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Progress on antiproton cooling and an improved direct limit on

the antiproton lifetime

Abstract The Baryon Antibaryon Symmetry Experiment (BASE) probes CPT sym-
metry by comparing the fundamental properties of protons and antiprotons with highest
precision. We have compared proton/antiproton charge-to-mass ratios with a fractional
precision of 16 parts in a trillion and proton and antiproton magnetic moments with a
precision on the parts per billion level. Located at CERN’s Antimatter Factory, BASE is
currently constrained to perform the high-precision studies within the accelerator shut-
down period. For this purpose, several antiprotons are caught and then stored almost
indefinitely in a dedicated Reservoir trap.

High precision g-factor measurements require regular re-cooling of an isolated antiproton.
This thesis describes the characterization and optimization of a novel cyclotron-mode
cooling device, which lowers the cyclotron mode cooling time from previously 15 hours
to only 8 minutes and thus enables us to maximize the number of measurement cycles
in the limited window of opportunity. With the improved cooling performance, the spin
transition detection error rate is reduced by more than three orders of magnitude to
< 0.000023.

Furthermore, the optimization and routine operation of the Reservoir trap enabled us
to store antiprotons for (up until now) 1.5 years, with a typical consumption rate of
about one particle per two months for experimental purposes, highlighting the feasibility
of long-term measurement campaigns and experiments with extremely rare species. By
continuously monitoring the stored antiprotons in this time range, this thesis extracts a
direct lower limit on the antiproton lifetime of 52.54 years with a confidence level of 68%.

This improves the previous best value by a factor of five.

Fortschritt bei der Antiprotonenkiihlung und eine verbesserte

direkte Untergrenze der Antiprotonenlebensdauer

Zusammenfassung Das Baryon Antibaryon Symmetry Experiment (BASE) unter-
sucht CPT-Symmetrie, indem es die grundlegenden Eigenschaften von Protonen und An-
tiprotonen mit hochster Préazision vergleicht. Wir haben die Ladungs-zu-Masse-Verhéltnisse
von Protonen und Antiprotonen mit einer Genauigkeit von 16 p.p.t. und das magnetis-

che Moment von Protonen und Antiprotonen mit einer Genauigkeit im Bereich p.p.b.




verglichen. Das BASE-Experiment befindet sich in der Antimateriefabrik des CERNs
und ist derzeit auf hochprézise Messungen wéhrend der Stillstandszeit des Beschleunigers
beschrankt. Zu diesem Zweck werden mehrere Antiprotonen eingefangen und dann na-
hezu unbegrenzt in einer speziellen Reservoir-Falle gespeichert.

Hochprézise g-Faktor-Messungen erfordern eine regelméflige Nachkiihlung eines isolierten
Antiprotons. Diese Arbeit beschreibt die Charakterisierung und Optimierung eines neuar-
tigen Kiihlapparats fiir die modifizierte Zyklotronmode, der die benotigte Kiihlzeit von
bisher 15 Stunden auf nur 8 Minuten verkiirzt und es uns somit erméglicht, die Anzahl der
Messzyklen in dem begrenzten Zeitfenster zu maximieren. Mit der verbesserten Kiihlung
konnte die Fehlerrate bei der Spiniibergangsdetektion um mehr als drei Groflenordnun-
gen auf < 0,000023 reduziert werden. Dariiber hinaus ermoglichten uns die Optimierung
und der routinemafige Betrieb der Reservoir-Falle die Speicherung von Antiprotonen fiir
(bislang) 1,5 Jahre bei einer typischen Verbrauchsrate von etwa einem Teilchen alle zwei
Monate fiir experimentelle Zwecke, was die Durchfiihrbarkeit von Langzeitmesskampag-
nen und Experimenten mit extrem seltenen Teilchen unterstreicht. Durch kontinuierliche
Uberwachung der in diesem Zeitraum gespeicherten Antiprotonen wurde innerhalb dieser
Dissertation eine direkte Untergrenze fiir die Antiprotonenlebensdauer von 52,54 Jahren
mit einer Konfidenz von 68% ermittelt. Dies verbessert den bisherigen Bestwert um einen
Faktor fiinf.
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CHAPTER 1

INTRODUCTION

The Standard Model (SM) of particle physics [1] has been tested in numerous experiments
and, on many occasions, has produced theoretical predictions about the existence of
particles prior to their experimental discovery. This includes, for example, the discovery
of the exchange quanta of the weak interaction (W* & Z°) [2-5], the detection of the
top-quark [6, 7], and culminated in the discovery of the Higgs-Boson [8, 9].

Despite its tremendous success, the Standard Model has numerous shortcomings. For
instance, it does not include gravity — one of four known fundamental forces. Another
shortcoming is its inability to describe large parts of the composition of the universe.
According to data from the PLANCK space telescope [10], the universe consists of ap-
proximately 69% dark energy, 26% dark matter, and only 5% of baryonic matter. It is
only this small latter fraction — described by the SM — that forms stars, planets, and
other celestial bodies. And even these 5% have yet to be understood. For example, the

observation of neutrino oscillation contradicts the massless nature of SM-neutrinos [11].

One of the most pressing questions of modern physics is the striking imbalance of
matter and antimatter in the universe. The Standard Model is a local, Lorentz invariant
quantum field theory, and as such, it is invariant under the combined transformation of
charge (C), parity (P) and time (T) [1]. According to the CPT-theorem [12, 13|, particles
and their antiparticle-conjugates are perfect mirror images of each other, implying equal
production during the Big Bang [14]. Yet, during the earliest moments of the universe,
an excess of baryons over antibaryons emerged, which is referred to as baryogenesis [15].

Combining the SM and the cosmological A-CDM model, the expected radiative universe
would yield equal densities of baryons and antibaryons Ny = N, and a baryon-to-photon

ratio of Ny &~ Nj ~ 107'8N,. However, observations indicate a significantly larger
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baryon/antibaryon asymmetry, quantified by the parameter n [1, 16]:

Ng — Ny
N

v

n— ~ 10710, (1.1)
where Ng, N, N, are the numbers of baryons, antibaryons, and photons, respectively.
This observed value is more than eight orders of magnitude larger than the prediction of
our best theories [1].

A pioneer dealing with baryogenesis was Andrei Sakharov. He proposed three necessary

conditions to explain the baryogenesis, which are now known under his name [17, 18]:

1. Baryon number violation:
In order for a difference in abundance of matter and antimatter to exist, the baryon

number, normally conserved, has to be violated.

2. C- and CP-violation:
In case of CP-conservation, for each reaction that would generate more antibaryons
than baryons, a CP conjugate reaction would exist generating more baryons than

antibaryons.

3. Interaction out of thermal equilibrium:
In thermal equilibrium, all baryon number violating processes will be balanced by
their corresponding inverse reaction. In order to generate more baryons over an-

tibaryons, the violating process has to happen out of thermal equilibrium.

Although CP-violation was discovered — first indirectly in Kaon decay [19], later also
directly [20-25], and most recently in baryons [26] — it is not sufficient to explain the ob-
served baryon asymmetry in the universe [16]. A different explanation for the baryogenesis
could be caused by CPT-violation together with baryon number violation [27].

As a consequence of the fundamental CPT symmetry of the SM [28], particles and
antiparticles have identical masses and lifetimes, as well as equal but opposite electric
charges and magnetic moments. Additionally, matter and their corresponding antimatter
counterparts have exactly the same energy spectrum [28]. Consequently, experiments are
inspired to compare and test these fundamental properties in matter and their antimatter

conjugates with the highest precision.
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Figure 1.1: Selection of several CPT tests in matter/antimatter systems. The pink bars
show the fractional precision of the experiments, while the blue bars shows the energy
resolution AFE = hAv which is typically used in the Standard Model Extension.

1.1 Test of CPT symmetry

As CPT symmetry is a fundamental property of the Standard Model, no established
fundamental physics theory introduces a CPT-violating effect [28]. However — inspired
by interactions in string theories that lead to spontaneous breaking of Lorentz invari-
ance [29] — Alan Kostelecky and colleagues proposed an effective field theory allowing
for Lorentz- and CPT violation [30, 31] based on a minimal extension of the Standard
Model. This so-called Standard Model Extension (SME) provides coupling coefficients of
the Lorentz violating terms with the Standard Model, which can be constrained by exper-
imental observations [32]. In this context, exotic interactions V. cause variations of the
energy levels Fj, of the system under study, resulting in modified energy levels E, + AFE}
with AEy, = (|V,|v). Here, 1 is the eigenstate of the unperturbed Hamiltonian Hy, such
that Ey = (¢|Ho|t). For example, Hy might represent a charged particle in a Penning
trap. In order to compare CPT tests within different systems, it is therefore practical to
compare the energy resolution of the measurements instead of fractional precision, and it
is thus used to constrain the coefficient strength in SME [32].

Numerous experiments across different sectors have tested CPT symmetry, given that

neither the physical system nor the precision scale at which CPT violation might occur
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is currently known. Figure 1.1 shows several of these experiments giving the fractional
measurement precision and energy resolution. For example, the mass difference of neutral
Ky and K, mesons have been measured to a fractional precision of 8 x 10~ by comparing
decay channels of neutral and charged pions [33]. This constrains SME coefficients to
< 10718 GeV. In the leptonic sector, pioneering Penning trap experiments have compared
the electron and position g-factor with a fractional precision of 2 parts per trillion (p.p.t.)
[34], corresponding to an energy resolution of < 6 x 1072°> GeV. Despite being conducted in
1987, this comparison remains one of the most stringent CPT tests in the leptonic sector
to date. For the muon p~ and antimuon p*, the g — 2 values where recently compared

with a fractional precision of 0.2 p.p.m. [35] constraining SME coefficients to < 2 x 10724,

In the baryonic sector, CPT tests with low-energetic antimatter are conducted at the
unique Antimatter Factory (AMF) [36] at CERN. Here, 100keV antiprotons are made
available to six collaborations performing experiments using baryonic antimatter: AEGIS
[37], ALPHA [38, 39], ASACUSA [40], BASE [41], GBAR [42] and PUMA [43]. AEGIS,
GBAR and a part of the ALPHA collaboration are testing the gravitational behavior
of antihydrogen [39]. The PUMA collaboration aims to use antiprotons as targets for
scattering of neutron rich nuclei to investigate neutron skins [43]. For this, they plan to
transport antiprotons from the AMF to CERN’s radioactive ion beam facility ISOLDE.

The ASACUSA collaboration is set out to measure the ground state hyperfine splitting
of antihydrogen in flight, which they have already demonstrated using hydrogen [44].
Another part of the ASACUSA collaboration performs high-resolution spectroscopy of
exotic antiprotonic helium atoms [45].

The first milestone of the AMF physics program was the production of cold antihydro-
gen by the ATHENA and ATRAP collaborations [46, 47]. Building on the achievements
of the ATHENA experiment, and after about ten years of development time [48], the
ALPHA collaboration tests CPT symmetry to highest precision. In 2017, they reported
on a measurement of the ground-state hyperfine splitting in antihydrogen, achieving a
fractional resolution of 350 parts per million (p.p.m.) [49]. This was followed by a break-
through achievement of the characterization of the 1S-2S transition with a fractional
resolution of 2 parts per trillion (p.p.t.), corresponding to an absolute energy sensitivity
of 2 x 10720 GeV [50]. The recent demonstration of laser [51] and adiabatic cooling [52]
of trapped antihydrogen promises an increased precision measurement in due time [53].

Contrary to the majority of the collaborations in the AMF, which investigate proper-

ties of antihydrogen, the BASE collaboration performs high-precision measurements on
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the fundamental properties of single antiprotons, hence testing CPT-symmetry. This in-
cludes the determination of the proton-to-antiproton charge-to-mass ratio [54, 55|, the
determination of the proton and antiproton magnetic moments [56-58], and lifetime lim-
its on the antiproton [59]. In 2017, BASE determined the antiproton magnetic moment
on the parts per billion (p.p.b) level [56], improving the previous best result by more than
a factor of 3000 [60] and reaching an energy resolution < 2 x 1072* GeV. Most recently,
BASE reported on a measurement of the proton-to-antiproton charge-to-mass ratio with a
fractional precision of 16 p.p.t., corresponding to an energy resolution of < 2 x 10727 GeV,
which is the most precise test of CPT symmetry in the baryon sector to date. To further
improve these limits, the BASE collaboration is currently implementing the transportable
trap system BASE-STEP [61]. Our goal is to use this transportable trap system to move
antiprotons out of the accelerator environment of the AMF and to inject them into ded-
icated precision experiments located in calm laboratory space. Very recently, we have
demonstrated a first major milestone towards this goal, and have transported protons out
of the AMF of CERN [62]. On the long term and based on this strategy, we are aiming
at antiproton precision studies at 10 to 100-fold improved fractional resolution, compared

to our current best results.

To date, none of the experiments mentioned above have yielded any evidence of CPT
violation, while simultaneously providing tests of CPT invariance with improvements of

million-fold in precision.

Outline of the thesis

This thesis presents the development, implementation, and characterization of critical
upgrades to the advanced cryogenic Penning trap system used in the BASE (Baryon
Antibaryon Symmetry Experiment) collaboration at CERN. These improvements are de-
signed to enhance the precision in measuring the antiproton magnetic moment and to
establish a new direct lower limit on the antiproton lifetime — key objectives in ongoing
efforts to test the fundamental symmetries of nature, particularly CPT invariance.

The work begins with a discussion of the theoretical motivation underpinning CPT sym-
metry tests using antimatter. In this context, Penning trap experiments play a pivotal
role, offering a unique environment to confine charged particles and allow their fundamen-

tal properties to be examined with extraordinary precision. A comprehensive overview of
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Penning trap physics is presented in Chapter 2 followed by a technical presentation of the
BASE experimental setup in Chapter 3. This includes a detailed account of the instru-
mentation and methodologies employed for high-precision measurements of the magnetic
moments of both the proton and the antiproton.

A central focus of this thesis lies in the implementation of advanced g-factor measure-
ment schemes. These techniques form the basis for determining the magnetic moment
of single particles confined within a Penning trap, which requires meticulous control over
particle motion and environmental conditions. In pursuit of this goal, a novel mode-
cooling device was developed and characterized as part of this thesis. This innovation has
significantly improved the thermal stability and signal-to-noise ratio of antiproton mea-
surements. The results of this work, which demonstrate the device’s impact on reducing
motional energy and improving measurement precision, have been published in Physical

Review Letters [63] and are summarized in Chapter 4.

Further contributions involve the BASE Reservoir Trap, a sophisticated system essential
for the long-term storage and manipulation of antiprotons. Chapter 5 details the trap’s
configuration and operation, including the processes for catching, cooling, and maintain-
ing a stable antiproton cloud over extended durations. Through the work conducted in
this project, routine and reliable operation of the Reservoir trap was established, leading
to an unprecedented reduction in antiproton consumption to as few as one particle per
two months. This exceptional efficiency not only extends the feasibility of prolonged mea-
surement campaigns but also opens new possibilities for experiments involving extremely
rare antimatter species, such as antihydrogen molecular ions.

Among the most notable outcomes of this research is the successful demonstration
of continuous antiproton trapping and monitoring for more than 560 days — a new world
record for baryonic antimatter confinement. This achievement enables a more than fivefold
improvement in the direct lower bound on the antiproton lifetime. Chapter 6 presents the
methodologies used to verify the integrity of long-term storage and discusses the statistical
framework that supports the new limit, marking a significant milestone in the precision
study of antimatter.

The results presented in this work underscore the vital role of technical innovation in
advancing the frontiers of experimental physics. The developed systems and procedures
not only strengthen the capabilities of the BASE experiment but also lay the groundwork
for future investigations of CPT symmetry and the fundamental structure of the Standard

Model. As the BASE experiment continues to operate with the antiproton cloud caught
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in October 2023, the contributions of this thesis remain integral to its ongoing and future

successes.







CHAPTER 2

THEORETICAL BACKGROUND

2.1 The Penning trap

To carry out high-precision measurements of fundamental properties of charged particles,
it is crucial to trap them and detect them non-destructively. However, according to
Earnshaw’s theorem [64], a stable equilibrium for a charged particle in space cannot be
achieved using only electrostatic fields. This limitation led to two key developments in
ion trapping: the use of oscillating electric fields, known as Paul traps [65], and the
superposition of a static electric and magnetic field, resulting in the Penning trap, first
realized experimentally by Hans Dehmelt in the 1950s [66] and later by others.

Penning traps have since become instrumental in numerous milestone experiments in
the field of low-energy precision physics [46, 50, 56, 67-69] due to their conceptually pure
structure and the ability to store individual ions for long periods, allowing detailed studies.
The fundamentals of Penning traps and essential experiments have been reviewed among
others in [70-75].

The following sections will explain the motion of a trapped particle and the systematic

effects found in Penning traps, such as in the BASE experiment.

2.1.1 The ideal Penning trap

The concept of a Penning trap is based on the ideal assumption of a harmonic quadrupole
potential ® and a homogeneous magnetic field B. This section describes the dynamics of
a particle in a Penning trap and follows closely [70, 76].

In a homogeneous magnetic field B , pointing in the axial z-direction, a particle with

mass m and charge ¢ experiences the Lorentz force F; and starts oscillating with the
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cyclotron frequency

q
we = —B, 2.1
(2.1)

which scales with the strength of the magnetic field B = |§ |. For a particle with spin,

the spin starts precessing around the magnetic field with the Larmor frequency

94
==-—B. 2.2
L 2m (22)
Adding the electric potential
2
0(:.p) = Covi(2 - ), 23)

where C is a characteristic trap parameter defined by the trap geometry, V, denotes the
trapping voltage, and p? = 22 + y2, modifies the Lorentz force F}, experienced by the
particle

Fp = q(=V®+7 x B) (2.4)

and leads to the equations of motion of the particle:

& —yqB/m — qV.Cy/ma i — jwe — (W2/2)x 0
i+ aqB/m — qV.Coy/my | = | § + dwe. — (W2/2)y | =|0]. (2.5)
3+ 2qV.Cy/mz P+ w?z 0

The motion in z-direction can be identified as the motion of a harmonic oscillator, and
we define the oscillation frequency in the axial direction as
2qV,.Cy

W, = o (2.6)

To find a solution for the coupled radial modes in x- and y-direction, we introduce the

complex variable u = x + iy and get
2
i+ wett — %u — 0. (2.7)
Solving with the ansatz u(t) = exp (—iwt) leads us to
2

w? — wew + % =0, (2.8)

10
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-

\

Lo oooaa®

Figure 2.1: Trajectory of a negatively charged particle in a Penning trap (blue). The
three eigenmotions w_ (dashed green line), w, (yellow), and wy (pink) superimpose into
the trajectory of a particle in a Penning trap, depicted in blue. Both radial motions are
projected in pink on the bottom.

which gives us for w the two solutions

Wy = 4 (“”‘3)2—‘“3. (2.9)
2

wy is called the modified cyclotron frequency and w_ the magnetron frequency of the
particle. Figure 2.1 shows the trajectory of a negatively charged particle in a Penning trap.
It oscillates in z-direction, superimposed by two circular motions, the modified cyclotron
and magnetron motion, in the z-y-plane. Typical proton/antiproton frequencies in BASE
are v, =~ 29.65 MHz, v, ~ 636kHz, and v_ =~ 6800 Hz, following the hierarchy

vy S U, S U (2.10)

Looking at Equation (2.9), the discriminant has to be real and larger than zero, so that
the motion is stable. Therefore,
2w) < w? (2.11)

is the condition for a stable motion of a particle in a Penning trap. If this criterion is
not fulfilled, the electrostatic force pulling radially outwards is stronger than the magnetic

confinement, resulting in particle loss. In our case, it is used, for example, for cleaning the

11
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trap from unwanted ions, as the criterion is dependent on the g/m-ratio of the trapped
ion, which is especially useful when the wanted species are (anti)protons (more details in
Chapter 5.3).

