complete resonant circuit. As a result, we simultaneously
cool a mode of the cryogenic circuit to far below its environment temperature -
similar to other experiments involving cooling macroscopic objects [93, 94, 95].

In the course of developing this technique, we developed a new theoretical
model that allows us to extract the temperature of the proton, resonator, and laser
cooled beryllium ions, while not neglecting the contributions of the resonator coupled
to the environment. The first results are also shown, in which energy exchange is
observed between distant, resonantly coupled traps. In additional measurements, a
parametric excitation is applied to beryllium ions in one trap which then excite the
proton in another trap. With this foundation, we were then able to cool both the
resonator and the proton by exchanging energy with damped, laser cooled ions.

9.1 Theoretical Model

The measurements performed in this chapter all rely on the image current inter-
action of two ions in distant traps, mediated by the axial detection system. More
specifically, a single proton is stored in the PT while one or more beryllium ions
are stored in the ST. The PT and the ST share a common axial detection sys-
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tem and can be modeled by the equivalent circuit shown in Fig.9.1. The simplest
measurement with this system is an examination of the FFT spectrum at thermal
temperatures. Shown in Fig. 9.1, the ring voltage of the ST is kept constant and the
axial frequency of the beryllium ions is fixed. Meanwhile the ring voltage, V,., in the
PT is increased linearly with the axial frequency of the proton following. Measured
away from the center of the resonator, both dips appear in an FFT spectrum when
the axial frequencies are separated by more than the coupling frequency. However,
when v, p. &~ v, an avoided crossing appears’. This splitting, which occurs in
any system of two coupled oscillators, arises from the fact that the system is now
best described by a set of normal modes, in analogy to secular motion in an rf trap
or connected masses and springs. The same phenomenon can also be observed in
the sideband spectra described in Section 2.1.5. Shown in Fig. 9.2, this splitting is
extremely hard to resolve and in practice, means that fitting dip spectra becomes
untenable. As a result, we instead plot the amplitude of each FF'T bin as a function
of the ring voltage and, equivalently, axial frequency of the “probe” particle - in
this case the proton. The slight bending of the axial frequency is a clear indica-
tion of coupling between the two traps. Notably this data has been compared to
simulations performed by Christian Will (who also developed the data visualization
method of Fig.9.2) and shows good agreement.

However, when resonantly coupling laser cooled ions, some of the assump-
tions of the previous chapters no longer hold. For example, until now the axial
temperature of the trapped particle has been determined by the temperature of the
axial detection system. While this remains true for the proton, laser cooled beryl-
lium ions act as an additional damping force and change the temperature of both
the ions and the resonator. More concretely, in the absence of laser cooling the
following relations hold,

<PD> = kgTpAf = <J,22>R:’736kBTz: —<d§z>~ (9-1)
Here, Pp is the power dissipated by the detector at temperature 7p due to image
currents, J,, induced by the beryllium ions at temperature 7). In this case, the ions
are damped exclusively by the detector so T, = Tp and the bandwidth Af is equal
to the full width at half maximum (FWHM) of the dip, v5.%. When laser cooling is
applied, the system comes to thermal equilibrium and the temperature of the ions
is given by a power balance equation,

- <d§f> = (Pp) + (Pr). (0.2)

L Although this is notably not the case when the ions are ezactly on resonace. In this situation
one of the dips “disappears” in analogy to electromagnetically induced transparency (EIT). This
is described in more detail in [96]. Due to the narrow axial frequency splitting this phenomenon is
difficult to resolve in our experiment.

2Note that the dip width used throughout this thesis, and by the group as a whole, is the 3 dB
width, measured from the bottom of the dip whereas Af is the FWHM. However, since in what
follows g, only appears as a ratio to other coupling factors, the notation g, is retained.
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Figure 9.2: In a frequency region away from the center of the resonator, the axial
frequency of the proton kept constant while the axial frequency of a single beryllium
ion is increased by changing the ring voltage. Fitting dip spectra is difficult in
the region of interest, instead only the amplitude of the FFT spectrum is shown.
The avoided crossing, while small, is a signal of coupling between the two trapped
particles - see text for details. Figure adapted from one provided by Christian Will.
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That is, the power associated with the axial motion of the beryllium ions, — <C”fl%>,
is dissipated exclusively by the detector and laser with power (Pp) and (Pr), re-
spectively. This dissipation occurs on a time scale characterized by the coupling of
the ions to each element i.e.,

dEpe ~
— < df > = k’B Tz (’yBe‘i“/yL)- (93)
Here the coupling to the detector, v, is no longer just 2 yg. but is reduced by the
coupling of the beryllium ions to the laser with effective coupling time 7. Egs. (9.1),
(9.2), and (9.3) can then be combined to produce