The free cyclotron frequency w, is obtained by quadratically summing the three eigen-

frequencies, following the Brown-Gabrielse invariance theorem [77]:

w? = w? 4w + w?. (2.12)
This theorem is especially important, as it is also valid under elliptical trap imperfections

on misalignment of the electric and the magnetic field axis [70, 77].

An often-used estimate for the magnetron frequency is given by [70]

w?

s’ 2.13
W (2.13)

resulting from the fact that the magnetron frequency is much smaller than the cyclotron

and axial frequency (see Equation (2.10)).

Each of the three eigenmodes has a related energy E;. For the axial mode, the energy
E, is given by

E, = imwf,ZZ = mw?z?, (2.14)

where 2z is the maximum axial excitation and z the RMS amplitude. For the radial modes,
the respective energy is given by their kinetic and potential energy. For the magnetron

energy F_ the potential term prevails

1 1 1
E_= imwsz_ — mefpz R~ —mepr_, (2.15)

and for the cyclotron energy E. the kinetic term is dominant

1 1 1
E, = imwipi - mefpi A imwipi, (2.16)
with p; being the respective radii of the radial modes. Figure 2.2 depicts the energy
levels in a Penning trap, here not drawn to scale and without considering the spin of
the trapped particle. It should be noted that the energy of the magnetron mode E_ is
negative and therefore metastable, as removing energy increases the magnetron radius p_.

An increasing magnetron radius would ultimately lead to particle loss when the particle

12
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AE+=1.2x10"eV

A
n.t1 AE,=2.6x10%V
R AE. na1  DAE=28x107ev
3 e AE on-
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% n+1
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Figure 2.2: Energy levels of the trapped particle’s eigenmotion in the BASE Precision
trap, not drawn to scale. The metastable magnetron motion lowers the total energy with
increasing quantum number n_.

reaches the trap electrodes. Assuming radiation damping as the only loss mechanism, we
can calculate the decay time [70]
1 1 42 Wb 17

= = - ~1x10%2s~3x 10" yr. 2.17
T ~y_ ey 3mcE wy —w_ i vt (2.17)

The decay time 7_ is therefore so long that it is not relevant on the timescales of our
experiments.
When a particle is coupled to a thermal reservoir, the average mode energies F; are related

to the effective temperatures by
(E,) = kgT,, (E_) = kgT_, (Ey) = kgTy. (2.18)

Although a temperature can only be assigned to an ensemble of particles, in this thesis,
a particle’s temperature refers to the effective temperature calculated from its energy

eigenstates:

(2.19)

13
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Zp Z; 2, Z3 24 Z5 Zg Z; Zg Zg
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P correction 9 correction P

Z i
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(a) Hyperbolic trap (b) Cylindrical trap

Figure 2.3: a) Schematic drawing of a hyperbolic Penning trap. b) Schematic of a cylindri-
cal Penning trap with five electrodes. The center electrode is the ring electrode where the
trapping potential V; is applied. The neighboring electrodes are the correction electrodes,
enabling the increase of potential harmonicity. The outermost electrodes are the endcap
electrodes. Compared to a) the improved trap access is shown for a Penning trap in cylin-
drical geometry compared to a hyperbolic Penning trap.

2.1.2 The real Penning trap
2.1.2.1 The cylindrical Penning trap

Up until now, we have discussed the behavior of a single particle in a perfect trap: we
have considered an ideal electric quadrupole field and a perfectly homogeneous and stable
magnetic field. However, this does not reflect the real experimental conditions. On the one
hand, historically, hyperbolic-shaped electrodes were used to create an ideal quadrupole
field (Figure 2.3 a)). Nowadays, mostly cylindrical Penning traps are in use [78]. They
have the advantage of open end-caps, allowing laser access or loading particles via an
accelerator. Moreover, cylindrical Penning traps can be stacked, resulting in multiple
Penning traps in one experiment and allowing the transport of ions between the traps.
Additionally, the manufacturing precision of cylindrical electrodes is much higher than
that of hyperbolic electrodes. Figure 2.3 b)) shows a schematic of a cylindrical 5-pole
trap. As the name suggests, it consists of five electrodes, which have different functions.
In the center is the ring electrode, where the trapping potential V; is applied. Adjoining it
are the correction electrodes. Their function is to adjust the potential harmonicity. The
outermost electrodes are called endcap electrodes, which are normally grounded but can
be used to correct electric trap imperfections.

The potential of the trap can be analytically calculated by solving the Laplace equation

in free space, which can be found in [79]. Here only the main points will be stated; for
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2.1 The Penning trap

more details, the reader is referred to [79].

The potential on axis can be expanded in the power of the coordinates z7:
®(0,2) =V, > C;2, (2.20)
j=0

where the coefficients for a five-pole trap are defined by [79]

1 & [ Vicos(knzo) — Vs cos(k,A) S V-V,

C; = AV T; i + ; K2 (sin(ky,z2;) — sin(k,29,_1))
x %Sin(g(n +7))- (2.21)

In Equation (2.21) the geometry of the trap is reflected in the following variables: the
trap length A, k, = nm/A, the spacing between two electrodes d, and the inner radius of
the electrodes a. zy; gives the start coordinate of the (i + 1)th electrode and zg; 1 the end
coordinate of the 7th electrode, Iy describes the Bessel function of first kind. The applied
voltages on the different electrodes are denoted by V;. Going from the central electrode
outwards: V3 corresponds to the ring voltage V;, V5, and V} are the voltages applied on the
correction electrodes. They are normally given by V5,4 = Vi x TR, where TR is called the
tuning ratio. The voltages on the endcap electrodes are described by V; and V5 and are
normally grounded. Assuming a symmetrical potential in z-direction, odd C; coefficients

disappear.

For grounded endcap-electrodes and voltages applied on the correction electrodes de-
fined by Ve = Vi x TR, the C; coefficients can be expressed the following [79]:

Cj = Dj x TR + Ej, (222)

where D; and Ej; are defined by the trap geometry. When designing a trap, the free
parameters are the trap radius and the length of the ring and correction electrodes.
These parameters can be chosen such that the axial frequency of the particle doesn’t
change when changing the voltages on the correction electrodes, i.e., changing the TR,
so Dy = 0. This is called orthogonality. Moreover, it is desirable to have both C, and
Cs tuned to zero, as they induce unwanted frequency shift (see Section 2.1.2.2), which is

called a compensated Penning trap.
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Chapter 2 Theoretical background

2.1.2.2 Trap anharmonicities and energy-dependent frequency shifts

The axial potential is described by Equation (2.20) with the coefficients C; (Equation (2.21)),
where higher-order terms characterize trap imperfections. Due to symmetry reasons, odd
C; coeflicients vanish in an ideal experiment, but in reality, they can be present, caused by
patch potentials, manufacturing imperfections, and current leaks. This can be compen-
sated by applying offset voltages on the correction electrodes. Terms with even coefficients,
however, induce systematic frequency shifts, which have to be considered. The equation

of motion in axial direction is a generalized Duffing equation [79, 80]

..:_2 - j :_2(]02‘/;( 2CY4 3 306 5 ): 2( 2704 3 )
Z mﬁz(VrZC]z) - Z+ 022 +02z +... wy| 2+ sz +... ).

jzo (2.23)

Equivalent to the electric potential, the magnetic field can also be expanded in z-direction,
with the coefficients B;, which also introduce systematic frequency shifts in the eigenfre-

quencies of the particle.

B(0,z2) = iszﬂ‘. (2.24)

The invariance theorem, fundamental for high-precision measurements in Penning traps,
is strictly valid under the assumption of a perfectly homogeneous magnetic field and an
ideal electrostatic quadrupole potential. It remains robust, however, with respect to
a misalignment between the magnetic field and the trap’s electrostatic axis, as well as
to small elliptic distortions of the quadrupole potential. Any deviation beyond these
tolerances — such as significant magnetic field inhomogeneities or anharmonicities in the
trapping potential —introduces shifts in the measured cyclotron frequency of the trapped

particle and results in systematic frequency errors.
To illustrate one such effect, consider the relativistic shift of the cyclotron frequency.
Due to special relativity, the cyclotron frequency changes according to
ACL)C E+

= . 2.25
We mc? ( )

In the BASE experiment, an antiproton trapped with an energy of 1eV would exhibit
a frequency shift of about 107, or approximately Av. = Aw./27 ~ 30 mHz, compared

to a particle at rest. When aiming for sub-part-per-billion (p.p.b.) precision, it becomes
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2.1 The Penning trap

essential to account for all possible effects — both technical and physical — that can lead
to frequency shifts.

These frequency shifts arise from two main categories: trap-related imperfections, like
anharmonicities in the electrostatic potential and inhomogeneities in the magnetic field,
and intrinsic physical effects, like relativistic frequency shifts and frequency shifts due to

the particle’s interaction with its image charge, which break the cylindrical symmetry of
the trap.

All these effects cause energy-dependent deviations in the measured frequencies. These

have been calculated in [70, 71, 81] and a summary is presented in [70, 82]:

o
Aw, Jwy E;
Aw,/w Be E?
“ = (Mc4 + MBQ) E, |+ MC’G - + ... (2.26)
Aw_Jw_ P E.F,
AML/WL a E+E,
E,E_
with the corresponding matrices given by
%Q‘* —%QQ —302 -2 1 2
Mo — 1 Cy | =39 3§ 3 . 1 B 1 0 -1
Vi C3 | =30 3 3 |’ mwiBy | 2 -1 -2’
0 0 0 -0 1 2
_Lgs _sgr Mg dgi g1 a5
1 C 4504 15 45 _4502 _45()2 45
Mes = 2V2F§ ngzx ig 145 48592 42592 445 ’ (2.27)
Tty s 2 Tt Ty 2
0 0 0 0 0 0

with 2 = w,/w, and assuming the magnetron energy to be negative F_ < 0. It is noted
that the higher-order electric imperfection does not affect the Larmor frequency.
Moreover, the linear magnetic field gradient B; also introduces shifts in the cyclotron

frequency w,. The different equilibrium positions of the particle in the trap lead to
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slightly different probed magnetic field [83]

Awy ! (g;) (B, + |E_)). (2.28)

Wy mw,

As mentioned above, there are also relativistic shifts [70], which arise without the presence

of electric or magnetic inhomogeneities

Aw, fwy 1 T =2 5
2 +
AwZ/Wz _ _L % % ) _TT E (2.29)
Aw_ Jw_ me? | -2 - L EZ 7
AWL/WL % L —Qz -

with the speed of light c.

Moreover, the oscillating trapped particle also induces image charges in the surrounding
trap electrode. On the one hand, these are essential for particle detection (Section 2.2);
on the other hand, they also generate an electric field acting back on the particle, causing
a systematic frequency shift [84]:

Av, m

~ (2.30)

Ve dmegBia’’

where m is the particle mass, £y the vacuum permittivity and a the trap radius. In the
BASE Precision trap, this shift is ~ —4 x 107,

All of the above-listed frequency shifts influence the measurements conducted in BASE.
Most of them depend on the energy/temperature of the different eigenmodes of the parti-
cle. Therefore, it is essential to reduce the energy in the radial modes to a minimum; the
temperature of the axial mode is determined by the temperature of the detection system
(see Section 2.2.1). In addition, the precise knowledge of the mode energies is crucial for

the determination of the frequency shifts and the correction of the data.

Shifts induced by the electrostatic coefficients Cy and Cy are small by design of the trap
and can, in the ideal case, be completely tuned out. For the compensation of higher order
terms like Cy, additional correction electrodes have to be added [85]. The shifts induced
by the magnetic field inhomogeneity Bs, on the other hand, add the highest or second-
highest in systematic uncertainty for the respective measurement [55, 56]. Therefore,

it is important to reduce the B, component of the magnetic field as much as possible
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2.2 Particle detection and frequency measurements

systematic effect Av./v. (p.p.t)

relativistic 35
image charge 44
B, 18
By 340

B, optimum 6
By optimum <1

Table 2.1: Typical systematic cyclotron frequency shifts Av./v. in the BASE Precision
trap. The B1 and Bs shift origin from the respective residual magnetic field inhomogeneities.
Both components can be tuned using a superconducting shimming coil system at the position
of the Precision trap. With this, both components can be minimized and the respective
frequency shift are given as optimum value. For the optimum Bs shift an upper limit is
given, as the By component can be fully tuned out within error bars.

for cyclotron frequency measurements, for example, by implementing a superconducting
shimming coil system [86]. On the other hand, a high Bs is crucial for the determination
of the Larmor frequency, which will be discussed in greater detail in Section 2.3.

Typical frequency shifts in the BASE Precision trap induced by systematic effects are
given in Table 2.1.

2.2 Particle detection and frequency measurements

2.2.1 Particle detector interaction

Originally described by Wineland and Dehmelt in 1975 [68], the widely used non-destructive
detection method for Penning traps is summarized in [79] and reviewed in this section. For
BASE, where exotic antiprotons are studied, such methods are essential for high-precision
studies. They permit operation with particle consumption rates of approximately one par-
ticle every two months and uniquely enable continued experimentation during accelerator
shutdown periods, which is essential for the high-precision studies reported in this thesis.

Particles moving in a Penning trap induce image currents in the trap electrodes:

q .
I, = —p;, 2.31
p Deﬁ‘p ( )
where ¢ is the charge of the particle, D.g the effective electrode distance, describing the

strength of the coupling between particle and electrode, and the coordinate p;, where ¢
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particle & trap resonator amplifier

Penning trap

resonator

amplifier

(b) Equivalent circuit particle in a trap with res-

(a) Particle in trap with resonator
onator

Figure 2.4: a) A particle oscillating in a Penning trap is inducing image currents in the
trap electrodes. A resonant tank circuit is used to pick up the signal. In the next stage,
the signal is getting amplified. b) Detailed equivalent circuit of a moving particle in a trap.
The particle can be presented as a series LC-circuit. The parasitic capacitance of the trap
Cr and the resonator Cl..s are in parallel to the particles equivalent circuit. The equivalent
parallel resonator R}, has a voltage noise source e;,. The amplifier with input resistance R,
and the input voltage noise e, is coupled to the resonator with the coupling factor x.

can be one of the three eigenmodes z, +, —. These image currents are on the order of fA,
so to be able to detect the signal, a large resistance is needed. This is realized with a
coil with inductance L connected to one trap electrode, which compensates the parasitic
capacitance (), of the trap and appears like a parallel resistance R, on resonance. This
resonant circuit is also called resonator or detector within this thesis (see Figure 2.4 a)).
The motion of the particle in the trap interacting with the resonator can be described as
a damped harmonic oscillator

P4 qi+wiz =0, (2.32)

where 7 is the damping constant of the system. Multiplying Equation (2.32) by mZ and
integrating it in the time domain gives
1 1,

—mz® + —mw

2 _ 2
5 5w, = /myz dt. (2.33)

The left-hand side of the equation gives us now the total energy of the particle, while the
right-hand side reflects the loss due to dissipation with the detection system. This can
be connected to the power P consumed by the resistance R, when the image current I,

flows through it:
P =Uyl, = RyI> = mvz”. (2.34)
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2.2 Particle detection and frequency measurements

Utilizing Equation (2.31), we can express the damping constant by

R, [/ ¢ )2
=— | = 2.35
7 m (Deﬁ‘ ( )
and identifying the time constant 7 of the particle-resonator interaction as
2
D
r=2 ( ﬂ) , (2.36)
R, \ ¢

also called cooling time constant in the context of resistive cooling of the particle through
the detector.

Having another look at Equation (2.32), we can use Equation (2.31) and the damping
constant 7 to write the equation of motion in terms of current:

D

D2 . 2
St Ryl wime / I,dt = 0. (2.37)

q

m

D2
st and ¢, =

Establishing I, = m 7

1 g i ]
mw? D We can rewrite Equation (2.37) as

. 1
Il + Ryl + — [ Idt =0, (2.38)
Cp

which represents the differential equation that describes the time dynamics of a series-
tuned circuit. Such a circuit is also called a "notch" circuit because the impedance at
its resonance frequency w = 1/v/LC vanishes and the signal goes directly to ground —
it is shorting the signal at its resonance frequency [87], often also described as shorting
the thermal noise floor. Figure 2.4 B shows an equivalent circuit of the particle-resonator
system, substituting the particle by a series LC-circuit. The impedance of the particle

Z, is expressed by
1
Zp(w) = Zy, + Ze, = iwly + —— (2.39)

iwep
Looking at Figure 2.4, the impedance of the resonator Zr has also to be taken into

account. Above we approximated Zr ~ R, which is true when the axial frequency
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equals the resonator frequency w, = wr. The full resonator impedance Zy is

1 1 !
Irn=|—+— +iwC 2.40
R (Rp —+ il —+ w ) ( )

1 (wi—w? -
== —_ 2.41
(Rp +Z< wwp L )) 7 240

where wg = 1/V/ LC' is the resonance frequency of the detector. Taking the real part gives

us

R Ry (wwi L)?
Re(Zg) = P = PATTR , (2.42)
L+ Ryl (Rl + (R =

which is describing a pseudo-squared Lorentzian lineshape. Note that in the resonant case
(w = wg) the real part of the impedance is independent of w and equals to the effective

parallel resistance R,. It can also be expressed by
R, = QugrL, (2.43)

where () is called the quality-factor or simply @Q-value of the resonator. It is defined as
the resonance frequency wg divided by the full width at half maximum (FWHM) or in
logarithmic power units the 3 dB-width Aw

_ YR
Q=1 (2.44)

In our experiment R, is in the order of 100 M2 - 300 M2 [88] for axial and around 300 k{2
- 500k2 for the cyclotron resonators [89, 90], the loaded Q-value for the axial resonator
is around 25000.
Using Kirchhoff’s law, the total impedance of the particle-resonator system (as seen in
Figure 2.4 b), is

-1
1 1\! 1 1 1
Zi=|—=—+—) =—t+——tiwCr—" | . 2.45
tot (ZP+ZR> (Rp+iwL+2w +¢w1p+4lp) (245)

With the above-mentioned definitions of R, 7, l,, ¢, and the resonance frequency of the

detector wg = 1/v/LC, the total impedance of the coupled particle-detector system can

22



2.2 Particle detection and frequency measurements
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Figure 2.5: Example of a dip spectrum from the reservoir trap, with around 20 particles
trapped. Seen here is the resonator with particles shorting the thermal noise floor resulting
in a dip feature. The dip width v and the SNR are important characteristics for the dip
frequency measurements.

be written as

Ryl = w2)?

Ziot Z 5 (2.46)
(@2 = w2)? + [ (wh — w?)(w® — w?) + ]
i [gf; (Wi — w?)(w? —w2)? + Ryyw(w? — wf)}

(@2 = 02)? + [ (0 — ) — ) + 7]

WWR

The lineshape of the particle at resonance with the detector is given by the real part of

the impedance of the total system:

Ry (w? — w})?

(62 = )+ [ (o — W) — )+ ]

WWR

Re(Ziot) = (2.47)

Equation (2.47) visualizes again the behavior of a series LC- circuit: For frequencies
|w —w,| > 0 the impedance is given by R, and for w = w, the real part of the
impedance is zero. This gives us a so-called dip in the Lorentzian lineshape of the resonator

spectrum at the particle frequency w,, which is displayed in Figure 2.5. The full width at
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half maximum (FWHM) of the dip is

1 1 R, ¢*
vy = —y=——2—. 2.48
T T D%, (248)
It was shown, that this equation also holds for a small number N of particles confined in

a trap [68]: N MR
p 4

Wy(N)= —y=———. (2.49)
This relation is essential when monitoring the content of our Reservoir trap, normally
containing in the order of 10 — 300 (anti)protons (see Chapter 6).
The dip feature can not only be described by its width dv,, but also by its "depth", the
so-called signal-to-noise ratio (SNR), typically between 20dB - 30 dB. A spectrum as in
Figure 2.5 is obtained by measuring the Johnson-Nyquist noise ey, [91, 92] over the total

impedance Zy. It is defined as
e = \/4kgTRe(Z)B, (2.50)

where kg is Boltzmann’s constant, T the temperature of the system, and B the bandwidth,
which is the detection bandwidth of the input of the spectrum analyzer that records the
spectrum. With Re(Z(w, = wr)) = 0, the noise at the dip frequency should also vanish
completely. In reality, this is not the case, since in order to record the small signals,
an amplifier is coupled to the resonator system, therefore having an input voltage noise
source ey, as can be seen in Figure 2.4 b). This input noise raises the overall noise floor
of the system, making it impossible for the signal to fully drop to zero. The SNR of the
particle is hence defined as the thermal noise of the detection system ey, incoherently
added to the input noise of the amplifier, in reference to the noise floor e, added by the
amplifier. It has to be noted, however, that the thermal noise of the resonator is reduced
due to the coupling of the amplifier with the detection system, which is quantified by the

coupling constant x as defined in [88]. The signal-to-noise ratio is defined as:

(enr)? + e

2 )
n

SNR = (2.51)

(&
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phase shifter attenuator N I :
VCA '
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Figure 2.6: a) Schematic drawing of the feedback system. The detector signal is picked up,
attenuated by the VCA, phase-shifted, and fed back to the pick-up electrode. The resonator
consists of a resistance R}, inductance L, and a parasitic capacitance C),. & is the inductive
coupling factor between the resonator and the amplifier. b) SNR of the particle depending
on the feedback phase. Maximum negative feedback is applied at ¢,p:. Taken from [93].

and expressed in logarithmic power unit (dB), as we use in the laboratory:

kTR, K>
W+1>. (2.52)

SNRjes = log ( >

n

2.2.2 Active electronic feedback

Control of the temperature of the detection system employing active electronic feedback
is crucial for advanced Penning trap systems that perform high-precision frequency mea-
surements. On the one hand, the frequency scatter in the axial mode can be minimized
by reducing the linewidth [94] of the particle dip, leading to a more precise frequency de-
termination. This is essential, e.g., for the detection of single spin flips [95] as described in
Section 2.3 and Chapter 4, without which the determination of the (anti)proton g-factor
would not be possible. On the other hand, the energy of a particle in its respective mode
E; is determined by the detector’s temperature 7,

Vi

B = 2T, (2.53)

assuming here that sideband-coupling (see in detail Section 2.2.3) is applied and the
detector is oscillating at the axial frequency v, of the particle. From Equation (2.53) it
is obvious, that the energy of the particle’s eigenmodes E; is reduced by reducing the

temperature of the axial detection system leading to smaller systematic frequency shifts
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Figure 2.7: a) Schematic of a particle oscillating in a Penning trap with applied feedback.
The signal of the detection system is fed back to the particle with a feedback gain Grp,
which modifies the applied voltage. b) Equivalent circuit to a) in the particle’s view: Its
motion can also be described by an effective parallel resistance R.g and effective voltage
Vi eff-

due to anharmonicities in the electrostatic and magnetic field and relativistic effects [70]
(see Section 2.1.2.2). To minimize systematic shifts, negative active electronic feedback
can be utilized and enables us, for example, to efficiently cool the magnetron mode of
the trapped particle to an equivalent temperature lower than 10 mK. Moreover, it can be
used to measure the temperature of the detection system 7,,, which enters as one of the
main systematic effects in the last antiproton g-factor measurement [56]. This makes the
application of active electronic feedback cooling an essential part of measuring the proton

and antiproton g-factor.

Figure 2.6 a) displays the electronic implementation of active electronic feedback. It
can be applied by connecting a phase shifter and a voltage-controlled attenuator (VCA)
to the detection system and feeding the phase-shifted signal back to the hot end of the
detector. This leaves us with two tuneable parameters, the feedback gain G and the
feedback phase ¢rg. The feedback gain defines the strength of the feedback, which can be
controlled by changing the control voltage of the VCA. The feedback phase ppg determines
if positive or negative feedback is applied, which defines whether the detector is cooled or
heated by its own signal. Figure 2.6 b) shows the change in SNR for changing feedback
phase. Positive feedback is reached for the highest, and negative for the lowest SNR.

If the measured voltage drop V,, = I, R,, is instantaneously fed back to the particle with the
feedback gain Gg, it influences the motion of the particle as in Figure 2.7 a). Figure 2.7 b)
shows an equivalent representation for the particle. For it, the effect of feedback is the
same as in Figure 2.7 a) with the effective resistance Reg(Teq) chosen to make the same

potential variations Vg as in Figure 2.7 a). So with
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2.2 Particle detection and frequency measurements

V, = IR, + Grpl,R, (2.54)
Vig = I, Reg (2.55)

the effective resistance, which the particle sees when feedback is applied, is

Reg = R,(1 & Gpp). (2.56)
Making the same argument the effective temperature is

Ter = To(1 £ Geg). (2.57)

From Equation (2.48) we know that the dip width dv, is changing with R,

5VZ,FB

Teff = TO Sv >

(2.58)

as well as the energy E, = kgT, and the SNR. Figure 2.8 shows the effect of applied
feedback on the lineshape of the resonator a) and the particle dip b), here for positive
feedback. With increasing feedback strength, e.g. increasing VCA voltage, the Q-value
of the resonator increases with increasing effective R, ¢). In b) dip spectra for different
feedback strengths are shown. It is visible, that the dip width and SNR increase with
increasing positive feedback. The same in the reverse direction is visible for negative
feedback.

2.2.3 Modecoupling and sideband technique

To measure the cyclotron and magnetron frequency of a particle, we use sideband-coupling [96]
to couple one of the radial modes to the axial frequency. This is realized by irradiating a
quadrupolar drive
Evs = Re( By exp (iws) (28, + 2€.) (2.59)
at the frequency wyf = +wi+ F w, with the excitation amplitude E,; into the trap. This
transfers energy between the two modes with a Rabi frequency
qErf

Qp=——"—"-—. 2.60
0 2my /Wi, ( )

In reality, we do not know the exact Rabi frequency, so we are irradiating a rf-frequency
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Figure 2.8: The effect of applied positive feedback on the resonator. The strength of the
feedback increases with increasing VCA voltage. a) shows a broadband FFT spectrum of
the resonator. b) the dip for different feedback strengths in a span of 50Hz. The stronger
the feedback the larger the dip width. ¢) It is visible that the Q-value of the resonator is
increasing with stronger positive feedback.
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Figure 2.9: FFT spectra of a single dip (blue) and a double dip (yellow). The single dip
corresponds to the axial frequency v, and the yellow dips to the left and right sideband with
the frequencies v; and v,., respectively.

with a detuning 0: w,s = w, F w4+ + 6. This modifies the Rabi frequency to

O = \/Q2 + o2 (2.61)

Figure 2.9 shows the FFT spectrum without (blue) and during (yellow) irradiating the
so-called sideband drive w,s. While the sideband drive is applied, a double dip emerges at
the frequencies w; and w, for the left and right dip, respectively. For the cyclotron mode,

these sidebands are at the frequencies

o by
Wi+ = Wy — 5 — ? and Wr 4+ = Wy — 5 + ?, (262)
and for the magnetron mode
o o
_ = - - — _ = -+ —. 2.
wi, W, + 57 and  wy., Wy + 5 + 5 (2.63)

With the help of an independent measurement of w,, the radial frequencies wi can be

calculated and the detuning cancels out. For the cyclotron frequency, this leads to

Wy = wif + W + Wy — wy, (2.64)
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and for the magnetron frequency to
W_ = Wy — W] — Wy + Wy. (2.65)

The sideband technique is not only used for the determination of the radial frequencies
but also to cool the radial modes. During the coupling, the axial mode is continuously
thermalized by the detection system and exchanges energy with the coupled mode. The
radial mode is sampling a Boltzmann distribution defined by the temperature T, of the

axial detection system with the mean energy of the modes

(BL) = “EhyT.. (2.66)
This process is from here on also referred to as sideband-cooling. Important to note is,
that by measuring the cyclotron frequency using the sideband technique, the particle
also thermalizes with the axial detection system, and the cyclotron energy is determined
by Equation (2.66), defining systematic shifts of the particle (see Chapter 2.1.2.2). By
applying feedback cooling (Chapter 2.2.2), the temperature of the detector can be reduced

and with it the mode energies of the particle.

2.3 The continuous Stern-Gerlach effect

When a particle with spin is in a magnetic field, the spin starts precessing around the

magnetic field with the Larmor frequency (Equation (2.2)). This can be expressed as

g _w

I _ 2.67
2w (2:67)
and the g-factor is reminisced in the magnetic moment
i=g—L3 (2.68)
2m

So measuring the Larmor and free cyclotron frequency gives us access to the (anti)proton
magnetic moment. The cyclotron frequency can be determined by measuring the three
eigenfrequencies via image current detection and deploying the invariance theorem (Equa-
tion (2.12)). The Larmor frequency on the other hand, does not induce image currents

(Section 2.2.1), so a different method for its determination has to be used, the continuous
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Stern-Gerlach effect [97]. Here, a large magnetic inhomogeneity is introduced to the mag-
netic field in the Penning trap, which is also called a magnetic bottle. This couples the
magnetic moment of the trapped particle to the axial motion, which results in a frequency
shift Aw,. This frequency shift is dependent on the magnetic moment and thus also on
the spin state. The Larmor frequency is determined by irradiating a rf-drive around the
expected Larmor frequency and the corresponding spin-flip probability is detected. From
the resonance curve of the spin-flip probability for different drive frequencies, the Larmor

frequency can be extracted.

The magnetic field with a quadratic inhomogeneity of the strength By has the following

form

—

B(z,p) = Boé, + B2(<22 — g)e_; + pze_;). (2.69)

The coupling between the magnetic moment and the magnetic field with the potential
energy Fg = —[i - B leads to an additional force in the axial direction, resulting in the

equation of motion:

_g aq)E(Za p) _ laEB<Z7 p)

m 0z m 0z
2qC5V,  2u,B
z_—< 2t | 2 2)2, (2.70)
m m

where ®g(z, p) is the electric potential (Equation (2.3)). From this, the axial frequency

is extracted

21, B B
Wy = wagy |1k 222 m g, g £ (2.71)
mws MW, o
where 0 B
Aw, gp = 122 (2.72)
mw,

is the axial frequency difference between the two spin states. w,o denotes the axial
frequency without any inhomogeneities, determined purely by the quadrupole potential
Op.

Figure 2.10 shows the implementation and the effect of the continuous Stern-Gerlach
effect. In a) the field lines of the magnetic bottle are shown, with the corresponding
magnetic field in axial direction along the trap electrodes. Figure 2.10 b) denotes the
changed electric potential due to the influence of the spin magnetic moment.

The magnetic moment /i is not only composed of the spin magnetic moment fig, but also
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Figure 2.10: a) Ferromagnetic ring electrode with the corresponding magnetic field lines
and magnetic field in axial direction. b) The axial potential modified by the addition of the
magnetic bottle for spin-up and spin-down particles. Adapted from [41].

by the radial magnetic moments /i, fi_

fioflg + fy +fi_. (2.73)

The frequency shift Aw, gp can also be denoted with the respective quantum numbers of

the eigenmodes [98]:

hwy By 1 w_ 1 g
Aw, ~ —= - —|n_+= “mg |, 2.74
n mszO<<n++2>+w+<n —|—2>—|—2m ( )

with the spin quantum number m, = :I:%.

Utilizing the continuous Stern-Gerlach effect the magnetic moment of the electron and
position were determined in 1987 [69]. For protons, the first measurement of spin tran-
sitions [98] was conducted in 2011, also by applying the continuous Stern-Gerlach effect.
The determination of spin transitions for (anti)protons is particularly difficult because
pp/my, is a factor 107° smaller for protons than electrons. For this reason, a very large
magnetic bottle has to be implemented in the trap setup to be able to resolve the axial
frequency shift induced by a spin transition Aw, gr. For BASE the implemented magnetic
bottle has a strength of By ~ 266 %, which induces a frequency shift of Aw, sr ~ 173 mHz
(see Chapter 4.2.1).
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CHAPTER 3

EXPERIMENTAL SETUP

3.1 The Antimatter factory

Currently, the only place on earth where low-energy antiprotons can be provided is at
CERN, in the Antimatter Factory (AMF). Figure 3.1 shows the CERN accelerator com-
plex, with the well-known Large Hadron Collider (LHC) and its pre-accelerators. At
CERN, not only high-energy physics [8, 9, 99, 100] but also low-energy physics is inves-
tigated. For example, using rare-isotope beams at ISOLDE [101, 102] and inspecting the
properties of antimatter in the AMF [103, 104].

The purpose of the AMF is to produce antiprotons and to slow them down to low
energies (< 6 MeV), enabling experiments to test fundamental symmetries with low-energy
antiprotons. In the AMF, antiprotons are initially produced through collisions of high-
energetic protons (E = 26 GeV) from CERN’s Proton Synchrotron (PS) with an iridium
target, resulting in interactions with the protons of the target [103, 106]. Following

p(beam) + p(Ir-target) > p+p+p+7p (3.1)

antiprotons are produced. The produced antiprotons have an energy of E ~ 3.6 GeV,
which is too high to capture them in a Penning trap. Therefore, they are subsequently
injected into the Antiproton Decelerator (AD) [107, 108], where they undergo multiple
stages of deceleration interleaved with stochastic and electron cooling and leave the AD
with an energy of E ~ 5.3 MeV [103]. Since 2021, the new Extra Low Energy Antiproton
storage ring (ELENA) [36] has been supplying the experiments with antiprotons. It
decreases the energy of the antiprotons even further to £ ~ 100 keV and is able to provide

antiprotons to four experiments at the same time, compared to just one experiment with
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Figure 3.1: The CERN accelerator complex with a focus on antiproton production and
deceleration in the Antimatter Factory (AMF) (red box). H -ions are being accelerated in the
linear accelerator LINAC 4 (purple). Then, they are stripped of their electrons and continue
to be accelerated in the BOOSTER as protons (light purple). The protons enter the next
acceleration stage in the Proton Synchrotron (PS) (pink), reaching energies of E' = 26 GeV.
The Proton Synchrotron supplies various areas at CERN with protons, such as the East
Area, the AMF, and the next larger accelerator SPS, which then supplies beam to the LHC.
In the AMF, proton bunches are shot onto an iridium target for antiproton production.
Antiprotons resulting from these collisions still have an energy of E = 3.6 GeV. They are
guided to the Antiproton Decelerator (AD), where their energy is reduced to E ~ 5.3 MeV,
and afterward, they progress to the Extra Low Energy Antiproton ring (ELENA). Here,
the energy of the antiprotons is reduced further to ' =~ 100keV, and then the beam is
distributed to the experiments. Adapted from [105].
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Figure 3.2: Overview of the AMF facility located at CERN. Adapted from [104].

the AD alone. Moreover, the transmission efficiency through an additional degrader
(Section 3.2.3) of a 5.3MeV beam - like in the AD - is less than 2.5 %0, whereas for, a
100 keV antiproton beam, it is increased to 20 % [109], when a thinner, energy-matched
degrader is employed. As a result, ELENA delivers almost two orders of magnitude more
antiprotons to the users using the same pre-accelerator infrastructure, which is especially

important for antihydrogen production [38].

Figure 3.2 shows the interior of the AMF. Antiprotons are generated in the AD target
area, highlighted on the top left. From there, they are injected into the AD, which is in-
stalled along the inner perimeter of the AMF and encircles ELENA and the experimental
zones. Currently, six collaborations are permanently located in the AMF: AEGIS [110],
ALPHA [109], ASACUSA [45, 111], BASE [41], GBAR [42], and PUMA [43]. Among
these, AEGIS, ALPHA, and GBAR are set to investigate the gravitational behavior of
antihydrogen. Both AEGIS and GBAR have recently reported successful production of
antihydrogen [110, 112], while ALPHA has already successfully performed the first grav-
itational measurements with antihydrogen [39]. In addition, the ALPHA collaboration
conducts precision laser spectroscopy on the 1S-2S and 1S-2P transitions in antihydro-
gen [50, 113]. The ASACUSA collaboration aims to use an antihydrogen beam [111] for
studies of the hydrogen-antihydrogen ground state hyperfine splitting [114] and also in-
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Figure 3.3: Section view of the BASE apparatus. In the center is the superconducting
magnet, providing a 2 T magnetic field. Inside the warm bore of the magnet is the cryogenic
assembly cooled to 4 K by the refrigeration system consisting of two cryostats, each having
an LNy and LHe tank.

vestigates exotic antiprotonic helium for fundamental physics studies [45]. BASE tests
fundamental symmetries by performing high-precision measurements of the proton and
antiproton charge-to-mass ratios [55] and magnetic moments [56, 57| and aims to transport
antiprotons outside the AMF (BASE-STEP) in order to supply an off-line precision ex-
periment [61]. The PUMA collaboration also pursues the transport of antiprotons. They
aim to transport antiprotons to CERN’s isotope facility, ISOLDE, and to investigate the

interaction and annihilation of antiprotons with radionuclides [43].

3.2 The BASE apparatus

3.2.1 Vacuum and cryogenic setup

The BASE experiment is located centrally inside the AMF, as is shown in Figure 3.2.

Figure 3.3 shows a section view of the BASE apparatus. The main visible features are
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4K support
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electronic trap .
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Figure 3.4: View of the cryogenic assembly. In the center is the trap stack, which is
enclosed by the trap can. Together with the degrader, it forms a separate vacuum chamber.
Downstream of the trap can is the so-called electronics segment hosting the axial detection
system, filterboards, and all electrical connections necessary to operate the Penning traps.
Upstream of the trap can, beam monitors are located. They are used to detect the injected
antiproton beam, which helps with beam steering. The cryogenic assembly is on both sides
flanked by the 4K support structure and a protruding rod. The rod is made of annealed
copper to facilitate good heat transfer between the trap stage and the LHe cryostats.

a warm-bore superconducting magnet, housing the cryogenic stage including the Pen-
ning traps, detection systems [88], electronics [41] as well as a degrader [115] and beam
monitors, and two cryostats supplying the refrigeration for the cryogenic stage.

The refrigeration system has two stages to reduce the heat load. Coming from room
temperature (300K), the first stage is a 77K stage cooled by liquid nitrogen (LNjy),
depicted in red in Figure 3.3, followed by a second stage cooled to 4 K with the help of
liquid helium (LHe), shown in blue. The cryoliquids are stored in the two cryostats, both
containing 351 vessels of LN, and LHe each.

For the 77 K stage, aluminum boxes are screwed to the LNy cryostat, with interfaces for
the electronic connections coming from the Penning traps and the detection systems. The
two cryostats are connected with an aluminum tube inside the bore of the superconducting
magnet. It is connected to the boxes via copper threads and rests on the double-crosses.
The entire 77 K stage is wrapped with superinsulation foil to further reduce the heat load.

Inside the 77 K stage is the 4 K stage, cooled by the LHe inside the respective vessels.
Figure 3.4 shows a drawing of the 4 K cryogenic assembly. At both ends of the assembly,
an annealed copper rod is screwed to the bottom of the support structure. These rods are
used for heat transfer between the LHe cryostat and the 4 K assembly. For this, they are
clamped with a copper piece to the LHe-cryostat’s cold fingers (OFHC copper braids) to
absorb thermal contraction.

The 4 K assembly is mechanically secured to the 77 K heat shield with the help of Kevlar
strings [93]. Figure 3.5 a) shows a photograph of the 4 K support structure and b) mounted
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(a) Photograph of the 4K sup-  (b) 4K support structure in-
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Figure 3.5: Photographs of the 4 K support structure. a) shows the support structure with
the three PTFE-encased brass rods where the Kevlar strings are attached. b) the support
structure mounted inside the 77 K heatshield using the Kevlar strings. Photographs taken
from [93].

inside the 77K heatshield. Kevlar strings are placed around the three protruding rods
housed in PTFE, placed within 120° of each other, and are guided outside the heatshield
via hollow brass screws placed inside the heatshield. This minimizes, on the one hand, the
direct contact of the 4 K stage with the 77 K stage. On the other hand, the three contact
points enable the angular alignment of the 4 K assembly within the 77 K heatshield to a
precision of 10 pm.