Tpe(VBe +71) = TpVBe + T, (9.4)

which generalizes the “disappearing dip” phenomenon described in Chapter 8. In
fact, shown in Fig. 9.3, the amplitude of the dip is reduced by additional damping
from the cooling laser with damping constant . The current induced by the ions
while damped by the laser is then denoted J, and the image current interaction is
then described by,

ksTpse = () R, (9.5)

where T'p is the reduced temperature of the detector. The coupling of the ions to
the detector can then be written as

72
O (96)
Be TO <J2> B€7 .

z

by combining Eq. (9.1) and (9.5). We then introduce a measurable parameter, k,

given as
(%)
k= . 9.7
(7 0
In principle, k can be determined experimentally from a variety of methods, for
example from the FFT spectrum, as in Fig. 9.3, using the equation

" SR(¥) = Sne (v, 1) dv
Ja Sk (v) = Srpe (v, 7 = 0) dv

In this interpretation, k is the ratio of the area of the dip spectrum in the presence
of the laser with damping constant ~;, to the area of the dip spectrum without the
cooling laser. In Fig. 9.3, for example, k &~ 0.55. As a result, the difficult to measure
YBe can be written as

(9.8)

- T
e = — kBe, 9.9
B T, B (9.9)
where Ty is the unperturbed resonator temperature, found in Chapter 4 to be

T, = (17.36 + 0.42) K.
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Similarly, from the circuit model in Fig. 9.1, the coupling to the laser, v,

can be written as,
IR,
= 9.10

where I, Ry, and T}, are, respectively, the equivalent current, resistance, and tem-
perature values arising from damping of the ions by the cooling laser. Kirchhoff’s
current and voltage laws can then be applied, yielding the equations:

I = (J.) - <i> (9.11)
Ril; = Rp <J> , (9.12)

where Rp is the equivalent resistance of the resonator. After rearranging terms, v,
can be expressed as,

VL = %73@ (\/E — k:) . (9.13)

Finally, a power balance equation can be applied again to each element of
the system to determine the temperature of the proton, beryllium ions and resonator
where,

T,=Tp (9.14)
T Ts.~
YD + VBe
Tr~ T
T, = )BT 171 (9.16)
YBe + YL

and 7p is the width of the resonator. However, 7g. and ~; are not readily avail-
able from the experimental data and can be rewritten using only k£ and ~g. by
substituting in Egs. (9.13) and (9.9).

Although T}, T, and Tz, have algebraic solutions that are easily calculable
with a computer algebra system (CAS), the results are very long and not reproduced
here. However, the temperature during resonant cooling can be expressed with in-
dependently measured quantities and show that dip detection even during of laser
cooling is possible. Shown in Fig. 9.4, one of the most important parameters de-
scribing such a system is k. Qualitatively, for a fixed dip width, increasing k lowers
the temperature of the detector and proton until reaching a saturation point and
increasing again when the beryllium ions completely decouple from the detector near
k =1 and the dip vanishes.
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Figure 9.3: The FFT spectrum of the resonator in addition to the resonator with
and in the absence of additional damping of the beryllium ions from the laser.
and g, are defined in the text k is given by the ratio of the blue to orange shaded
region.
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Figure 9.4: The temperature of the detector and thus proton is shown as a function
of k. For fixed coupling to the detector, vp., and an effective “laser temperature” of
T, = 50 mK the temperature of the detector and resonator decrease nearly linearly
with £ until reaching a saturation point and rapidly increasing near the £ = 1
discontinuity point.
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9.2 Resonant Excitation

However, the first demonstration of ion-ion coupling via the resonant circuit was
not with sympathetic cooling but rather with energy exchange from excited ions.
More specifically, as shown in Fig. 9.5, we apply a small parametric excitation at
frequency 2v, to the ST which excites the beryllium ions. This lowers the SNR of the
dip, but does not result in a peak on the detector. We also confirm experimentally
that this drive does not heat the proton in the absence of beryllium ions. After
the excited beryllium ions and the proton are brought into resonance, the beryllium
ions excite a narrow band of the resonator which in turn excites the proton. We can
then tune the proton temperature by changing the amplitude of the drive in the ST,
thus changing the energy of the ions. The experimental sequence is as follows:

1. First, we measure the axial frequency of the proton in the PT, v, ;, while the
beryllium ions, in the ST, are detuned by adjusting the ring voltage.