In the center of the 4 K assembly (Figure 3.4) is the trap stack, which is enclosed by
the trap can. Together with the degrader, it forms a separate vacuum chamber. This
vacuum chamber is prepumped to a pressure p < 10~® mbar and sealed by cold-welding
a pinch-off tube. When cooled down to cryogenic temperatures, it can reach pressures
< 10~ ¥ mbar, which can be determined by the storage time of the trapped antiprotons
(see Chapter 6). Downstream of the trap can is the so-called electronics segment hosting
the axial detection system [88] (Section 3.2.6) and filterboards [41] as well as all electrical
connections necessary to operate the Penning traps (Section 3.2.4). Upstream of the trap
can, beam monitors equipped with four-sector Faraday cups are installed. They monitor
the injected antiproton beam, helping with beam steering (see Section 3.2.2).

Overall we reach temperatures of down to 5.2(1) K at the trap stage. The standing
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time of the cryostats is about 60 hours, making it necessary to fill the experiment with
cryoliquids every 2-3 days.

The following sections describe the components of the 4 K stage in more detail.

3.2.2 Beam monitors

The previously developed beam steering algorithm proved ineffective with the reduced
ELENA beam energy of 100 keV. Consequently, it was decided to upgrade the diagnostics
for beam steering. For this purpose, four new beam monitors were designed and built by
Gilbertas Umbrazunas (PhD Student, ETH Ziirich).

Figure 3.4 shows the position of three beam monitors on the 4 K stage. Another beam
monitor is placed at 77K attached to the 77K heatshield box on the upstream side
(Section 3.2.1).

The working principle of the beam monitors corresponds to the one previously installed
in BASE [41], with the difference that all readout electronics are now at room-temperature
compared to 4 K before. The beam monitor is a circular plate with four segments func-
tioning as Faraday cups and an aperture in the middle. Figure 3.6 shows pictures of the
different beam monitor designs. The first beam monitor on the 77 K stage is the largest
and has an aperture of 19 mm to allow a wider spread beam further downstream before
it gets more suppressed by the magnetic field of the BASE magnet. The aperture of
the following beam monitors is 9 mm. BM2-4 are mounted on the trap stack on the 4 K
stage. This resulted in some constraints in the shape of BM2, which made it necessary
to crop part of the active area on segments 2 and 3, as can be seen in Figure 3.6 b).
Compared to the old beam monitor, the new ones have their signal amplifiers outside
the vacuum system, making them easily accessible. Moreover, it also reduces the heat
load on the system because previously, it was necessary to heat the old beam monitor
during operation, as the amplifier electronics were not functional at 4 K. The amplifiers
are located upstream of the beam monitors in aluminum boxes at room temperature with
feedthrough flanges (see also in Figure 5.2 labeled BM box). The amplifier consists of an
inverting amplifier /integrator circuit with an additional video buffer amplifier to reduce
noise caused by the impedance mismatch of the long amplifier-to-oscilloscope distance
[116]. In total, 16 channels of the four beam monitors are read out by four oscilloscopes
(Keysight DSOX1204G 200 MHz). Incident particles hit the Faraday cups of the beam

monitors and create a sharp drop in the amplified signal that increases again over time.
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BM1

(b) BM2 implemented in the
(a) Different BM design trap stack

Figure 3.6: a) PCBs of the different BM designs necessary for the different positions. The
four Faraday cups are labeled with their respective channel number used for readout. b)
Implementation of BM2 in the trap stack, where the space limitation for the shape of the
beam monitor is visible. Segments 2 & 3 are slightly cropped due to the annealed copper
rod used to thermalize the tap system to 4 K.

The amplitude of this drop corresponds to the incident number of antiprotons on the
plate, enabling us to determine the fraction of antiprotons hitting one segment of a beam
monitor. This knowledge is essential to steer the beam through the degrader and into the
Reservoir trap (see Section 3.2.4 & Chapter 5) without annihilating upstream on other

elements of the beamline.

3.2.3 Degrader

As mentioned above, the addition of ELENA made it necessary to adjust the BASE
apparatus [41] to the lower antiproton energy, which was reduced from 5.3 MeV to 100 keV.
This is still too much energy to catch antiprotons in a Penning trap, and therefore, a setup
to decrease the antiprotons’ energy further is needed. At BASE this is done by using a
degrader foil. This section describes the new degrader setup implemented in BASE,
summarizing the publication [115].

The degrader setup has two primary purposes: Firstly, as a vacuum window separating
the extreme high vacuum (XHV) inside the trap can from the outer vacuum surrounding
the trap (< 107" mbar), and secondly to decrease the antiproton energy from 100keV to
below 5keV to permit antiproton catching. Figure 3.7 shows the degrader setup and the
integrated in the BASE trap can, the vacuum chamber surrounding the trap stack. The
trap can is closed by the degrader flange (silver), which also supports the degrader foil.
The current degrader window is a 1700 nm thick Mylar foil vaporized on both sides with a
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Figure 3.7: Scheme of the degrader setup implemented in the BASE experiment. Adapted
from [115].

30 nm thick aluminum layer. The vacuum window is glued using a thin layer of Apiezon N
grease [117] on a stamp (green) with seven transmission channels (holes with a diameter
of 1mm) placed in the corners of a regular hexagon with a side length of 1.5mm. This
gives a geometrical acceptance of 17% of the ELENA beam. Between the foil and the
stamp, the vacuum is sealed using indium. To protect the degrader foil from unevenness
in the indium seal, a Kapton ring is placed between them, covering the area where the
foil would touch the degrader flange.
The degrader foil and the stamp are held by a clamp (yellow), which is screwed to the
degrader flange and ensures even pressure distribution of the used indium seal, which is
placed between the degrader flange and the foil.
The rest of the degrader chamber is filled with copper foam, which increases the surface
area in the trap chamber by a factor of 2.5, which is utilized for better cryopumping in
the trap vacuum.

The complete degrader setup has an acceptance of 2.5% of the antiproton beam when

applying a catching potential of 5kV [115].

3.2.4 BASE trap stack

The BASE trap stack consists of four main cylindrical Penning traps [78], designed in
an orthogonal and compensated way (see Chapter 2.1.2.1): the Reservoir trap (RT), the
Precision trap (PT), the Analysis trap (AT) and the Cooling trap (CT).
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Figure 3.8: BASE trap stack with the four purpose Penning traps as implemented since
autumn 2022.

All electrodes are made of high-purity oxygen free copper (OFHC), except for the
ferromagnetic ring electrodes of the AT and CT. All trap electrodes are first coated with
an inner layer of 6 ym silver (RT and PT) or nickel (AT and CT) and an outer layer of
8 pm gold, and are separated and insulated by sapphire rings.

Figure 3.8 depicts the trap stack. The RT and PT are built in the same way: they
have an inner radius of 9mm, the central ring electrode has a length of 1.34 mm, and
the correction electrodes of 3.56 mm. Compared to this, the AT and CT have a smaller
inner diameter of 3.6 mm. Therefore, the traps are also referred to as big and small traps,
respectively. Besides the four traps described below, the trap stack includes two high-
voltage (HV) electrodes (green) enclosing the RT. They are required to catch antiprotons,
which is discussed in more detail in Chapter 5.2.

Between the PT and the AT lies the so-called transport section, used to transport
particles between the two traps. It has two functions: It contains electrodes with an inner
diameter shaped like a funnel connecting the electrodes of the traps with a larger inner
diameter (RT & PT) with the ones having a smaller one (AT & CT). Secondly, it increases
the distance between the big traps (RT & PT) and the ferromagnetic ring electrodes of the
small traps (AT & CT), which create magnetic field inhomogeneities. This is important
as field inhomogeneities induce systematic frequency shifts (see Chapter 2.1.2.2). The
increased spacing reduces the influence of these inhomogeneous components at the location

of the PT, where a highly homogeneous magnetic field is essential.

Reservoir trap

The RT [118] is the most upstream trap, enclosed by the HV-electrodes. It is used for

catching and storing of protons, antiprotons, and H-ions and for extracting a single
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particle to the precision measurement traps. The RT is vital for the execution of preci-
sion measurements, as it allows us to conduct measurement campaigns outside the beam
schedule, when the presence of disruptive noise sources is reduced [119]. A detailed de-
scription of the RT, and the catching, cleaning, and maintenance procedures can be found
in Chapter 5. The content of the RT is continuously monitored via an axial resonator
[88] with a resonance frequency of v, . ~ 802kHz to monitor the particle count by the dip
width (Chapter 2.2), letting us estimate a direct lower limit of the antiproton lifetime, as

presented in Chapter 6.

Precision trap

The PT is used to determine the free cyclotron frequency of the trapped particle and
is located downstream of the Reservoir trap, in the most homogeneous region of the
superconducting magnet to minimize systematic effects on the frequency measurements
(see Chapter 2.1.2.2).

The Precision trap is equipped with a tunable axial [88] and cyclotron detection sys-
tem [89, 90]. The axial detector resonates at a frequency of v, =~ 637kHz, and has
a feedback loop (Chapter 2.2.2). The cyclotron resonator with a resonance frequency
V... ~ 29.645 MHz can be used to cool the particle’s cyclotron mode resistively and de-
tect the particle’s modified cyclotron frequency. If the particle-detector interaction is
not desirable, it can be tuned nearly 4 MHz away from the particle’s cyclotron frequency
[90]. To compensate magnetic field inhomogeneities and fluctuations, a shimming [86]
and shielding system [119, 120] is located around the PT with a shielding factor > 50.
Utilizing the shim coils the quadratic magnetic field gradient By can be tuned in a range of
+500mT/m” and the linear gradient B; between 10mT/m and 24 mT/m. Additionally,

a coil is located next to the PT in order to drive spin transitions of the stored particle.

Analysis trap

The AT is used for spin state detection [95, 98]. It is located downstream of the elongated
transport section, separating the AT and PT trap centers by 74 mm. The transport section
ends with a funnel due to the smaller inner diameter of the Analysis trap of 3.6 mm. It is
equipped with a feedback-cooled [121] axial detection system with a resonance frequency
of v ~ 658kHz [88].

The spin state detection utilizes the continuous Stern-Gerlach effect (Chapter 2.3). For

43



Chapter 3 Experimental setup

this, a large magnetic bottle is needed, which is provided by a ferromagnetic ring electrode
made out of VACOFLUX 50, resulting in quadratic magnetic field inhomogeneity in
the AT of B, = 266(8)kT/m”. Although the magnetic bottle enables us to detect a
spin transition, it also introduces axial frequency shifts with a change in radial energy,
especially in the cyclotron mode [122]. For this reason, the AT is not equipped with
a cyclotron detector, and frequency detection of the radial modes is not possible via
sideband-cooling (see Chapter 2.2.3). Nonetheless, the magnetron and cyclotron frequency
can be determined by monitoring the axial frequency shift while irradiating an appropriate
drive. For this, a radial excitation coil is placed next to the AT. To reduce the residual
heating due to electronic noise [122], the radial and spin-flip coil are bandpass filtered,

and, if not used, grounded via cryogenic switches [123].

Cooling trap

The CT is a trap dedicated to minimizing the cooling time of the cyclotron mode of a
particle, thus increasing sampling statistics of a g-factor measurement (see Chapter 4.1).
For this purpose, it has a cyclotron resonator with a resonance frequency of v, =~
28.632 MHz with a tunability of 4.5 MHz, and a small inner diameter of 3.6 mm. This
reduces the effective electrode distance D.g of the trap to 4.8 mm compared to 21.5 mm
for the pick-up of the cyclotron detection signal in the PT. As the cooling time 7o ¢ D%
(see Chapter 2.2), the cooling time is reduced by a factor of ~ 20. Additionally, the
ring electrode is made out of ferromagnetic nickel, resulting in a magnetic bottle with
a strength of By = 42kT/ m”. An axial detection system is implemented, which should
be able to detect the cyclotron energy of the to be cooled particle through the axial
frequency shift. For experimental reasons, the AT detection system is used to determine
the cyclotron energy of the particle. A detailed description of this improved cooling

technique is presented in Chapter 4.

3.2.5 Electronics and wiring

This section gives a brief overview of the electric connections in the BASE experiment.
An exemplary detailed description of the different connections for the RT can be found
in Chapter 5.1.

Figure 3.9 [90] gives an overview of all electric connections from the BASE trap stack to

the corresponding frequency generators (FG), power supplies (PS), and signal analyzers

44



3.2 The BASE apparatus

(FFT), as well as the connected detection systems, filter stages, and excitation lines.
The trap electrodes are biased (black) by the ultra-stable precision power supply UM
1-14 from Stahl Electronics [124]. All DC-biasing lines are typically filtered by four RC
low-pass filters, on each cryostage one, with a cut-off frequency of about 30 Hz. Special
lines are depicted in different colors in Figure 3.9, for a more detailed description of the
various lines the reader is referred to Chapter 5.1.
To excite the particles’ eigenfrequencies, excitation lines connect frequency generators
to the trap electrodes (green). The radial excitation line is attached to a segmented
electrode to generate a quadrupole field coupling the respective radial mode to the axial
mode (Chapter 2.2.3) [96]. Two spin-flip coils (yellow) are placed next to the PT and AT
to irradiate a radio-frequency drive for spin manipulation.
To detect the axial frequency of the trapped particles, each trap is equipped with an axial
resonator [88]. The amplified particle signal (red) is read out by a Stanford Research
System spectrum analyzer (SR 780) [125], where the amplifier biasing is marked in blue.
To utilize active electronic feedback (Chapter 2.2.2), feedback loops (orange) are installed
in the PT and AT axial detection systems.
Additionally, cyclotron detectors are connected to the PT and CT and are depicted in
purple. More details on the resonators can be found in Section 3.2.6.
Last but not least, the HV-electrodes are used for catching antiprotons (see Chapter 5)
and are biased through a wire inside a grounded stainless steel tube, to avoid sparking
and crosstalk with the rest of the apparatus. They are tested to supply voltages up to
4.5kV, and for catching typically voltages up to 2kV are applied.
To reduce noise and with this unwanted heating of the trapped particles, all unused

lines are typically grounded via relays or a switch matrix [126].

3.2.6 Detection systems

The measurement of the eigenfrequencies of the trapped particle relies on the detec-
tion of image currents induced in the trap electrodes (see Chapter 2.2.1). In the BASE
experiment, this is facilitated by highly sensitive resonators [88-90]. As mentioned in
Section 3.2.4, each trap has one axial detection system, and two cyclotron resonators are
connected to the PT and CT.

The axial coils have a toroidal design and consist of three layers of 75 ym PTFE in-

sulated superconducting NbTi wire wound on PTFE cores. The coils are placed inside
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from [90].
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PTFE holders PTFE core chamber

(b) Photo of the CT cyclotron
(a) Sketches of the axial resonator design detector

Figure 3.10: a) Sketch of the axial resonators. PTFE-insulated NbTi wire is wound in a
toroidal design around a PTFE core, which is placed inside a NbTi housing and stabilized
with PTFE holders. The outer diameter A of the housing is either 41 mm or 48 mm, and
the radius of the central axis of the toroid b is either 13 mm or 15.75 mm for the big and
small traps, respectively. Taken from [88]. b) Photograph of the CT cyclotron detector.
The cyclotron detectors are solenoids wound out of 1 mm annealed copper wires soldered
directly to the bottom plate of their copper housing. Taken from [90].

cylindrical NbTi housings and wound on PTFE holders. Figure 3.10 a) shows sketches of
the design of the axial resonators [88]. The outer diameter of the housing A is given by
geometrical constraints and is 41 mm and 48 mm for the big (RT & PT) and small traps
(AT & CT), respectively, and the radius of the central axis of the toroid b is either 13 mm
or 15.75mm [127]. The four axial resonators are placed in the electronics segment of the
4 K stage of the apparatus (Figure 3.4). An overview of the different detector parameters

during operation of the experiment can be found in Table 3.1.

The utilized cyclotron detectors were designed and commissioned in the PhD work of
Markus Fleck [90]. They are solenoids made of 1 mm annealed copper wire and placed
inside an OFHC copper housing. To minimize parasitic capacitance and electromagnetic
interference, the wire length to the trap electrode was reduced by placing both cyclotron
detectors directly next to the trap stack, inside the trap can. This contrasts with the
2016/2017 run, during which the detectors were located in the electronics segment along-
side the axial resonators [41, 56]. The location inside the trap can also provides additional
shielding, resulting in an overall lower detector temperature (see Chapter 4.2). The cy-

clotron detectors include a varactor, resulting in a tuning range of the resonance frequency
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detector V.. Q-value R, L

RT axial 802 kHz 10600 76.6 M 1.43mH
PT axial 637 kHz 10400 71MQ  1.71mH
AT axial 658 kHz 21500 195MQ  2.19mH
CT axial 620 kHz 21500 183 ,MQ 2.19mH

PT cyclotron 29.645MHz 1400 412k 1.58 uH
CT cyclotron 28.632MHz 1050 340k 1.73uH

Table 3.1: Overview of the different resonators implemented in BASE with their resonance

frequency v, their Q-value, parallel resistance R, and inductance L.

res’

of & 4 MHz. Parameters of the implemented cyclotron detectors are shown in Table 3.1.

3.2.7 Electron gun

An electron gun is installed as the most downstream part of the trap stack and fulfills two
purposes: It is used to load electrons into the RT to sympathetically cool antiprotons,
and to generate protons, which can be used for the commissioning of the experiment.
Electrons are emitted from a tungsten wire using field emission induced by tunneling.

In Figure 3.11 a scheme of the electron gun assembly is shown. It consists of three
electrodes and a sharp field emission point (FEP) made of tungsten wire. Outermost of
the assembly is the base-electrode, in which the FEP is screwed. It is negatively biased,
typically at -45V, and defines the energy of the electrons emitted by the FEP. Directly
adjacent to the tip of the FEP is a HV-electrode, typically biased to ~ 1250V. The
potential difference between the FEP and the HV-electrode pulls electrons from the FEP,
resulting in an electron beam. Changing the HV adjusts the intensity of the beam of
~ 130nA. Closest to the trap stack is a grounded shield electrode. On the opposite side
of the trap stack, in upstream direction, is a copper mesh (see also Figure 5.3), which is
used as a target for the electron beam. On the one hand, the current from the absorbed
electrons is measured and used as a diagnostic tool. On the other hand, it is used as
a target for generating protons due to molecular hydrogen dissociation when interacting
with the electron beam.

Another important field of application is the usage of electrons to cool antiprotons after
catching [128]. Electron cooling in this context means cooling antiprotons sympathetically

with colder electrons. Particles trapped in a magnetic field lose energy by cyclotron
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Figure 3.11: Schematic of the electron gun. Adapted from [130].

radiation, with the cooling time constant [129]

m3c?

Trad X
As electrons are ~ 2000 times lighter than the antiprotons, they lose energy much faster in
the form of cyclotron radiation than antiprotons and can then sympathetically cool them.
The colder antiprotons are subsequently cooled further resistively via the interaction with
the detection system.

When loaded, electrons can be detected as a shift in the resonance frequency of the axial
resonator [68, 131]. The theoretical induced frequency shift after loading N, electrons is
[132]

Av = 0.004556 + 0.000079 x Ne. (3.3)

To sympathetically cool antiprotons, we normally load in the order of 6.3 x 105 electrons,

corresponding to a resonator shift of ~ 500 Hz.

49






CHAPTER 4

THE COOLING TRAP AND ITS
RELEVANCE FOR THE ¢-FACTOR
MEASUREMENT

After CERN’s Long Shutdown 2 (LS2) the goal of the BASE experiment is the improved
(more precise) measurement of the antiproton magnetic moment [56]. In 2016/2017 the
magnetic moment of the antiproton was measured to a precision of 1.7p.p.b. [56, 58].
Overall, the statistical uncertainty of the measurement is the dominant uncertainty, there-
fore one way to improve the precision of the next g-factor measurement is an improved
sampling rate. This is necessary since BASE can only perform high-precision measure-
ments during CERN’s YETS (Year End Technical Stop), typically lasting for about three
months.

This Chapter first reviews the principle of a high-precision g-factor measurement in a
Penning trap and then outlines the newly implemented Cooling trap and its significance
for an improved g-factor measurement of the antiproton, which was first published in
Phys. Rev. Lett., with contributions of the author of this thesis [63].

4.1 The g-factor measurement

As mentioned earlier (Chapter 2.3), the g-factor of a proton/antiproton in a Penning trap
is determined by measuring two frequencies: the cyclotron frequency v, and the Larmor

frequency vy,
VL
Ve

- (4.1)

g
2
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Chapter 4 The Cooling trap and its relevance for the g-factor measurement

The cyclotron frequency v, of a particle in a Penning trap can be determined by measur-
ing its three eigenfrequencies v, v, and v_ using image current detection and sideband
coupling techniques and applying the invariance theorem (Equation (2.12)) [70, 77]. The
Larmor frequency v, on the other hand can not be measured directly, as the Larmor pre-
cession does not induce image currents. Therefore, the continuous Stern-Gerlach effect
(see Chapter 2.3) is used to couple the spin magnetic moment to the axial frequency v, by
introducing a magnetic bottle with a quadratic field inhomogeneity of B(z) = By + Byz?2.
This results in a shift of the axial frequency depending on the orientation of the spin. How-
ever, the magnetic bottle does not only couple the spin magnetic moment to the axial
potential but also the orbital (magnetron and cyclotron) magnetic moments. The result-
ing shift of the axial frequency can thus be expressed using the cyclotron n,, magnetron

n_, and spin mg quantum numbers [70]

Av, = Zm};:;yzgz <<n+ + ;) + : (n + ;) + gms>. (4.2)
Having a closer look at Equation (4.2), we can make the following observations at typical
experimental parameters in BASE: a) the axial frequency shift induced by a spin transition
at a By = 266(8) kT/m” is A, sp = 173(5) mHz with Byar = 1.21T. b) One cyclotron
quantum jump induces an axial frequency shift of Av, | = 62(2) mHz and c) an axial
frequency shift by a magnetron quantum jump is suppressed by the factor vy /v_ ~ 1500
and therefore negligible. This highlights, that it is crucial to suppress energy changes in

the modified cyclotron mode as already three cyclotron quantum jumps make a spin-flip

detection impossible.

When measuring the g-factor with the highest precision the following issue arises: In
order to resolve the frequency difference between the two spin-states, a high magnetic in-
homogeneity Bs is needed (Equation (4.2)), but as explained in Chapter 2.1.2.2; a high By
results in systematic frequency shifts in all eigenfrequencies of the particle, consequently
limiting the precision of a measurement performed in one trap with a superimposed mag-
netic bottle to a relative precision of 107° [98, 133]. This issue can be decoupled using two
traps: one to determine the spin-state of the particle, the so-called Analysis trap (AT),
and one where the cyclotron frequency of the particle is determined, which is named Pre-
cision trap (PT). This so-called double-trap scheme [134] was among others used for an
improved proton magnetic moment measurement, which reached a fractional resolution
of 300 p.p.t. [57, 135].
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4.1 The g-factor measurement

The next sections will first discuss how to determine the spin-state of a particle [95]
before laying out the measurement scheme of the double-trap method in detail [57, 134].
Next, a short discussion of the two-particle method follows [56], which allows for much
faster g-factor measurements, a crucial benefit in the limited measurement time available

in an accelerator hall.

4.1.1 Spin-state analysis

When measuring the g-factor of a particle using two different traps [56, 135], the PT is
used to determine the g-factor resonance. This is done by measuring the eigenfrequencies
of the particle to determine its cyclotron frequency v, and by measuring the spin-flip
probability Psr depending on the applied rf-drive. For the high-resolution of the cyclotron
frequency, an as homogeneous magnetic field as possible is desirable, thus it is not possible
to determine directly in the PT if the particle’s spin flipped after the irradiation of the
radio-frequency drive. Therefore, is necessary to know the spin-state of the particle before
applying the so-called spin-flip drive in the PT, and afterward as well. For this purpose,
the particle is transported in the AT, which has a strong magnetic bottle By, to determine
the spin-state. The following describes the spin-state read-out in the AT, as discussed
in detail in [95]. The complete g-factor measurement schemes are then described in
Section 4.1.2 and Section 4.1.3.

The spin-state read-out in the AT relies on the unambiguous detection of driven spin-
flips itself. As mentioned above, a flip of spin shifts the axial frequency of the particle
by Av,sp ~ 173mHz. Following Equation (4.2) also cyclotron transitions can lead to
a significant frequency shift compared to a spin transition. To detect the spin-state,
first, the axial frequency is measured v, a7 ;. Then an incoherent radio-frequency drive
at the Larmor frequency is applied, which flips the spin with a probability Psp ~ 50%
[133]. Afterwards the axial frequency is measured again v, aro. If the frequency shift
A,, = vV, AT 2—V, ar,1 Detween the two measurements is close to zero, no spin-flip occurred.
In case a spin-flip happened, we would expect a frequency shift of about Av, gp in an ideal
experimental setup.

In reality, background frequency fluctuations Zgg, dominated by cyclotron random-
walk noise and white-noise induced by the FFT measurement of the axial frequency [122],
result in an overall axial frequency scatter. As the cyclotron transition rate (, increases

with increasing cyclotron energy F, of the particle, it is important to reduce F, in order
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to decrease the background scatter Zgg. The transition rate ¢, can be estimated by first-
order transitions in a noise driven quantum mechanical oscillator with a noise spectral

density of the electric field Sg at the modified cyclotron frequency v, [122]:

C= L Su(ny), (4.3)

and scales linear with the cyclotron quantum number n, o E,. To reduce the cyclotron
transition rate it is therefore important to have a particle with an as low as possible

cyclotron energy E. in order to resolve spin-flips imposed on the axial frequency.

Accounting for these background fluctuations, multiple frequency shifts A, can be
approximated as a normal distribution h(u, o), with the mean value 4 = 0 and the
standard deviation 0 = Zgg. Therefore, the probability of observing a frequency shift
A,, = Var2 — VAT With an rf-drive applied in between the measurements is given by

the probability density function [95]

p(Av,) = (1 — Psp) ho(0, ZEpa)
+ Psp pr h—(—Av, g7, Zpc) (4.4)
+ Psp (1 — pt) by (Av, 57, Znac),

where py is the probability, that the particle is initially in the spin-up (|1)) state, and Psp
the spin-flip probability. Figure 4.1 depicts axial frequency shifts A, in the AT to identify
the spin-state of the particle during the 2016 run [95]. Three Gaussian distributions are
visible, where the central one corresponds to the case when no spin-flip occurred between
the two axial frequency measurements. This is reflected in the first line of Equation (4.4)
and in the red distribution in Figure 4.1. The green (h_) and blue (h,) distributions
correspond to the case when the spin of the particle flipped, for the antiproton from up to
down (green, second line Equation (4.4)) and down to up (blue, third line Equation (4.4)),
respectively. Using a maximum likelihood analysis and setting the the probability that
the antiproton is initially in the spin-up state py = 0.5, the background fluctuation Zgq =
48.1(1.9) mHz, the spin-flip probability Psgp = 47.3(2.3)%, and the spin-flip frequency shift
Av, s = 166(4) mHz can be extracted [95].

To identify which spin-state the particle was originally in, we can use a threshold

method. Here, the measured frequency shift A, has to be assigned to one of the sub-

distributions in Equation (4.4). For this, we introduce a threshold frequency shift Ay,
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Figure 4.1: Histogram of the axial frequency shifts, with three sub-distributions visible.
The green and blue distributions correspond to a spin-flip event, from |f) — |[{) and |}) —
|1}, respectively. The central sub-histogram (red) shows events where no spin-flip occurred,
from which the background axial scatter can be determined, in this case 48.1(1.9) mHz.
Taken from [95].

and can assign the axial frequency shift A, in the measurement sequence as follows:

e A, < —Ay: If an axial jump smaller than —Ay, is observed, it is identified as a
transition to the spin-down state, therefore the particle was initially in the spin-up

state.

® |AVZ

threshold value Ay, no spin transition has occurred and no initial spin-state can

< A¢n: In case the absolute value of the frequency shift is smaller than the

be assigned. Only after a frequency shift larger than Ay, an initial spin-state is

identified.

o A, > Ay Ifan axial jump larger than Ay, is observed, it is identified as a transition

to the spin-up state, therefore the particle was initially in the spin-down state.

As can be seen in Figure 4.1, the three distributions can overlap if the background scatter
is large enough, and therefore result in wrong spin-state identification. The error rate

Ey,, i.e. the probability to assign a single frequency shift Ay, for a given threshold A,
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incorrectly, is expressed as the integral over the overlapping distributions in Figure 4.1.

By choosing an optimum threshold Ay, opt the error rate Ey, can be minimized [95]

th,opt = 9 AVZ%SF ln(z/PSF - 2)) ’ (45)

and yields for the data presented in Figure 4.1 an optimum threshold Ay, opy = 94 mHz
resulting in Ey, = 5.8% [95].

In the two-trap g-factor measurement [56, 57, 134] the spin-state of the particle has
to be known before the particle undergoes an interaction with the Larmor-drive in the
PT, namely the spin-state has to be initialized. When increasing the threshold Ay, the
initialization error rate F; can in principle be reduced as much as needed. However,
when the threshold is set too high, the probability of observing a spin-flip decreases
leading to an increase in the time required to identify a spin-flip. In case it would be
set too low, it adds an artificial background on the g-factor resonance. This has to be
considered when choosing an initialization threshold Ay,,;. For a background scatter
Zpc ~ 48mHz an initialization threshold of Ay,; = 190mHz is chosen resulting in an
initialization error rate E; < 0.1% [95]. It should be noted that, for a small background
scatter Zpg < Aw,gr/3, which are the usual conditions in BASE, the mean error rate
E; is optimized for Ay, ~ Av,sr/2 [95], as can be seen in the well separated spin-flip
distributions in Section 4.2.3, Figure 4.12.

4.1.2 Double-trap method

When performing a double-trap g-factor measurement the first step is to cool the particle’s
cyclotron mode in order to guarantee a good spin-state initialization (Section 4.1.1). To
this end, the particle interacts with the cyclotron detector in the PT, resistively cooling its
cyclotron mode. Then the particle is moved to the AT and the cyclotron temperature 7', =
E. /kg is evaluated by measuring the particle’s axial frequency, typically 7'y < 200 mK
[122; 136]. This is repeated multiple times until a cold enough particle is prepared. A
more detailed description of the (upgraded) procedure can be found in Section 4.2.2.

In the next step, the spin-state is read out in the AT as described above. The axial
frequency is measured interleaved with the irradiation of a Larmor drive to induce a
spin-flip. This is repeated until an axial frequency shift |A, | larger than a threshold

frequency Ay, is observed, and hence the spin-state is identified. Then the particle
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Figure 4.2: Measurement scheme for the g-factor using the double-trap method. First,
the cyclotron-cold particle is in the Analysis trap and undergoes a spin-state initialization.
Subsequently, it is moved to the Precision trap, where it samples the magnetic field. Then,
a Larmor-drive is applied, which could lead to a spin-flip of the particle. Next, the cyclotron
frequency is measured again. Due to the cyclotron frequency measurements, the cyclotron
energy of the particle is too high to resolve its spin-state. Therefore, the particle’s cyclotron-
mode is sub-thermally cooled. To this end, the particle is shuttled between the Precision
trap and the Analysis trap. Once the particle’s cyclotron energy E is below a set threshold
Ey, it stays in the Analysis trap where a spin analysis is performed. This last step also
marks the first one in the next cycle, beginning from the top.

is moved to the PT and its free cyclotron frequency v.pr1 is determined by sideband
coupling the modified cyclotron to the axial mode [96] (see Chapter 2.2.3). Next, a spin-
flip drive 1v4¢ pr around the calculated Larmor frequency vy, pr is irradiated and the free
cyclotron frequency is measured again v, pr2. This is done in order to interpolate the
true value of the cyclotron frequency at the time of the Larmor-drive ;¢ pr irradiation,
compensating for magnetic field fluctuations [93]. The measurement of the cyclotron
frequency using sideband coupling, however, increases the cyclotron temperature of the
particle to T’y = ';—;“TZ ~ 300K (Chapter 2.2.3). For this reason, the particle’s cyclotron
mode has to be cooled again before the readout of the spin-state. This measurement

scheme is outlined in Figure 4.2 [57].

This measurement scheme enables us to determine the probability of a spin-flip occur-

57



Chapter 4 The Cooling trap and its relevance for the g-factor measurement

T
w 0.3r
n?
0.2+
0.1- Q\[
0.0 ; I
-20

-40 O- éO 40
(M-2)/(2) (ppb)

Figure 4.3: Resonance curves of the spin-flip probability Psg as a function of the frequency
ratio I' = v, /.. The red one depicts the resonance curve of the proton [57] and the blue
one of the antiproton [56]. Both measurements are referenced to the 2014 proton magnetic
moment measurement conducted by BASE [135]. Taken from [58].
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ring at a given spin-flip drive 1,4 pr frequency. The spin-flip probability Fgsp is assigned
to the corresponding frequency ratio of the measured frequencies % = 2, and so a
resonance curve of the g-factor is generated and a value for the g-factor can be extracted
using a likelihood fit algorithm. The resonance curves from the 2017 measurements are
shown in Figure 4.3 [58], where the 0.3 p.p.b. proton result is plotted in red [57], and the
1.7p.p.b. antiproton result in blue [56]. The latter was obtained using the two-particle
technique described in Section 4.1.3. It should be noted that the g-factor measurement
of the proton using the double-trap technique took several months [57], whereas the an-
tiproton resonance curve was sampled in only one month. The sampling time restriction
arises from the downtime time of the decelerator during CERN’s YETS, which is typically
three months long. Only during this period, the g-factor resonance can be sampled, and
systematic measurements sensitive to magnetic field changes can be studied. For this
reason, the resonance was saturated on purpose in order to ensure good contrast between

resonant and off-resonant spin-flip drive in the PT vy pr.
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4.1.3 The two-particle method

As outlined above, one main limitation of the double-trap measurement scheme [57, 135]
is the sampling statistics imposed by the long cooling time of the cyclotron mode in
order to read out the spin-state of the particle. An idea to reduce this is to sample the
g-factor resonance with two particles instead of one, first introduced by Stefan Ulmer
in the 2017 antiproton magnetic moment measurement [56]. One particle, the so-called
Larmor-particle has a low cyclotron temperature T = E, /kg and is used for the spin-
state analysis. The other particle is used to sample the cyclotron frequency before and
after the Larmor drive v pr is applied in the PT, therefore called Cyclotron-particle.
With this the cyclotron-mode cooling can be omitted in every step of the measurement
and is only necessary once the Larmor-particle accumulates too much cyclotron energy for
an efficient spin-state detection, typically the particle is cooled to T’y ~ 50 mK [56]. The
mean heating rate of one measurement cycle corresponds to 17 mK, making a re-cooling

of the Larmor-particle necessary after about 75 cycles [56].

The measurement principle is the same as outlined in Section 4.1, but instead of one
particle, two-particles are extracted from the Reservoir trap. As a first step, the Larmor-
particle is resistively cooled to cyclotron temperatures 7'y < 200mK in order to allow
single spin-state detection with high fidelity [95]. This is done by interaction of the par-
ticle with the cyclotron detector in the PT. During the cooling procedure the Cyclotron-
particle is stored in a Park trap located upstream of the PT. In the BASE trap stack
(Chapter 3.2.4), one electrode is used as the Park trap, typically HVS.

Once the Larmor-particle is sufficiently cold it is stored in the AT and the Cyclotron-
particle is transported to the PT and one measurement cycle can start as outlined in
Figure 4.4. First the spin-state of the Larmor-particle is identified in the Analysis trap,
which typically takes 25 minutes. Then the cyclotron frequency is sampled in the PT
vepr,1 with the Cyclotron-particle. The cyclotron frequency is determined using the
sideband-method (see Chapter 2.2.3) and with this, the cyclotron temperature of the
particle is increased to Ty = ’l’/—:TZ ~ 300 K. Then the particles are transported: the
Cyclotron-particle is shuttled from the PT to the Park trap and the Larmor-particle from
the AT to the PT. Next, a radio-frequency drive is applied in the Precision trap vy pr in
order to flip the spin of the Larmor-particle. It is important to note that the cyclotron
detector of the PT is detuned by 800kHz so that the cyclotron mode of the Larmor-

particle is not heated. Nevertheless, in order to avoid an increase in cyclotron energy
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Figure 4.4: Two-particle method measurement scheme. First, the cyclotron-cold Larmor-
particle (blue) is in the Analysis trap, where its spin-state is initialized. Next, the hot
Cyclotron-particle (red) samples the magnetic field in the Precision trap. Subsequently,
both particles are transported at the same time: The Cyclotron-particle into the Park trap
and the Larmor-particle into the Precision trap. While the the Cyclotron-particle rests in
the Park trap, the Larmor-particle experiences a spin-flip drive in the Precision trap. Then,
both particles are transported back to their original positions. Next, the Cyclotron-particle
again samples the magnetic field in the Precision trap and afterwards the spin-state of the
Larmor-particle is re-analyzed in the Analysis trap. This last step also marks the first one
in the next cycle, beginning from the top.

of the Larmor-particle, it is parked as short as possible in the PT and then transported
back to the AT [56]. While the Larmor-particle is moved back to the AT, the Cyclotron-
particle is transported from the Park trap to the PT and the cyclotron frequency v, pr 2
is measured again. Afterward, the cycle starts again with a spin-state analysis in order
to identify if the applied rf-drive in the PT has flipped the spin of the Larmor-particle,

and initializes the spin for the next cycle.

With this newly developed measurement scheme, it was possible to determine the an-
tiproton magnetic moment with a fractional precision of 1.7p.p.b. [58]. Compared to
the double-trap method, where only one particle is used for the measurement, the usage
of two particles induces some new systematics shift on the g-factor. As the Cyclotron-

particle has a much higher temperature 7', ¢ than the Larmor-particle 7’ 1, the resulting
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temperature difference of AT, =T ¢ — Ty 1, ~ 356(27) K leads to a g-factor shift within
the residual magnetic field gradients present in the PT of Bypr = 71.2(4) mT/m and
By pr = 2.7(3) mT/m?. The imposed shift is (Ag/g)p, = 0.22(2) p.p.b. and (Ag/g)p, =
0.11(1) p.p.b., respectively [56]. The dominant systematic uncertainty stems from a pos-
sible temperature fluctuation of the axial detection system T, during irradiation with the
spin-flip drive 14¢pr, which alters the magnetic field experienced by the Larmor-particle
relative to the Cyclotron-particle due to the residual magnetic bottle By pp in the PT.
This axial temperature difference AT, = 0.68(7) K leads to an uncertainty of 0.97(7) p.p.b.
[56]. To mitigate these effects, magnetic shielding and shimming systems were installed
in the experimental setup in order to shim the residual By pr and B, py out. More details
can be found in the PhD thesis of Stefan Erlewein [86].

Nevertheless, the main contribution to the final uncertainty of the 2017 antiproton
g-factor measurement is the statistical uncertainty of 1.1 p.p.b., mainly imposed by the
long re-cooling times of the Larmor-particle. One measurement cycle with the two-particle
method takes about 40 min, and imposes a mean fluctuation rate of AT 1, = 17mK per
cycle, enabling the measurement of about 75 cycles before re-cooling is necessary again,
resulting in about 50 h of measurement time followed by 48 h of cooling time.