2. The beryllium ions are then brought into resonance with the proton and the
detector and are parametrically excited with a drive in the ST at v,y = 2v,. In
this instance, the beryllium ions and the proton have the same axial frequency
but the parametric drive is weak enough and applied far enough away that it
does not directly excite the proton.

3. During this excitation the axial mode of the proton, in resonance with the axial
mode of the beryllium ions, is coupled to the cyclotron motion with a sideband
drive at vgpy = vy — v,. This translates the axial energy of the proton, in
thermal interaction with the excited beryllium ions, to the cyclotron mode of
the proton.

4. The beryllium ions are once again detuned, and the axial frequency of the
proton, v, o, is measured again.

At low energy the resulting frequency shift, Av, = v, 2—v, 1, arises from a nonzero B,
component of the magnetic field, due mainly to contributions from the ferromagnetic
ring electrode in the AT. Again, the shift of 3.54 can be written with the experimental
parameter kg, pr, and in this case,

Av, = kp, pr T = —85pHz/K ~ 1 Hz/eV. (9.17)

At higher energies, as shown in Fig. 9.6, the radial energy of the proton can be
up to several thousand kelvin or a few eV where T, > T, > Tj. At such high
energies, the axial frequency shifts are no longer Boltzmann distributed and the
energy distribution arises from the amplitude noise of the rf drive. As a result, it
is no longer possible to assign a temperature to the proton but instead the mean
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energy and the spread around the mean are given. In addition, higher order terms
become relevant, namely,

Aw, o C, T™? (9.18)
Aw, o< By, T™/? (9.19)

with n, m > 4. However, Monte-Carlo simulations with shifts due to these additional
terms do match the data of Fig. 9.6.

Again, and importantly, we also confirm that the proton is excited only by
the beryllium ions - not by coupling to the excitation drive. Shown in Fig.9.5 (a),
the FFT spectrum is taken with no excitation drive applied and appears identical
to the spectrum in Fig.9.5 (¢) in which the excitation drive is applied in the ST
but with the beryllium ions detuned. In addition, shown in Fig.9.5 (b), while the
drive is applied, the proton detuned, and the beryllium ions on resonance, the SNR
of the beryllium dip is reduced but no peak appears. It is only in Fig.9.5(d), in
which the drive is in resonance with the beryllium ions which are in turn resonance
with the proton in which a large peak appears, confirming that the energy exchange
between the traps is mediated by the detector and the ions - not by the drive itself.
In fact, the entire experimental sequence described above was performed at varying
detunings of the beryllium axial frequency. Unless on resonance, the energy scatter
was consistent with the scatter of the cyclotron sideband, as in Section 6.4.1.

With this measurement we make a number of important steps. First, we conclusively
show the resonant exchange of energy from a particle in one trap to a particle in
another, relying exclusively on the image current interaction. Importantly, this
energy transfer is independent of the resonator energy meaning that it is possible
to bring the entire system to a temperature not determined by the axial amplifier
or the cryogenic environment. This ultimately lays the foundation for cooling - the
capstone of this entire work.
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Figure 9.5: (a) The proton is on resonance is in resonance with the detector, while
the beryllium ions are detuned, and no drives applied. (b) The proton is detuned
from the resonator while the beryllium ions are on resonance and the 2v, excitation
is applied. Note that the drive strength is chosen to reduce the signal-to-noise ratio
of the beryllium dip but not to result in a peak. (c) The 2v, drive is applied as
in (b), but the beryllium ions are detuned and the proton remains at the thermal
temperature of the resonator. (d) The proton and beryllium ions are both in reso-
nance with the detector and the excitation is applied. The proton appears as a peak
above the thermal noise of the resonator.
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Figure 9.6: (a) A single measurement of the resulting temperature of a proton in
the PT coupled to beryllium ions in the ST with an excitation drive at —46 dBm.
The resulting temperature is measured to be Ty = 9669 £ 726 K — 7T, = 160 £ 12K
by a maximum likelihood parameter estimation. (b) The mean proton energy as
a function of the amplitude of the excitation drive applied to the beryllium ions is
shown and at low amplitude we observe the behavior in (a) - see text for details.
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9.3 Proton Cooling