In order to reduce the required cooling time a dedicated Cooling trap, originally pro-
posed in the BASE technical design report [137], was implemented in trap stack together
with improved cyclotron detectors [89] developed within the PhD of Markus Fleck [90].
The next section describes the commissioning and characterization of the new particle

cooling procedure resulting in a cold particle preparation time of about 8 min.
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4.2 Order of magnitude improved cyclotron mode

cooling

As mentioned in Section 4.1, sub-thermal cooling is widely used in g-factor measurements
of protons and antiprotons [56, 57, 135, 138] to reduce the particle’s cyclotron temperature
T, and is thus essential in reaching high-precision. Here, the long re-cooling times of the
modified cyclotron mode result in long sampling times of multiple hours [56], and thus
in an overall dominant statistical uncertainty [56, 139]. To decrease the cooling time
in future g-factor measurements, we have built a novel Cooling trap (CT), developed
for strong particle-detector interaction, and an improved cyclotron detection system [90],
and time-optimized every step in the sub-thermal cooling procedure. With this, the
preparation time for a cyclotron cold particle is reduced by about a factor of 100 and
enables the detection of single spin transitions with a mean error rate of F, < 0.000 023,
more than three orders of magnitude better than in [41]. These results were published in
Phys. Rev. Lett. [63], where the author of this thesis contributed to the characterization

of the setup, which is summarized in the following.

4.2.1 Setup

The principle of the sub-thermal cooling routine is based on the principle of resistively
cooling a particle’s eigenmode when it is interacting with a tuned circuit with a similar
resonance frequency [140] (see Chapter 2.2), and then decoupling it again [70]. To utilize
this principle a cooling resistor is needed, as well as a detection system to monitor changes
in the respective mode energy F; of the particle, where ¢ refers to the three eigenmodes
(Chapter 2.1.1). As this procedure is referred to as ’cooling’, i.e. reducing energy, the
term temperature 7T is also often used instead of the mode energy of the particle E; and
corresponds to T; = E; /kg.

In the presented results, the sub-thermal cooling setup consists of two Penning traps,
the AT and the CT, and their corresponding detection systems [41, 88, 90]. The AT and
CT are part of the BASE trap stack [141] (Chapter 3.2.4), which is placed in its own
vacuum chamber, the trap can. More details on the complete experimental setup can be
found in Chapter 3.

Figure 4.5 shows a schematic drawing of the setup. The AT and CT are placed adjacent

to each other, with a distance of 21 mm between both central electrodes. Connected to the
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Figure 4.5: Setup for the sub-thermal cooling procedure. Essential is the optimized Cooling
trap with its cyclotron detection system to efficiently cool the cyclotron mode of the stored
particle. In order to read out the change in cyclotron energy, the Analysis trap with its
strong magnetic bottle (Figure 4.6) is used. The quadratic magnetic field inhomogeneity Bo
introduces an axial frequency shift with a change in cyclotron energy of the particle, which
can be read out using the axial resonator coupled to the analysis trap. Adapted from [63].

AT is an axial detection system [88] including a feedback loop [94] (see also Chapter 2.2
and Chapter 3.2.6) in order to read-out the axial frequency of a trapped particle v, ar
[68]. The resonator has a resonance frequency vyes ot ~ 658 kHz, a Q-value Qar =~ 21 500,
an inductance Lar ~ 1.7mH and a signal-to-noise ratio of 27dB [88]. Additionally, the
AT is equipped with a ferromagnetic ring electrode in order to generate a magnetic field
B(z) = By + Byz? with a superimposed magnetic bottle of the strength By. In such
a magnetic bottle the orbital magnetic moment p, = %f—: of the modified cyclotron

frequency couples to the axial frequency v,, which becomes dependent on the cyclotron

energy of the particle E, [70]

1 By At

E,. 4.6
Am2mu, o ar Bo ar - (4.6)

Vy AT = Vg 0,AT T

where v, 0 ar ~ 657.92(1) kHz.

Figure 4.6 shows the magnetic field in the center of the AT as a function of the particle
position in z-direction, determining the magnetic bottle strength By and its center in order
to suppress systematic frequency shifts [138]. To do so, the modified cyclotron frequency

is measured as a function of an offset voltage applied to one correction electrode. This
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Figure 4.6: Magnetic field in the center of the Analysis trap. From this measurement we
can extract a quadratic magnetic field contribution of By = 256(9) kT /m?.

changes the particle’s axial position by 1.435 ym/mV, which can be analytically calculated
by the geometry of the trap. In each offset-point, the modified cyclotron frequency is
excited by a radial excitation drive. The excitation frequency is swept in a range of 20 kHz
in steps of 2kHz for 10 s at a drive strength of -15 dB seven times per step. Before and after
every irradiation the axial frequency is measured. When the drive frequency is resonant
with the modified cyclotron frequency of the particle, its cyclotron energy increases E
and according to Equation (4.6) results in an axial frequency shift Ay,. Fitting a quadratic
function to the data results in a magnetic bottle strength of By = 256(9)kT/m” and a
homogeneous magnetic field of By ar = 1.213(1) T, and yields the geometrical center of
the magnetic bottle. With this measurement, we determine the center of the magnetic
bottle with a resolution of ~ 1kHz, which is sufficient compared to the line width of
~ 10kHz in the AT [138]. A more accurate determination of the magnetic bottle strength
Bs can be extracted from single spin-flip measurement (Section 4.2.3) and gives a value
of Byar = 266(8)kT/m”, which is in a 20 agreement with the one determined using
cyclotron frequency measurements. Inserting this value in Equation (4.6), a cyclotron
temperature change of AT, = 1K corresponds to a frequency shift of Ay, = 69.7(5) Hz,
or in other words, to an E, resolution of 14.7mHz, or 1.2 ueV per Ay, a7 = 1 Hz axial

frequency shift.
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Figure 4.7: Cyclotron frequency resonance of the particle parked in the segmented elec-
trode in the CT. One point represents the mean of the axial scatter Av, ot induced by a
cyclotron excitation sweep in a span of 2kHz in the CT. With this we determine the cy-
clotron frequency of the particle in the CT vy cr = 28.6325(15) MHz (red dashed line) with
the uncertainty corresponding to the width of the resonance (gray area).
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Adjacent to the AT is the CT, with a tunable cyclotron detection system [89, 90]
connected to its segmented electrode (see Figure 4.5). It has a resonance frequency
Ves,or ~ 26.1 MHz with a tuning range of 4.5 MHz and a @-value of ) = 1050(50)
when connected to the CT. For better temperature thermalization and for a reduction of
parasitic capacitance, the cyclotron detector is placed inside the trap can, whereas the
axial detection systems of the other traps are placed in a separate segment of the cryogenic
stage next to the trap can (Chapter 3.2.1). To cool the trapped particle with the resonator,
it has to be tuned to the particle’s modified cyclotron frequency v; ¢t in the segmented
electrode of the CT. For this, we perform a cyclotron resonance scan as was done in the
AT to determine the magnetic bottle shape. First, we detune the cyclotron resonator and
measure the axial frequency of the particle v, or in the AT. Then we transport it to the
CT and radiate a cyclotron excitation drive 1,¢ct and subsequently transport the particle
back to the AT, where its axial frequency is measured again. This is done multiple times
for excitation drive sweeps from (28.8625 — 28.6238) MHz in steps of 1kHz for 1s. When
the excitation drive is on resonance with the particle’s modified cyclotron frequency v, ¢,
it will increase its cyclotron energy and therefore induce an axial frequency shift Av, st in
the AT (Equation (4.6)). Figure 4.7 depicts the recorded cyclotron frequency resonance
curve. A steep rise in the scatter is visible close to the modified cyclotron frequency of the
particle with a slow decrease. This reflects the Boltzmann-distributed temperature 7;, ot
of the axial detection system together with the strong magnetic bottle [133]. From this
measurement a modified cyclotron frequency of v, ¢ = 28.6325(15) MHz of a particle
in the CT is obtained, and the resonance frequency of the detector 14escr can be tuned
accordingly. It should be noted that the 3dB-width of the cyclotron detector is ~ 25kHz
resulting in a well-tuned resonator compared to the resolution of the modified frequency

estimation.

The interaction time constant of a particle with a resonator tuned to one of its eigen-

frequencies is described by [68]

2
m D+.eff>
. = —| —— 4.7
+OTih = ( . (4.7)

where m is the mass and q the charge of the particle, D, ¢ = 4.82 mm is the effective pick-
up length [79]. The parallel resistance R, of the resonator is given by R, = 2nvy cr QL ~
340 k2 with the resonators inductance L ~ 1.73(3) uH. This leads to a theoretical cooling-

time-constant of 7y ¢ = 4.5(2) s, which is 20 times faster than in other state-of-the-art
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Penning trap experiments [57, 85, 142] and corresponds to an about 100-fold reduction

compared to previous measurements conducted in BASE [55, 56].

4.2.2 Cooling protocol

To achieve sub-thermal temperatures, we follow a specific protocol, outlined in Figure 4.8.
Prior to initiating the sequence, a single particle is moved to the AT and magnetron
cooled to a temperature 7 = E_/kg = 7(1) mK by sideband-coupling (Chapter 2.2.3)
the magnetron to the axial mode and letting the particle interact with a feedback-cooled
resonator (Chapter 2.2.2). The time optimization of each step is crucial for the efficient
execution of a rapid cooling routine, including the frequency read-out, transport time,
and thermalization time in the CT, as well as the physical temperature of the cyclotron
resonator.

For this reason, we have developed a fast frequency determination algorithm with high
cyclotron energy E, resolution. First, we take an FFT-spectrum of the resonator without
the particle in a frequency span of 800 Hz, which corresponds to a cyclotron temperature
range T, of ~12 K. Next, this reference spectrum is subtracted from spectra with particle
signatures [68]. A particle is then visible on the subtracted spectrum as a peak at its
corresponding frequency. To distinguish between particle signatures and noise peaks,
only peaks above a certain threshold are accepted. During the execution of the cooling
protocol, the trap parameters are tuned so that a cold particle lies within the 3dB range
of the resonator. With this, particles with cyclotron temperatures 7'y < 440 mK can be
detected at an averaging time of ~ 10s with a significance of 2o.

After recording a reference spectrum, the cooling protocol starts by transporting the
particle from the AT to the CT. This is done by applying voltage ramps to the 10 con-
necting electrodes. One transport takes 4.8s limited by the time constants of the filters
connecting the power supply to the electrodes, and induces a scatter of 14(2) cyclotron
quanta, as can be seen in Figure 4.8 b). This results in a background temperature fluctu-
ation of 18 mK (= 1.2 Hz), which is negligible compared to the several 100 Hz that have to
be resolved in order to detect particles with different cyclotron temperature 7'y. In the CT
the particle is parked for a time 7y, during which it interacts with the cyclotron resonator
tuned to the particle’s modified cyclotron frequency (see Section 4.2.1). Afterward, the
particle is transported back to the AT to measure its axial frequency and therefore its

change in cyclotron energy E.. This cycle is repeated until the particle’s frequency is
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Figure 4.8: Visualization of the sub-thermal cooling protocol. For details see text. Adapted
from [63].

under a set threshold. Then the measurement cycle stops, and a cyclotron cold particle

is prepared.

When the particle is parked in the CT, it interacts with the cold resistor R, cr of the
connected cyclotron detector, which results in a random walk of the particle’s modified
cyclotron energy E. [68, 70]. Once the particle is shuttled back to the AT it loses contact
with the thermal bath of R, ¢t and the modified cyclotron energy of the particle 'freezes"
E. ;. Arriving in the AT the imprinted modified cyclotron energy E. ; can be read
out using Equation (4.6). To evaluate the mean temperature of the particle’s modified
cyclotron mode after thermalization in the CT, we first identify the lowest observed axial
frequency v, +. Then we convert the frequency shift Av,, = v, — v, 5+ to an absolute
temperature T, using the strength of the magnetic bottle B, = 266(8)kT/m>. With
this, we also infer the temperature of the thermalization resistor R,cp. To do so, we
have used the above described protocol with a particle thermalization time 73, ¢ = 20s.
Figure 4.9 a) shows the measured axial frequencies v, referenced to the measurement
with the lowest frequency v, ar. These data are described by a truncated Boltzmann
distribution of a weakly bound one-dimensional thermal oscillator of ~ 4K [70, 133]. To

determine the temperature, we then find the amount of measured events /V; in temperature
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Figure 4.9: a) Frequency measurements in the AT with thermalization in the CT in between
data points, as described in the text. b) Histogram of the data in a) is displayed in blue.
For comparison data from the previous g-factor measurement campaign, [56] is plotted in
red. ¢) Cumulative density function of the data shown in a) and b). From a fit the CT
resonator temperature T ¢ = 4.1(2) K is extracted. Adapted from [63].

steps of AT, = 0.001 K and evaluate the normalized cumulative density function

1 N(Tthr)
CDF(Ty,) = Z N;(ATY), (4.8)

where N is the total number of conducted thermalization cycles and the upper index
N(Tiy) is the number of events until a defined threshold temperature Tiy,,. Next, the

thermal cumulative density function
CDF(T% cr) = 1 —exp(=T/T} cr) (4.9)

is fitted to the data and the cyclotron detector temperature 7 or = 4.1(2) K is extracted.

Figure 4.9 b) and c¢) show the temperature binned data from Figure 4.9 a) in blue as a
histogram and CDF, respectively. The red data corresponds to a measurement conducted
with the apparatus as used in the last g-factor run [56] (Section 4.1.3), where the cyclotron
detection temperature was T4 pr = 12.8(5) K. The three times reduced temperature of

the cyclotron cooling resonator can be explained by the relocation of the newly developed
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Figure 4.10: a) Histograms of frequency shift Av, a1 = vy AT k41 — VzaT ) for different
CT cyclotron detector interaction times 7i,: blue 0.5s, green 3s and red 15s. b) Width of
histograms like in a) as a function of the interaction time 7y, in the CT. Taken from [63].

CT cyclotron detector [90] inside the trap can, which acts as a cryogenic shield, and puts
the resonator closer to the trap, reducing wire length and parasitic capacitance. Thanks
to the CT, the reduced cyclotron detection temperature, and the optimized transport
time, the acquisition of the data set shown in Figure 4.9 takes 3.7h at fully optimized

parameters, whereas it took 55h for the red data set.

To determine the optimal thermalization time of the particle with the cyclotron detector
in the CT, we park the particle for different thermalization times ¢, in the CT. We mea-
sure the axial frequency in the AT before the thermalization v, a1 ; and afterward v, ot g+1.
Figure 4.10 a) shows this frequency scatter for different interaction times. It increases lin-
ear with increasing interaction time 7y, until the correlation time 74 ¢t is reached. From
then onward, the width of the measured histograms converges to a mean value, which
is weakly structured by the correlation time 7, ¢, illustrated in Figure 4.10 b). Here,
the particle is parked in the segmented electrode, the closest possible position between
the particle and detector, providing the strongest particle-detector coupling. From these
measurements we extract a correlation time between particle and cyclotron detector of
T..cr = 4.7(4) s which is in perfect agreement within the uncertainties with the theoretical

value of 7, o1 = 4.5(2) s,

In summary, the newly implemented CT with its cyclotron detector and the frequency
read-out in the AT provides fast and reliable cooling of the modified cyclotron mode and
is easy to implement in an existing Penning trap stack. One cycle of the cooling protocol

is accomplished in about 27s (see Table 4.1) compared to 820s in the 2017 g-factor
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step time (s)
frequency read-out 12
transport (AT - CT) 4.8
CT thermalization 4.7
transport (CT - AT) 4.8
total 26.3

Table 4.1: Time consumption for each step in the sub-thermal cooling protocol.

campaign [56]. Overall, this leads to a preparation time of a cold proton or antiproton
with a modified cyclotron temperature 7, < 200mK of ~ 500s and is therefore about
100x faster than in the previous measurement [56]. Figure 4.11 illustrates the difference
in cooling time needed to reach a specific temperature, comparing the 2017 antiproton

g-factor run (red) [56] and what is achieved now (blue).

4.2.3 Impact on the spin-state initialization/g-factor

measurement

To demonstrate the importance of the new sub-thermal cooling device, we have recorded
non-destructive high-fidelity spin quantum jump spectroscopy. This is done as explained
in Section 4.1. Utilizing the magnetic bottle By in the AT, the spin magnetic moment of
the trapped particle is coupled to its axial frequency due to the continuous Stern-Gerlach
effect

B
ghv, By (4.10)

Al/Z,SF = 4 2 B
T2 Vy0,AT, Do

and induces an axial frequency shift of Av,gp = 173(5) mHz in the AT. As mentioned
above, noise densities on the trap electrodes can drive cyclotron quantum transitions
leading to a frequency shift Ay, = £65mHz. These induced frequency fluctuations
thus lead to considerable mean error rates Eg in the spin-state determination. As the
cyclotron transition rate dny/dt < E, (Equation (4.3)) [122], the contrast in the spin-
state identification increases for cyclotron cold particles [95].

Using the novel sub-thermal cooling device, we prepare an antiproton with a cyclotron
temperature 7'y < 100mK, which is now possible in under 20 min. Then, we measure
the axial frequency of the particle interleaved with the irradiation of an rf-drive to flip

the antiproton’s spin. Figure 4.12 shows the result of such a measurement. In the upper
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Figure 4.11: Comparison of the cooling time with the 2017 setup [56] in red and the results
presented here [63] in blue. The green dashed line denotes the 200 mK threshold.

plot, the axial frequency v,, referenced to the first measurement in the sequence v,,
is plotted. Here, the two spin-states |1) and |]) are clearly distinguishable. The lower
plot shows a histogram of the consecutive axial frequency shift v, x+1 — v, . The outer
sub-histograms at Av, = £173(1) mHz represent the spin transition from |1) — |]) and
|[4) — [1). For the central histogram, no spin-flip occurred. The width of the histogram
of 0(Av,) = 21(1) mHz is consistent with frequency measurement noise resulting from
the power supply and the detection system. The resulting error rate is Fg = 2.3 x 1075
and therefore > 1500 times better than the previously recorded error rates [41], which is

already visible when comparing to the best resolution in 2017 in Figure 4.1.

With this novel device, we are able to cool the modified cyclotron mode of a single
particle almost 100x faster than in the previous magnetic moment measurement [56, 57|
with a significantly lower spin-state identification error rate. This paves the way for an
improved antiproton magnetic moment measurement with a fractional precision of about
100 p.p.t., together with other experimental upgrades like the improved shielding and
shimming system [86]. Moreover, such a device provides the pathway towards the direct
measurement of the nuclear magnetic moment of heavier nuclei, like He?", which would

establish a new absolute magnetometry standard [139]. Additionally, it could be applied
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Figure 4.12: Spin-flip resolution of a single antiproton using the new sub-thermal cooling
device. Upper plot: Axial frequency measurements interleaved with the irradiation of a
spin-flip drive, referenced to the first measurement in the sequence. The two spin-states are
clearly distinguishable. Lower plot: Histogram of the frequency shifts in the upper plot.
Three distributions are well separated. The central one corresponds to the frequency shift,
where no spin-flip occurred. The left one shows events, where the spin was flipped from
|T) — |J) and the right from ||) — [1). Adapted from [63].
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in experiments using coherent measurements of the cyclotron frequencies in high-precision
mass spectrometry and measurements of the bound electron g-factor [85, 143|, as here
sideband-cooling is used to re-cool the particle, which is inducing phase scatter. This
could be reduced with the usage of a distinctive sub-thermal cooling device, as presented

here.
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CHAPTER 5

THE RESERVOIR TRAP AND
ANTIPROTON CATCHING

The Reservoir trap (RT) [118] is the most upstream trap in the BASE trap stack. We
use it to catch antiprotons, clean them from contaminants, and store them long term to
extract single particles for high-precision measurements of the antiproton charge-to-mass
ratio and the antiproton magnetic moment [55, 95, 118]. It is especially important because
we need to perform these high-precision measurements during the shutdown of the CERN
accelerators (YETS), where no antiprotons are available anymore, so the stored antiproton
cloud in the RT enables us to perform high-precision measurements undisturbed by fields
of the running decelerator.

The maintenance of the stored particles in the RT, the reservoir, is therefore critically
important. This means regular cooling and cleaning of the particles to enable long stor-
age without any losses. Additionally, protection against power cuts is implemented by a
network of uninterruptible power supplies. With this safeguarding, we can store an an-
tiproton cloud for over a year. This enables us to set new limits on the direct measurement

of the antiproton lifetime (see Chapter 6).