With the coupling between the ions and the proton clearly seen in both the avoided
crossing and the resonant excitation measurements, the next step was to include the
laser for Doppler cooling. In both of these previous measurements though, the cou-
pling signal was the axial dip spectrum. With the “disappearing dip” phenomenon
described in Chapter 8, however, that signal goes away during the most straightfor-
ward application of laser cooling. As a result, using the model described earlier, we
instead chose to operate at large laser detunings and cool the entire system. In this
configuration beryllium ions in the ST are cooled with a laser frequency set so that
the dip spectrum looks similar to the orange spectrum in Fig.9.3. The proton is
then brought into resonance, resulting in a spectrum like the one shown in Fig. 9.7.
In the theoretical model developed in this thesis, a large area dip corresponds to a
small k-value, while the disappearing dip corresponds to k ~ 1.

We can then use the Cy induced shift of the axial frequency, described in
Section 4.4.2, to measure the temperature of the proton and the axial detection
system. In fact, this measurement is extremely similar to the one described there,
i.e. we measure

Av, = kp, T. ATR, (9.20)

but instead of changing T, with electronic feedback, the circuit is sympathetically
cooled by the beryllium ions. In addition we performed a complete measurement
campaign, tuning 7T, = Tp = T}, through the coupling to the detector, v, oc IV, and
the “laser temperature” with the laser detuning 77,(9).

The experimental sequence for a given laser detuning ¢ follows below.

1. The axial frequency of the proton, v, ;, is measured.

2. Beryllium ions are brought into resonance with the proton and the detector,
and the Doppler cooling laser is applied. No additional excitations are used and
the axial frequency of the proton, v, o, is measured again while the beryllium
ions are still present.

3. This is then repeated at different tuning ratios, yielding shifts, Av, = v, 1 -1, 9
as a function of TR.

The results of an individual measurement are shown in Fig. 9.8 in which the slope
m of the blue axial frequency shifts gives the change in temperature of the cooled
proton and equivalently the temperature of the axial detection system by

m

ATp = AT, = —. (9.21)

HD4
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Figure 9.7: The FFT spectrum of the proton, beryllium ions, and resonator with
additional damping of the beryllium ions from the laser is shown for a typical setting.
The axial frequency of the proton is shifted slightly due to the C4T, shift.

The orange points in Fig. 9.8 show a control measurement, in which we apply the
same measurement routine, but with the axial frequency of the beryllium ions de-
tuned from the proton frequency. As expected, when the ions are far detuned from
resonance there is no change in temperature and no axial frequency shift. However,
in the resonant case we see a clear modification of the axial frequency through a
frequency shift v, ; — v, o, which indicates sympathetic cooling of the single trapped
proton by means of resonant coupling to laser-cooled ions.

We also qualitatively observe behavior consistent with the temperature
model described above by measuring the temperature of the proton as a function
of the number of beryllium ions, changing g, by increasing the number of trapped
beryllium ions by, vg. &< N, with results shown in Fig. 9.9. Notably though, k varies
with Ng. and we need to bring k to a value at which the frequency of the proton dip
can still be observed. However, modifications of the resonator spectrum at varying
Npg. and fluctuating noise temperature due to laser cooling mean that extraction of
k from the FFT spectrum can be unreliable. As a result, a full quantitative analysis
remains as a goal for the future. With increasing vg. the beryllium dip remains
visible on the detector at detunings § closer to 6 = fo — T'g/2 - i.e. the detuning at
which the Doppler limit is reached where fy is the center of the cooling transition
and Iy is the natural linewidth. The temperature model used here however, required
significant refinement and was not fully developed until after the experimental run
had been completed. As a result, while used to guide some of the discussion in the
following outlook, the temperature model should be fully tested in the future. For
example, although the data used in Fig. 9.9 can, in principle, be used to extract k,
via Eq. (9.8), in practice such an analysis is difficult. While the axial energies of both
the proton and beryllium ions are Boltzmann distributed - effectively broadening the
axial dip - the SNR of the proton dip is constant and shorts the noise of the resonator.
The beryllium dip, on the other hand, is “smeared out” not only in frequency but in
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Figure 9.8: The axial frequency shift v, ; — v, 5 is shown as a function of the tuning
ratio which is applied to the correction electrodes. For beryllium ions tuned to
resonance (blue) a fit to the data yields the change in temperature, AT, and when
the beryllium ions are tuned away from resonance (orange) ATp = 0. See text for
details.

the SNR. In future experiments, e.g. with fluorescence detection, k can be extracted
independently and the behavior of the system can be fully characterized.