5.1 The Reservoir trap

The RT is a five-pole cylindrical Penning trap [78] in compensated and orthogonal design,
equipped with a resonant superconducting LC circuit used to detect the axial motion
of the trapped particles. Figure 5.1 shows a scheme of the RT with all its electronic

connections during regular operation. While catching antiprotons, different power supplies
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are connected to supply the needed high-voltage (HV), which is discussed in detail in
Section 5.2.

At the top of Figure 5.1 the trap electrodes of the RT and the HV-electrodes, needed
to catch antiprotons, are shown. The trap electrodes are labeled with ROX, where X is
an index increasing from left to right. The upstream (US) HV-electrode is called HVP,
where the P stands for pulse, as the voltage on the electrode is quickly ramped up and
down during catching. The downstream (DS) HV-electrode is called HVS, the S standing
for static, as this electrode is supplied with a constant voltage, which is not varied during
catching. Additional electrodes used for transport are depicted with TX, where X is, once
again, a number counting the electrodes from US to DS. All trap electrodes are separated
by sapphire rings.

The trap system is maintained within a cryogenic environment. Figure 5.1 illustrates
the electronic setup, starting from the 4K stage (yellow background), where the trap
electrodes are located, passing through the pin-base region (brown), which routes the
cables out of the trap area, and continuing to the 77 K stage (green background). Finally,
the connections reach room temperature (300 K — white background), where they interface
with power supplies and frequency generators. For more details of the cryogenic setup,
the reader is referred to Chapter 3.2.1.

Figure 5.1 also depicts all cables going from the trap toward their respective power
supplies and frequency generators. The four different types of connections are the DC
biasing lines for the electrodes (black), high-voltage (HV)-lines (green) needed to catch
the antiprotons, the axial (orange) and radial (blue) excitation lines, and the detection
readout (purple). The different lines are explained in more detail in the following.

The trap electrodes are biased (when not indicated otherwise) by the ultra-stable preci-
sion power supply UM 1-14 from Stahl Electronics [124]. The biasing lines are all filtered
with four RC low pass filters (in case of TO1 only three filters) with a cut-off frequency
of about 30 Hz. They are built using 10nF NPO ceramic capacitors and 500 k(2 resis-
tors, where always two 1 M2 resistors are connected in parallel as a safeguard in case
one breaks. We typically implement four filter stages in order to have a higher noise
suppression, because noise, in the form of RF-pick-ups and electromagnetic interferences,
can lead to a temperature increase of the detectors, and thus to unwanted heating of the
trapped particles. All electrode bias lines except for the ring and correction electrodes
have an additional relay switch on the room temperature side, grounding the electrodes

when not needed, e.g., for transporting or extracting single antiprotons. The UM 1-14
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electrode  RO1 R0O2 RO3 R04 RO05 RO06
voltage (V) 0 6.4035 7.2726 6.4035 0 0

Table 5.1: Voltage applied to the RT electrodes during regular operation. The applied ring
voltage to electrode RO3 corresponds to an axial frequency of 801812 Hz.

power supply has two modes, the so-called fast and precision mode, with voltage precision
of ~ 1mV and 1 x 107V, respectively. In the fast mode, voltages in the range of —14V
to 14V can be applied, whereas the precision mode is unipolar. The fast mode is used for
particle shuttling as well as for particle extraction (Section 5.4). Typical voltages applied

to the electrodes during normal operation are summarized in Table 5.1.

The high-voltage lines are marked in green and are tested to supply voltages up to
4.5kV, normally operated only up to 2kV. For these lines caution in the implementation
is necessary in order to avoid sparking and crosstalk with the rest of the apparatus.
Therefore, they are supplied via a wire inside a grounded stainless steel tube and have
a screw connector on the feedthrough flange (brown bar in Figure 5.1) that can hold up
to 20keV. During normal operation, both high-voltage electrodes, HVP on the upstream
side and HVS on the downstream side, are grounded. For the currently ongoing g-factor
campaign, HVS is used as a park trap and is therefore also connected to a UM 1-14 power
supply.

Another special type of electrode lines are the excitation lines marked in orange (axial)
and blue (radial). Here, the rf-signal for the excitation is overlaid with the DC trap
biasing signal inside the trap can and implemented as a coaxial cable, where the shield is
grounded to the feedthrough flange. After the feedthrough flange, the RF and DC lines
split. This is realized by putting a capacitive voltage divider to suppress DC-current in
the rf-line, and additionally, a 1 MS resistor is placed between the voltage divider and
the lowpass filters of the biasing line, in order to block the AC-signal from the RF-line
flowing back to the DC-biasing line. The axial excitation line (orange) is connected to
the endcap electrode RO1 and is split again at room temperature. It is connected to a
frequency generator for axial excitation and one for supplying the SWIFT cleaning (see
Section 5.3). The radial line (blue) is connected to the segmented correction electrode
R02. This enables the application of a quadrupole excitation by applying an rf-signal to
one half of the electrode. The two half-electrodes are connected by a 10 MS2 block resistor,

allowing to bias both segments with the same DC line. On the room temperature side,
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the radial line is connected to a switch (SW239) and then to a frequency generator. The
additional switch is necessary to avoid excitation of the trapped particles while applying
a magnetron sideband drive, as described in Chapter 2.2.3. The frequency generator
produces an output signal spike when turned on. As the magnetron sideband frequency is
close to the axial frequency, the output spike can excite the ultra-sensitive axial detector
and thus the axial motion of the particles.

The third special electrode line is the detection pick-up line (purple). Here, the electrode
is biased through the axial resonator [88] (see Chapter 2.2). On the room temperature side,
the amplified detection signal is downconverted by a single sideband (SSB) downconverter
and then fed into an FFT analyzer (SR 780). For the RT operation, we currently split
the detection signal and record FF'T spectra using both channels of the FFT analyzer,
one in a small frequency range for good dip detection (200 Hz) and one with the whole
resonator visible (3200 kHz) in order to monitor potential noise problems. Note that the
detection pick-up line is connected to the correction electrode R04 on the opposite side
of the excitation line to avoid crosstalk.

To safeguard the antiprotons against a power cut, a multiple-stage power failure net was
established, shown in Figure 5.1 in the gray box. The electrode biasing voltage source UM
1-14 is linked to two UPS batteries connected in series. These batteries are connected
to an automatic transfer switch (ATS), switching between the AD power supply and
CERN’s Diesel generator. The AD power supply also switches between the normal power
grid and the uninterruptible power supply (UPS) of the AMF. With this safety net, we

have survived all power cuts so far.

5.2 Antiproton catching

While precision measurements are running, the BASE experiment disconnects unused
equipment in order to minimize noise from the power grid of the accelerator hall. This
also includes hardware needed for catching. This section first describes the hardware
changes implemented to prepare the experiment for taking beam and also outlines the
antiproton catching process.

Figure 5.2 shows a top view of the BASE experiment, highlighting the equipment needed
for antiproton catching. It depicts the superconducting magnet with the trap stack,
enclosed by its own vacuum chamber named the trap can, and the support structure

inside the magnet. A degrader is installed upstream of the trap stack to reduce the

79



Chapter 5 The Reservoir trap and antiproton catching

BASE

BM gate valve
»  |box

ceramic ELENA
bellow  gate valve

20em A

= scintillator

Figure 5.2: Top view of parts of the experiment and the beamline with all important
instruments for catching labeled. To monitor the position of the beam, four beam monitors
(BM) are installed in the system. Three are positioned on the electronics and support
system of the trap at the 4 K stage (green) and one on the 77K stage (red). To monitor the
annihilation location of the antiproton beam, scintillators are placed next to the magnet at

the same level as the most downstream beam monitors, the degrader, and the center of the
RT.

energy of the incoming antiprotons (Chapter 3.2.3) [115]. Following the BASE beamline
upstream, four beam monitors are installed (Chapter 3.2.2), which are important for
beam steering. Between the transfer line coming from ELENA (from here on referred
to as ELENA beamline) and the BASE experiment, two gate valves are installed, where
the ELENA gate valve marks the handover point between the ELENA beamline and the
BASE beamline. During precision measurements, the BASE experiment is completely
disconnected from ELENA to reduce residual noise, and the BASE gate valve is closed.
When preparing for catching, both gate valves are connected with a custom-made ceramic
vacuum chamber to electrically decouple the experiment from the ground loops of the

accelerator facility.

Additionally, scintillators are installed outside the superconducting magnet at the po-
sition of the Reservoir trap, the degrader, and the most downstream beam monitors.
The scintillators detect pions resulting from antiproton annihilation [144, 145]. They are
triggered by the antiproton ejection towards BASE and give us insight into how far the
antiprotons traveled into the beamline and the trap stack, which is important for beam

steering and catching of the antiprotons.
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5.2.1 Electronics for catching

To catch antiprotons from ELENA, high-voltage (HV) potential barriers are needed. For
us, this means connecting the HV voltage trap electrodes to appropriate power supplies.
Figure 5.3 shows the change in the electronic setup within the trap stack. Compared to
Figure 5.1, it also includes the electron gun (see Chapter 3.2.7), which is mounted on the
outermost downstream side of the trap stack, and the repeller electrode, completing the
trap stack from the upstream side. The electron gun is used to either load electrons or
protons in the trap. Between the electron gun and the Reservoir trap lie the other traps
(see Chapter 3.2.4), which are not drawn in this diagram.

Focusing on the Reservoir trap and the high-voltage electrodes, both HV-electrodes
need to be connected to a high-voltage power supply in order to provide a trapping
potential for the antiproton beam coming from ELENA. The high-voltage power supply
of type CAEN NDT1470 can supply up to 8kV but has a noise of up to 30 mVpp [146],
which is comparably high to the standard trap biasing power supply UM 1-14 LN-SW,
which fluctuates up to 0.5 £ Vpp [124] (but can only supply voltages in the range of £14 V).
Therefore, a diode-bridged RC filter is installed after the CAEN output. The diode bridge
blocks constant voltages, which then pass the RC filter. In case of a large and fast voltage
pulse, the diode bridge opens and lets the pulse pass. Nevertheless, for the purpose of
lower noise reduction, we also connect a lower noise power supply to the HV-electrodes,
the Stahl electronics BSHV-400. It can supply up to 400V and has a maximum noise
level of 0.75 mVpp [147]. The switching of the two HV power supplies is fulfilled by relays,
which are controlled by a DC voltage.

Additionally, the line for the HVP-electrode, upstream of the Reservoir trap, has a
fast switching, low-noise HV switch (Stahl electronics HS2000) implemented. The switch
facilitates the HV-pulse necessary to trap the antiprotons and switches between the catch-
ing high-voltage and ground. The switch is triggered via a delay generator, which also
triggers the readout of the scintillators and beam monitors; more details can be found in

Section 5.2.2. The rise time of the signal is 250 ns.

5.2.2 Beam Steering and catching

Each experiment at the AD/ELENA (see Chapter 3.1) facility can request antiprotons,
with simultaneous delivery possible to four experiments. If the request is fulfilled, an

antiproton bunch will be ejected from ELENA towards the experiment via a transfer line.
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Figure 5.3: RT electronics for catching. Similar to Figure 5.1, with additional elements
needed for catching. Added are the electron gun on the DS part and the repeller US.
Electronics used during normal electronics are shown in light gray, whereas the additional
added elements are shown in black and in green for the HV-lines. For more details see text.
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Each transfer line has electrostatic steering elements with which the antiprotons can be
manipulated. The steering can be modified by the user through different control knobs
provided by the AD/ELENA team. The BASE experiment can adjust a horizontal and
vertical angle and offset and additionally has a focus knob. The ELENA transfer line
ends with a gate valve and goes over in the BASE beamline, as is shown in Figure 5.2. In
the BASE beamline, four beam monitors (see Chapter 3.2.2) are used to determine the
position of the beam and help understand the influence of the steering elements on the
antiproton bunch. Additionally, scintillators are installed outside the BASE magnet to

gain timing information on the antiprotons.

The timing information is attained by knowing the antiproton velocity and a reference
time. As reference time the ELENA ejection trigger to BASE is used. This signal is
fed into a Stanford Research Instrument DG645 delay generator and is distributed and
appropriately delayed to trigger the beam monitors, the scintillators and HV-switch used
to pulse the catching pulse applied to the HVP-electrode. As a reference, the time-of-
flight of the antiprotons from ELENA ejection to the ELENA gate valve is measured
by annihilating the antiprotons on the gate valve and reading out the scintillator signal,
which corresponds to a time of 10.5 us. Knowledge of the distance between the different
elements in the BASE beamline (e.g. the beam monitors, degrader), the velocity of the
antiprotons, and the annihilation time from the scintillators gives us insight into the
annihilation point of the antiproton bunch in our experiment beamline. The antiprotons
ejected from ELENA have an energy of 100keV, corresponding to a travel time of 228 ns
per meter and a bunch length of 75ns [148]. After passing the installed degrader foil of
1760 nm thickness, the antiproton energy is reduced to 5 keV [115] corresponding to a flight
time of 1022 ns per meter. Figure 5.4 shows the distance between the different elements
(blue) in mm in the BASE beamline and the corresponding flight time (green) in ns for
the antiprotons. The flight time is calculated assuming 100 keV antiprotons upstream and
5keV particles downstream of the degrader. To catch the most antiprotons, we would
like to catch them once the first particles fly through the Reservoir trap, get repelled
by the high-voltage applied to the downstream HV-electrode (HVS), and before they
leave the Reservoir trap again, the upstream HV-electrode (HVP) is biased, trapping the
antiprotons. This leads to a total theoretical flight time of 578.8 ns. Knowing the response
of the HV-switch (250 ns), we can set a delay time in the delay generator reflecting the
flight time of the antiprotons after the ejection trigger until the particles traverse the

Reservoir trap, get reflected at HVS and can be caught by biasing HVP, which is done by
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Figure 5.4: Distance (blue) of the ELENA gate valve, beam monitors, and HV-electrodes
of the RT in mm and the corresponding antiproton flight time (green) in ns for a 100 keV
beam upstream of the degrader and 5keV antiprotons downstream of the degrader.

switching the HV-switch from ground to the applied HV, resulting in a set delay time of
10.83 us after the ELENA ejection trigger.

In practice, we optimized the steering and timing parameters by maximizing the shift
of the axial resonator of the Reservoir trap. As mentioned in Chapter 3.2.7, the amount
of trapped electrons shifts the resonance frequency of the detector, and the electrons are
being generated as a result of part of the antiproton bunch annihilating on the degrader.

The antiproton catching is summarized in Figure 5.5. First (Figure 5.5 a)), a deep axial
potential (14V) is applied on the central RT electrode and electrons are being loaded in
the trap, typically in the order of 6.3 x 10°, as they are important to cool the caught an-
tiprotons sympathetically [149]. The procedure follows the one described in Section 3.2.7
and both HV-electrodes are ramped to the catching potential of -1500V (Figure 5.5 b)).
In the case of HVS it is directly applied (Figure 5.5 ¢)). Once the antiprotons traverse
the Reservoir trap, HVP is also biased by triggering the HV-switch, switching between
ground and the catching voltage (Figure 5.5 d)). Now the antiprotons are trapped and
are sympathetically cooled by the already stored electrons. Once they are cold enough
they are further cooled resistively through the interaction with the resonator, and the HV
is switched off again. For the 2023 run the final trapping voltage applied was -1500V
and the HV-switch was triggered with a delay time of 10,8 us after the ELENA ejection
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Figure 5.5: Potential of the RT and the adjacent HV-electrodes during catching. First
electrons are injected a) and caught b) in the potential of the RT. Next, HVP is switched
to ground to let in antiprotons (c) and HVS is creating a potential barrier for the incoming
antiprotons. d) After an appropriate time, triggered by the ELENA-to-BASE ejection trig-
ger and a delay generator, HVP is switched on and the antiprotons are caught. Afterwards,
they are sympathetically cooled by the already trapped electrons. Note: the central trap
potential is for visualization purposes significantly larger than actually applied, and the
antiproton bunch length (75 ns) is much longer than the dimensions of the trap.
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trigger.

The now trapped particles are a mixture of antiprotons, electrons, H-ions, and other
negative ions. With this, the standard particle detection method, a dip visible on the FF'T
of the time transient signal of the resonance circuit, is not possible (Chapter 2.2). To check
if particles are trapped, a parametric resonance scan is run [150]. Here, the double axial
frequency of the antiproton is irradiated, and the trap voltage is ramped in a voltage
range of 6-8V corresponding to axial frequencies of antiprotons and H -ions correlating
with the detector frequency. With the double axial drive irradiating, antiprotons will be

visible as a peak on the FFT spectrum of the resonator.

5.3 Cleaning of the caught antiproton cloud

After the catching procedure to capture antiprotons from AD/ELENA, we not only trap
antiprotons in our Reservoir trap, but also other contaminants like electrons, H and po-
tentially also C” and O°. These trapped contaminants disturb the frequency of the an-
tiprotons in the trap. Depending on the number and kind of other co-trapped particle,
a dip is either not visible or with a lower signal-to-noise ratio (SNR) and a shifted axial
frequency.

To get a clean antiproton cloud different cleaning procedures are used, which are ex-

plained in this section.

5.3.1 Electron cleaning

Electron cleaning is performed to remove co-trapped electrons, which are the main trap
contaminant. For catching the antiprotons they are necessary to sympathetically cool
them. However, electron contamination can also occur from time to time through beta-
decay electrons. The degrader and trap stack get activated during beamtaking by the
bombardment of antiprotons. We observed that the frequency with which such an event
occurs is significantly higher after beam taking and decreases over time.

An efficient way to remove particles out of the trap is to apply a resonant rf-drive
at one of the particles’ eigenfrequencies. In our trap, electrons have an axial frequency
of v,. ~ 34 MHz at a standard ring voltage of V,, = 7.27V. If an electron is on a larger
magnetron orbit, its axial frequency can be an order of magnitude higher. Therefore, we do

not directly excite the electrons on their axial frequency, but at a frequency of ~ 12.5 MHz
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while lowering the axial potential. Decreasing the applied ring voltage decreases the axial
frequency as well. During such a potential ramp, the electrons reach the frequency of
the irradiated drive and get heated out of the trapping potential, which also holds for
particles on larger magnetron radii.

In more detail, when electron cleaning in the Reservoir trap, we irradiate an axial drive
at 12 MHz and -15dBm power. Then we apply a shallower trapping potential by ramping
the ring voltage down to V,, = 0.6 V and up again. This value is carefully characterized by
incrementally lowering the trapping potential until a small particle loss is observed. After
such a potential ramp the antiprotons can accumulate magnetron energy and therefore,
magnetron cooling is performed (more details in Chapter 2.2.3). This process is repeated
multiple times until a clean dip is visible, e.g., at the expected axial frequency and SNR.
A positive voltage can be applied to the target electrode to absorb the heated electrons,
enhancing the electron removal rate.

It should be noted that the Reservoir trap has an axial resonator tuned to a higher
frequency than the other traps. A standard BASE axial detector has a resonance frequency
of ~ 650kHz, whereas the resonance frequency of the RT detector was chosen to be =
800 kHz. The reason for this is that at a trapping voltage of V. = 5V, the axial frequency
for antiprotons is around v, 5 ~ 670kHz, but for electrons it is at v, . = 28.7 MHz. This
is very close to the cyclotron frequency of the antiprotons v, 5 ~ 29.5 MeV at a magnetic
field of B = 1.945T. Operating the Reservoir trap at higher axial frequencies minimizes
antiproton loss, resulting from accidentally exciting the cyclotron mode of the antiprotons

during electron cleaning of the reservoir.

5.3.2 SWIFT cleaning

Heavier ions can also be removed by applying a stored waveform inverse Fourier transform
(SWIFT) drive [151], which, in a nutshell, is a broad-band white noise excitation signal
ranging from 80kHz to 750 kHz irradiated into the trap. Ions with a larger mass have a
smaller axial frequency and therefore get excited by the drive, whereas the antiproton and
H-ions are not affected by the drive. The upper cut frequency is chosen such that Hj-
ions still get excited. The drive is typically irradiated for 10s with a power of — 5 dBm.
Subsequently, the trap is ramped to a low trapping voltage of V' & 0.3V, the excited
particles leave the trap and the potential is ramped back to its original value. One

voltage ramp typically takes ~ 10s. When the particles are back on resonance with the
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detector, magnetron cooling is performed (see Chapter 2.2.3).