Finally, we assigned a minimum temperature by measuring the temperature
of the proton with large beryllium ion clouds. Although larger ion numbers are likely
possible, we ultimately found a minimum temperature, limited by the measurement
resolution, of,

Tymin = To + ATy max = 17.34 — 14.52 K = 2.8213 5 K. (9.22)

Here, AT, max is the maximum reduction in temperature and is determined by the
weighted average of the three minimum points around the gray line in Fig. 9.9. The
uncertainty is limited by the Cj shift method and the zero bound 7, > 0 and is
determined by the average error of the two feedback temperature measurements
shown in Table 12.2.

Ultimately, T, here was likely limited by the ion number and the high
temperature of the axial detection system. In the future, with an axial detector
temperature closer to 4 K (well demonstrated in our previous experiments [2, 1, 3]),
the goal of an improved g-factor measurement campaign with sympathetically cooled
protons using exactly this method is well within reach. We have demonstrated,
for the first time, sympathetic cooling of a particle with no optical spectrum by
coupling via image currents to laser cooled ions. It is the first realization of a 30
year old idea, with considerable potential to enhance precision measurements of
fundamental properties of fundamental particles - most importantly the proton and
the antiproton. Moreover, this newly developed resonant coupling technique has
broader application to a wide range of experiments. The remainder of this thesis
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Figure 9.9: The coupling of the beryllium ions to the detector, k, is varied by
changing the number of ions N, & vg. and d, the laser detuning from the highest
frequency used in the measurement campaign. Note that when k is close to one,
SNR, — SNRp, is small and it is difficult to resolve the proton axial frequency,
resulting in large uncertainties at some detunings. The minimum ATy is shown by
the gray band and is the weighted average of the minimum three points.

discusses some of these possibilities and places the measurements in the context of
larger physics goals.
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Chapter 10

Outlook

While important and the culmination of several years of work, these results are
preliminary. Sympathetic cooling of a particle with no optical spectrum is a big
step forward, but the minimum temperatures given at the end of Chapter 9 cannot
be resolved to high enough precision for an improved proton g-factor measurement
at high duty cycle. In a very real sense then, there is a decision to make going
forward, about how to prepare cold particles in Penning traps. In my opinion,
there are essentially, four related, but ultimately unique approaches that each have
considerable value. This chapter aims to describe the benefits and drawbacks of
each approach, with an emphasis placed on the resonant coupling. In particular,
my goal is to take the resonant coupling technique seriously and think about how a
new experiment could be designed that would maximize its utility.

10.1 How to Proceed?

10.1.1 Dilution Refrigeration

In some sense the most obvious approach, the bath cryostat could be replaced by
a dilution fridge. In fact, it is not necessary to even cool the entire apparatus - all
that is required is that the resonators and amplifiers are cooled with the dilution
fridge, all other components could remain at 4 K. Of course, dilution fridges have
very little cooling power (roughly three orders of magnitude less than the current
thermal load), but if our group had chosen to pursue this approach I think it’s
very likely that we would have an improved value for the proton g-factor now. It
would certainly be a similar challenge to engineer a new mechanical assembly but all
other techniques used in the 2017 g-factor measurement would still be applicable.
Critically, nothing would need to change inside the trap chamber.
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On the other hand this simplicity means that new methods would necessar-
ily not be developed. The techniques used in rf traps with optically addressable ions
are still vastly underdeveloped in Penning traps - in fact underdeveloped in a large
number of precision physics experiments. Ultimately, the question is of priorities
- is it more important to produce a new, higher precision value of a fundamental
constant or is it more important to develop new techniques that can enable a new
class of measurements? Our aim, decided nearly ten years ago, was to use the Mainz
experiment as a test bed for new developments that could ultimately be applied to
the CERN experiment as well. I'm happy to have contributed to this goal.

10.1.2 Quantum Logic Spectroscopy

On the other end of this technology spectrum lies quantum logic spectroscopy (QLS).
This is the technique used to great success in, e.g. atomic and molecular ion clocks
[97, 98] and is the approach taken by the Hannover group to improve the g-factor
of the proton and antiproton [8, 99]. Again the benefits are striking - just as atomic
clocks were able to improve dramatically by switching from a lower Q ~ dv/v
microwave oscillator to a higher () optical oscillator, similar gains in precision might
be achieved by optically driving cyclotron and Larmor transitions of a proton. Of
course, there is a reason why Penning traps are so underdeveloped with lasers. While
it’s relatively straightforward to Doppler cool ions in a Penning trap the results from
the Imperial College group have shown that the large magnetic field can introduce
many complications [48, 100]. In addition, the magnetic field itself can be a challenge
- fluctuations decrease the coherence time of any operation, whether cyclotron or
Larmor frequencies or atomic transition frequencies.

It seems clear that the QLS approach is the right one in the long term.
Aside from the fact that optical clocks based on QLS are the most precisely realized
physical systems, image current detection is inherently slow. FFT spectra take
roughly one minute, whereas an generic optical “gate operation” takes at most a
few ms to perform and read out. In the short term though, these techniques not quite
ready for an improved g-factor measurement. Finally, it’s important to mention that
while the QLS approach taken by the Hannover group uses particles stored in two
close, but separate traps (as is necessary for the measurements with the antiproton)
- measurements with a proton can be performed with a co-trapped single beryllium
ion - building on the success of the “two-ion crystal” [101, 7, 102].

10.1.3 Common Electrode Coupling

Of course, as the focus of my thesis work I have some bias towards this technique.
As a medium term approach, common electrode coupling has significant value for
precision measurements in Penning traps and beyond. There is a big question about
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which approach to common electrode coupling is correct though. The original ap-
proach, described at the end of Chapter 2, is what we've started referring to as
capacitive coupling. With this approach, and a switchable resonator, there is no
fundamental limit to the particle temperature as additional heating rates are negli-
gible. However, it is also extremely slow with coupling rates, as designed, of around
a minute. Resonant coupling is dramatically faster - around two orders of magni-
tude. However, without clever sequencing (coming at the cost of the coupling rate)
the particle temperature will be limited, roughly by the ratio of the dip width to
the resonator width.

The immediate plans for the Mainz apparatus are to implement the capac-
itive coupling and finally demonstrate particle temperatures near the Doppler limit
by implementing the high- (@) capactive switch described in Chapter 2. This is a good
approach and will fully implement the cooling scheme first described 30 years ago
[5]. In what follows though, I propose a new design that fully exploits the resonant
coupling technique to achieve very cold particle temperatures, with high coupling
rates.

10.1.4 Resonant Coupling - Proposal for a New Experiment
Design

Discussed in Chapter 4, there is little to optimize with trap design - especially for
the capactive coupling. While the number of beryllium ions certainly appears to be
an attractive tuning knob, in practice we find it difficult to work with more than
a few hundred ions. Namely the ion-ion interactions and slow cooling times can
lead to unpredictable shifts and continuous operation can be a challenge. Similarly,
while the trap capacitance was minimized during the design process it’s not feasible
to bring this down further - at least with the current design in which large metal
electrodes are separated by quartz or sapphire rings. As a result, the trap radius
and thus effective electrode distance, D.g o< r seems to be a relatively unoptimized
element. However, even with sub-mm traps, the coupling rate for the capacitive
coupling will be below a Hz.

However, when thinking about the resonant coupling case things become
much different. The cooling rate will essentially be given by the dip width of the
proton while the temperature is set by the dip width of the beryllium ions. The
limitations on trap radius have typically been set by concerns about patch potentials
and voltage stability at low voltages. However the following relations are useful to
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r(mm) | Gy (m™2) Deg Vi (V) e (Hz) Tn—y (K) Ty—1p (mK)

0.25 6.0 x 10° 04  0.17 480 0.12 27
0.50 1.5x10° 0.8  0.69 120 0.38 77
1.0 3.8 x10° 1.6 2.8 19 24 240

Table 10.1: Shown here are the parameters for a proposed new, small coupling
trap. At r = 0.5mm, the trap is still relatively large but yields a very large dip
width g, /~ 120 Hz with reasonable ring voltage V,. at v, = 750 kHz. The minimum
temperature of the proton and detection system is given for a single ion and ten
ions assuming the beryllium ions are cooled to the 50 mK demonstrated in the
fluorescence measurements. Cooling to the Doppler limit dramatically increases
performance.

consider:
v X kS (10.1)
r2
V, ocm/Cyocmr (10.2)
Mpe = 9m,,. (10.3)
(10.4)

Although challenging to construct, I propose using a small r = 0.5 mm
trap, to fully exploit the resonant coupling methods developed in this thesis. Table
10.1 shows the approximate values of important trap parameters assuming a 5-pole,
orthogonal, and compensated trap.!

At r = 0.5mm, the trap is still macroscopic and could, in theory, be
developed without micro-fabrication processes and still be trapped with voltages on
the scale we are comfortable working with. Of course, if the micro-fabrication is
desired or necessary, an even smaller » = 0.25 mm trap produces an even larger dip

width g, - trap parameters for r = 0.25mm, » = 0.5 mm, and » = 1 mm are given
in Table 10.1.

Similar performance also seems possible by developing a much higher @
resonator without changing the oscillator type. In particular, the dominant limi-
tation on the resonator ()-value at present is the amplifier but an amplifier is not
necessarily required for the coupling. With relatively marginal improvements to the
resonator (e.g. using a superconducting housing and further minimizing losses in

L Alternately, similar performance could be achieved by replacing the superconducting circuit
with an alternative oscillator. As discussed in [93], the resonant coupling can be mediated not by
the traditional image current detector coil but with a high-@Q quartz resonator, nano-mechanical
acoustic resonator, or even superconducting circuits. In fact, the use of a quartz resonator in
Penning traps has already been demonstrated in [103], although the coupling of the resonator
to the ion depends on more than just the @-value and in many cases there will be no gain in
performance.
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the magnetic field) at least an order of magnitude could be gained. In fact, during
resonator testing we have seen resonator widths on the order of 1Hz, compared to
the ~ 30Hz used during the measurements of Chapter 9. In fact, with a switch-
able detector, a “hybrid” coupling method can be imagined in which the benefits
of both the capacitive and resonant coupling techniques are utilized. Namely, each
trap would be connected to two resonators, first a "readout“ resonator similar to
those described in this thesis. This resonator would be used to readout the axial
frequency and would be detuned in a measurement - exactly as with the capacitive
coupling. However an additional, narrow detector with no amplifier could remain
during the coupling - enhancing the exchange time while only minimally heating
the ions. A “dream experiment” then could consist of combining this method and
a small radius trap.

Importantly though, even if these approaches are not followed large gains
could be made in a proton g-factor measurement using an apparatus very similar
to the one used in this thesis. Even with high cyclotron temperatures, e.g. on the
order of 1K, selective cooling such as used with selective resistive cooling in Section
3.2.1 and Section 4.1 the time cycle of a measurement could be reduced dramatically.
Compared to the ~ 1 min cooling time of a cyclotron resonator there is an immediate
gain of several minutes per cycle just by switching to the fast ~ Hz level coupling
times of resonant sympathetic cooling. If cooled to less than one Kelvin, even with
a large trap selective resonant sympathetic cooling could be competitive with the
much colder temperatures of the much slower capacitive common endcap cooling.

10.1.5 Quantum Engineering and Quantum Information

With an optimized experiment even single ions could be used to prepare protons with
cyclotron temperatures below 100 mK using the same procedure shown in Chapter
9. Critically, with such low temperatures there is a high probability, that the proton
is prepared in the cyclotron ground state - opening up an entirely new frontier
of measurements. Moreover, if the resonator is cooled close to the ground state,
experiments can be performed to confirm basic quantum mechanical predictions
with massive objects or constrain new decoherence theories [93, 104].

This probability of preparing particles with low quantum numbers is ex-
tremely important. In this system, beryllium has a rather uniquely low Doppler
temperature of ~ 500 pK while the ground state energy, £ = hv, at 750kHz is rel-
atively high. As a result, this new method is competitive with electromagnetically
induced transparency (EIT) cooling in which a large ion crystal can be prepared
with motional quantum numbers around 7 ~ 0.3 [105]. Particles could reasonably
be prepared with probability P(n = 0) > 0.1 and offer a new possibility of cooling
exotic species to the ground state or many particles to near the ground state, using
only simple lasers. Such cooling could be useful for preparing many body systems
for quantum simulation and with single ions possibly used for quantum simulation
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itself [106].
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Chapter 11

Conclusion

My thesis work began in 2016' when the g-factor measurement was first being
set up. Since then the proton group at Mainz has both begun collecting data for
this measurement, concluded this campaign, designed commissioned and ultimately
demonstrated new methods with a next generation apparatus. This last part in par-
ticular was the focus of my thesis work. After cooling down the new apparatus in
2017 for the first time, we demonstrated a new (for us) ion production method with
the laser ablation ion source that ultimately replaced the electron gun. Although
this in turn caused additional problems and necessitated warming up and cooling
down the apparatus several times it was an important experimental milestone. In
addition, while the very first laser cooling signals came relatively quickly, it took
a significant amount of time to collect new and compelling data such as the fluo-
rescence data and the magnetic bottle temperature measurement. In the end, the
minimum temperature of less than 3 K achieved during the magnetic bottle mea-
surement is not the most impressive but commissioning the AT itself (several times)
was a massive undertaking and troubleshooting the temperature measurement was
a frustrating but rewarding experience.

Ironically, the measurements that I (and the rest of the team) are most
proud of - those in Chapter 9 demonstrating sympathetic cooling with resonant
coupling - were some of the easiest. We often reflected that we could have made our
lives much, much easier by just coming up with the idea for these measurements
a year or two earlier. Nevertheless, we are very happy with the outcome. With
the resonant coupling technique we have demonstrated energy exchange between
trapped particles separated by arbitrary distances. Moreover, we have used this
energy exchange to reduce the temperature of the axial detection system to less
than 20 % of the environment temperature and subsequently sympathetically cool
a proton. This is the first realization of an idea from 30 years ago, before I was
even born, and the culmination of decades of work. In the future, when technical

las part of the 44+4 program in Heidelberg
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problems with the apparatus are solved and upgrades added the temperature can
even be reduced to a level enabling improved g-factor measurements and CPT tests
- with immediate applicability to the antiproton. Even more, the broad applicability
of this method suggests an even wider range of experiments could benefit.

With that I conclude my thesis. I hope this work proves useful to the
Mainz group and to others. Precision penning-trap experiments are an invaluable
part of precision physics and new techniques make them more relevant than ever.
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Chapter 12

Appendix

For reference some important trap parameters are presented here, and there is nat-
urally lots of overlap with the most recent thesis of the Mainz group from Georg
Schneider [30]. As in there, the values of many of these parameters changed monthly,
weekly, or even daily and are intended only as a approximate constants. In addition,
the main results of this thesis were conducted in the PT (with ST connected to the

same resonator) along with the AT so there is more focus on these parameters.

12.1 Hardware parameters

PT AT ST CT/BT
trap radius a (mm) 4.5 1.8 2.5 2.0
ring electrode length I, (mm) || 1.3099 0.4402 0.6656 0.5046
correction electrode length . (mm) || 3.5300 1.3309 1.9007 1.4937
endcap electrode length [, (mm) || 9.0000 4.4780 3.7870  7.9480
effective electrode distance D, (mm) || 10.0 4.2 5.7 4.6
effective electrode distance D, (mm) || 25.6 9.7 14.1 10.9
effective electrode distance Dy, (mm) 7.2 2.9 4.1 3.2

Table 12.1
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PT AT ST CT/BT
TRia  (U) 0.8810 0.8804 0.8807 0.8806
v, (kHz) 479 515 479 725
Cy (m—2) 18510 115360 59900 93 500
By (T) 1.98 1.18 1.98 1.98
By (Tm™2) —0.39 297000 - -
D, (m™?) 1.28 x 107 4.98 x 10'% 1.34 x 10 3.27 x 10'°
kpyp  (Hz/K/mU) 45.4 - - -
KB,y (Hz/K) —8.6 x 107° 100 - -
RBy,Be (HZ/K) - 11 - -

Table 12.2

12.2 Laser Cooling Parameters

e cooling transition: 2.5}/, — 2P3/9

cooling transition wavelength Ay : 313.11 nm
cooling transition frequency vy: 957.370 59 THz
cooling transition natural linewidth I': 19 MHz

laser linewidth linewidth I': < 100 MHz [88]
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