5.3.3 High-voltage cleaning

Another way to clean heavier ions is to use the stability criterion in a Penning trap. As
discussed in Chapter 2.1.1, a Penning trap is only stable if the relation 2w? < w? holds.
Following this, the Penning trap is not stable if

q 4GV,

<
m B2

(5.1)

is true. Therefore, particles with a higher mass leave the trap by either decreasing the
magnetic field B or by increasing the trapping voltage V,. In our case changing the
magnetic field is not an option, but applying a high-voltage is possible. As the (anti)proton
has the largest -Z-ratio, heavier elements except H'-ions will leave the trap.

To utilize the so-called HV-cleaning, we first transport the (anti)protons to the down-
stream HV-electrode HVS, which is in this case biased by the HV-power supply CAEN
NDT1470. Then the potential is slowly increased to ~ 2kV, the particles are kept there
for =~ 60s and afterward, the voltage is decreased again to a regular trapping voltage.
Subsequently, the particles are transported back to the center of the Reservoir trap.

This cleaning method was not applied during the 2023-2025 antiproton run but was

heavily used during proton operation when preparing a fresh proton reservoir.

5.3.4 H -cleaning

With the above-described cleaning methods electrons and negative ions can be removed,
mostly by applying an appropriate rf-drive. For H-ions a direct excitation of the axial
frequency is not desirable, because the axial frequency difference between H™-ions and
antiprotons scales with a factor of |/mg/my-, resulting in a shift of only ~ 440 Hz.

Therefore, H -ions are heated out of the trap via a sweep excitation of the cyclotron
mode. For the cyclotron mode, the H-ion’s frequency is ~ 32kHz lower than the one of
the antiproton, giving enough distance in frequency space to excite the H-ions but not
the antiprotons.

To excite the H-ions, a drive is swept in a frequency span of 6 kHz around the calculated
H -frequency for 60s at a power of -20 dBm. Subsequently, the trap potential is lowered
to V,, = 0.37V and the excited H™-ions can escape. Then, the potential is raised again to
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Figure 5.6: Mixed dip (H-ions & antiprotons) in pink and dip after H-cleaning with only
antiprotons in blue.

its initial value, and the remaining particles are magnetron cooled (see Chapter 2.2.3).

This procedure is repeated multiple times until all H-ions are removed, visible by the
fact that only particles at the antiproton axial frequency are detected. Moreover, after
successfully catching antiprotons for the first time, the trap is emptied again and the
Reservoir trap is characterized with protons. Here, especially the cyclotron frequency is
measured and the strength of the heating drive is characterized in a way, that all protons
are 100% removed from the trap. These parameters are then used to remove H -ions out

of the trap after another successful antiproton catching attempt.

Figure 5.6 shows the FFT spectrum of a mixed dip (H-ions and antiprotons) in pink
and the cleaned antiproton dip in blue. We expect that the frequency of the mixed dip
corresponds to the average frequency of antiprotons and H -ions, meaning we would expect
the axial frequency of the mixed cloud -220 Hz below the one of the pure antiproton cloud.
However, these dip spectra were taken at different ring voltages V,., as indicated on the
plot. A difference of AV, = +1mV results in an axial frequency shift of +55Hz. Here,
we have a AV, = +4.5mV, therefore the mixed dip is +250 Hz higher than the pure
antiproton one. Both shifts in total result in a frequency difference of Av, = +30Hz of
the mixed dip compared to the pure antiproton dip. The fitted axial frequencies of both
clouds are v, 5 = 801702Hz and v, mixea = 801732 Hz and reflect this frequency shift of

30 Hz. Therefore, we conclude on having a pure antiproton cloud stored in the Reservoir
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trap. Highlighting the pureness of the antiproton cloud, we also have never observed the

extraction of any H™-ions into the Precision trap.

5.4 Extraction of single antiprotons

To perform measurements in the precision traps, it is important to extract the stored
particles from the Reservoir trap. For this purpose, we can separate a fraction of particles
in the Reservoir trap and extract them to the precision measurement traps.

For this reason, the so-called 'potential tweezers scheme’ was invented [118] and further
developed over the years. The goal of this scheme is to extract a single antiproton from the
reservoir. Figure 5.7 illustrates the steps as applied in the current antiproton run. First,
the voltage is symmetrically increased to form a deep trapping potential (V, = 12.5V).
Then, a slightly larger voltage is applied to the upstream correction electrode. This shifts
the center of mass of the particles slightly upstream, we call this applied voltage the
'separation voltage’ because it defines the fraction of separated particles (a). In the next
step, the ring electrode is ramped to V, = —13.5V, essentially splitting the potential well
into two (b). Afterward, the downstream fraction of the particles is transported using
adiabatic ramps to the outermost RT electrode (c). In the last step, the downstream HV-
electrode HVS is ramped to form a trapping potential, and the outermost RT electrode
is set to zero again, such that the separated particles are solely trapped by HVS (d).
From here onward the extracted particles get controlled by the control system of the
precision measurement traps and the number of extracted particles can be determined in
the Precision trap.

Figure 5.8 shows the result of separation studies performed at the beginning of Novem-
ber 2023. Here, the separation voltage was changed to see its effect on the fraction of
particles extracted from the reservoir. The blue dots depict the number of particles in
the Reservoir trap after an extraction. Considering the Boltzmann-distributed particles
due to the interaction with the detection system, the fraction of extracted particles can
be described as [118]

2m2m(v,2)?

NeXC:C~/OOzeX -
: | 2] exp( T T

)dz. (5.2)

It demonstrates that we can reproducibly separate different fractions of particles out of

the reservoir. Only two measurements (blue diamonds) were taken of the particle count
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Figure 5.7: Voltages applied during separation and merging. a) The trap potential is
lowered to 12.5V, forming a deep potential trap. In the last step, the potential is slightly
asymmetric by applying a larger absolute voltage on the upstream correction electrode. b)
A large positive voltage is applied to the central electrode, splitting the reservoir in two. ¢)
The particles in the left (downstream) potential well are transported closer to the Precision
trap via adiabatic ramps. d) In the last step the separated particles are transported to HVS,
the handover-point to the precision measurement traps and their control system.
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Figure 5.8: The extracted fraction of particles after separation in the Reservoir trap is
dependent on the separation voltage (blue circles, pink line). The predicted particle number
in the precision trap is projected and visible as the yellow dashed-dotted line. Twice the dip
width was also measured in the Precision trap after the separation procedure, resulting in
the two diamond data points, which fit well to the predicted fraction of extracted particles.

in the PT after the extraction, but they agree well with the predicted fraction. With this,
and the knowledge of earlier performed separation studies [118], we can say that lossless
separation and extraction can be performed. This information is especially important
for transportable trap systems like BASE-STEP [61], which rely on reliable extraction to

high-precision Penning trap experiments.

5.5 Maintenance of the reservoir

The content of the Reservoir trap is very important for the operation of a precision mea-
surement. Therefore, we regularly maintain our antiprotons stored in the Reservoir trap.
When unsupervised, the antiprotons interact with each other and accumulate magnetron
energy, which could potentially result in particle loss. Moreover, electrons emitted by
beta-decay of activated trap material can contaminate the antiproton cloud.

To counteract this, we repeatedly uphold the reservoir. This means we electron clean
and magnetron cool the particles in the Reservoir trap. This is done after every cryoliquid
filling cycle of the experiment, which happens every 2-3 days.

In detail, we first magnetron cool the particles by irradiating the upper magnetron
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sideband (v, + v_) at a drive strength of -20 dBm until a prominent double dip is vis-
ible, indicating the particles are magnetron cold, before we start the electron cleaning
procedure. As outlined in Section 5.3.1, we first ramp the trap down to 0.6 V without
irradiating the electron cleaning drive. This is done to check the behavior of the antipro-
tons after having undergone the voltage ramp. In case heating occurs, due to noise on the
system, we would not continue with electron cleaning. It should be noted here that a bit
of heating is normal, meaning that the particles accumulate axial energy (SNR reduced
by 1-2dB) and magnetron energy. After another round of magnetron cooling, the elec-
tron cleaning procedure as described above is executed. After a final round of magnetron
cooling, the maintenance activity is concluded.

At this point, it should be noted that the particle interaction and cooling times depend
strongly on the particle number [152]. For a large particle cloud of hundreds of particles it
is necessary to irradiate the magnetron drive for ~ 10 min, with an additional waiting time
~ 10 min after the drive is switched off to let the axial motion thermalize as well. During
the application of the drive, the axial potential is ramped by +30 mV in steps of 1 mV in
order to cool magnetron hot particles in a broader frequency range. A waiting time of
~ 1 min after ramping the voltage to a shallow potential and back is also advised in order
to let the particles thermalize with the resonator. For small particle clouds with ~ 15
particles, the timescales are much shorter. A magnetron cold particle cloud is prepared
by irradiating the drive for &~ 1 min, and waiting afterward is not necessary.

The effect of the reservoir maintenance is visualized in Figure 5.9 a). The axial fre-
quency, signal-to-noise ratio (SNR), and dip width are shown over 5 days during which no
particle extraction occurred. After performing the maintenance on the reservoir (green
line), the particles accumulate magnetron energy over time, resulting in an increase in
axial frequency. Therefore, the measured dip SNR decreases as the particles move over the
resonator and the scatter in the axial frequency increases. This also leads to an increase
in the width of the dip. Two points are highlighted as magenta and orange diamonds.
Figure 5.9 b) shows the FFT spectra of these two points. The magenta dashed line rep-
resents a dip shortly after the maintenance action, and the orange line one just before,
visualizing the difference in axial frequency, SNR, and dip width.

Thus, this effect could influence the determined number of particles stored in the trap.
For the later presented determination of the antiproton lifetime (Chapter 6), only data in

a 12 hour window after maintaining the reservoir is considered, here marked in yellow.
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Figure 5.9: (a) The dip frequency, signal-to-noise ratio (SNR), and dip width over 5 days
during which no particle extraction occurred are depicted in blue, with a moving average
plotted in pink to guide the eye. After performing the maintenance on the reservoir (green),
the particles accumulate magnetron energy over time resulting in an increase in axial fre-
quency (upper). Therefore, the measured dip SNR is decreasing (middle), as the particles
are moving over the resonator and the scatter in the axial frequency is increasing. This
also leads to an increase in the width of the dip (lower plot). Thus this effect can influence
the extracted amount of particles stored in the trap. For the later presented determination
of the antiprotons lifetime only data in a 12 hour window after maintaining the reservoir
is considered, here marked in yellow. (b) shows the FFT spectra for the magenta and or-
ange diamonds in (a). Here, the difference in lineshape directly after maintenance (magenta

dashed) and just before the maintenance action (orange) is visualized.
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CHAPTER 6

IMPROVED DIRECT LIMITS ON THE
ANTIPROTON LIFETIME

6.1 Motivation

The CPT theorem [28] states that the properties of matter and antimatter should strictly
have the same absolute values. These properties include the charge-to-mass ratio, the
magnetic moment, and the lifetime. When looking more specifically at the properties of
the proton and antiproton, there is a striking difference of multiple orders of magnitude
in the known lower limits on their respective lifetimes.

Recent results from the SNO+ collaboration constrain the proton lifetime to 7, >
3.6 x 10 a [153]. Here, the decay of 10O — !»N* is monitored by searching for the
emission of characteristic gamma radiation during the de-excitation of »’N*. This result
is independent of any models and branching ratios and also includes invisible decays,
where the final states are not detectable. For specific decay channels, the proton lifetime
is even constrained to 7,(p — e™7?) > 1.6 x 103 years [154].

For the antiproton, on the other hand, the experimentally determined lifetime con-
straints are significantly smaller. The antiproton lifetime was, for example, estimated to
75 > 0.8 x 10° years by looking at the incident antiproton flux in cosmic rays on earth
[155]. This result strongly depends on the models used to describe the production and
propagation of antiprotons and their interactions in earth’s heliosphere. First direct mea-
surements of the antiproton lifetime have been conducted by the APEX collaboration
at Fermilab’s Antiproton Accumulator [156, 157]. Searching for leptonic decay products
originating from the circulating antiprotons in the storage ring sets constrains on 13 decay

channels ranging from 75(p — e"w) > 2 x 102 years to 75(p — e ) > 7 x 10° years.
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Chapter 6 Improved direct limits on the antiproton lifetime

However, some antiproton decay channels preferred by Grand Unification Theories, like
D — v, K~ [158], are not covered by the lifetime constraints.

In the BASE Reservoir trap, continuous monitoring of the stored antiprotons allows
for inferring direct constraints on the antiproton lifetime that do not depend on specific
decay channels or theoretical models and are also sensitive to invisible decays in the

aforementioned sense.

6.2 Measurement concept

From our antiprotons stored in the Reservoir trap, we can derive a direct lower limit of
the antiproton lifetime. This requires the knowledge of the number of stored particles,
which we can extract from the interaction of particles with the resonant detection system.
As discussed in Chapter 2.2, a single particle in thermal equilibrium with an LC resonant
circuit tuned to its resonance frequency is visible as a dip on the noise spectrum of the
resonator. Figure 6.1 shows the dip spectrum of stored antiprotons in the Reservoir trap.
The width of this dip v, for a single particle is given by [68]

v, = i&q—z, (6.1)

2 m Dy

where R, = ws@L is the effective parallel resistance of the resonator, and D.g the effec-
tive electrode distance, which is a geometrical measure describing the coupling strength
of a particle to the electrode on which the detector picks up the particle signal [79]. For
multiple particles, the dip width scales with the number of particles, as analysed and de-
scribed in [68]. For large particle clouds dv, VN, whereas for smaller particle numbers

the dip width scales linearly with the single particle dip with:

N R, ¢

0V (N) = N X 0V, single = 9 D2

(6.2)

The content of the Reservoir trap is continuously monitored by recording the time tran-
sient of the signal and taking its fast Fourier transform (FFT). With a least-squares fit
of the well-known line shape to the FFT spectrum, we determine the dip width dv,, as
well as the dip frequency, the resonator frequency and width, and the dip signal-to-noise
ratio (SNR) of the antiproton cloud. The behaviour for large particle clouds is already

accounted for in the fitting routine, enabling the use of the linear scaling as in Equa-
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Figure 6.1: FFT spectrum of the antiprotons in the reservoir trap. The dip width is the
3dB width of the dip, shown in green. This spectrum was recorded on 2023-11-04 and shows
the dip of a full reservoir with 99 trapped antiprotons.

tion (6.2) to estimate the amount of trapped particles.
To obtain a lower limit on the lifetime, we first integrate the particle number over time,

which yields an equivalent single particle observation time
Tope = / N(t)dt. (6.3)

Having recorded multiple such data sets over the years, we can combine them and get a
total observation time of Tps total = 2. Tobsi- A possible antiproton decay can be described

by Poisson statistics. The probability of observing n decays during the time 7,4 is given

by
A" exp(—A)

p(n; \) = o

: (6.4)

where A = T,s/75. In case no particle decay is observed, the probability is described by

the decay law
p(0; X)) = exp(—A) = exp(—Tons/T5)- (6.5)
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Chapter 6 Improved direct limits on the antiproton lifetime

We can constrain the antiproton lifetime for a desired confidence level (CL) with:

CL=1-—exp <T0b5> (6.6)

Tobs

p
TﬁJOWﬂ« = —m (67)

The following sections discuss the determination of an improved value for the direct
lower limit on the antiproton lifetime, using data from three different measurement cam-
paigns at BASE.

6.3 Antiproton lifetime limits measured in 2017 -
2019

During the last BASE charge-to-mass ratio measurement [55], running from 2017 to 2019,
the Reservoir trap was loaded with bunches of antiprotons and H™-ions before the precision
measurements could start over the YETS. This section presents two datasets of recorded
reservoir data accumulated over the 2017/2018 and 2018/2019 runs. It should be noted
that in both cases, a mixed cloud of both antiprotons and negatively charged hydrogen
ions (also hydride (H")) was stored, as required for the charge-to-mass ratio comparisons
[142]. The following discussion includes both species, and is subsequently corrected for the
H -ion content in Section 6.3.3. The particles were continuously monitored by recording a
fast Fourier transform (FFT) of the time transient signal of the stored particles interacting
with the superconducting LC-circuit; an exemplary spectrum recorded in 2023 can be seen
in Figure 6.1.

From the well-known line shape [68], we can extract via a least-squares fit the axial
frequency v, of the particles in the reservoir, as well as their dip width dv,, and the
resonator frequency vyes and its width d14es. From Equation (6.2) we see that the particles’
dip width depends on the the number of stored particles, but also on the resonator’s
parallel resistance R, = 27m1,,QL and the effective electrode distance Deg = 10.3 mm,
which is calculated by potential theory and is robust within the machining precision of
the trap electrodes.

During the charge-to-mass ratio run, the RT’s axial detector was operated at v, ~

793kHz and had an inductance L = 1.675(25) mH, characterized in a separate measure-
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6.3 Antiproton lifetime limits measured in 2017 - 2019

ment. The quality factor @) is influenced by parasitic losses, such as those arising from
a long resonator line, which is shielded as effectively as possible, and by variations in
capacitive coupling that change with each assembly after a warm-up, leading to changes
in (Q with each run. For the 2017/2018 run @ =~ 22200, resulting in an R, = 185(3) MQ
and a single particle dip width of v, ginge = 4.50(7) Hz. For the 2018/2019 run the quality
factor was higher @) ~ 28400 leading to R, = 237(4) MS2, which yields a single particle
dip width of v, gnge = 5.75(9) Hz. The uncertainty in the single particle dip width is
rooted in the uncertainty of the inductance L. Antiproton lifetime limits of these two
datasets have already been discussed in the PhD thesis of Matthias Borchert [93].

6.3.1 2017/2018 data

During the 2017/2018 run 241020 spectra were recorded over 189.5 days. Figure 6.2 a)
shows the particle number history, extracted from these spectra, starting from the catch-
ing of the antiprotons and H-ions. The particle number is calculated by applying Equa-
tion (6.2) and using the resonator’s frequency v, and width dves, and the dip width v,
taken from the least-squares fit to the spectrum. The gray points display all data points
except noise-related outliers. The scatter in the particle number is caused by fit-noise,
and the drifts are due to electron contamination, which are caused by beta-decays in the
activated degrader. This can be seen, for example, in a very strong downwards drift in
particle number after around 65 days. Electron contamination is visible as a decrease in
axial frequency and SNR of the particle’s dip and is accounted for in the evaluation.

As explained in Section 5.5, magnetron cooling and electron cleaning are performed
regularly. To ensure accuracy and adopt a conservative approach, only the first twelve
hours of data following reservoir maintenance (see Chapter 5.5) were included in the
evaluation, which are the data points depicted in blue. A moving average over the blue
points is shown in pink to guide the eye.

In the beginning, 69 particles are stored in the Reservoir trap. All following drops
were caused by an operator interacting with the trap, e.g., to extract (see Chapter 5.4) a
particle to the precision measurement traps. The first month of the dataset corresponds
to the commissioning phase of the experiment, during which new routines — including rf-
drive calibration and transport procedure — were established, consequently causing higher
particle losses. The larger downward step in particle numbers around day 65 of trapping

is due to an unscheduled power cut, where the particle in the Precision trap was lost.
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Figure 6.2: Results from the 2017/2018 run. a) shows the number of particles over time.
The points in gray represent data noise filtering; for better visibility, only every 10th point is
plotted. The blue points depict all data points used for the evaluation, which are always the
first 12 hours after the strap maintenance. Also, electron-contaminated data was excluded.
More details can be found in the text. To guide the eye, a moving mean of the blue points is
plotted in pink. The dashed yellow line shows the particle number estimate used to compute
the equivalent single particle observation time, plotted in b).

During the following extraction attempt, three particles were extracted, reducing the
particle number in the reservoir to 60, from which two were evaporated in the Precision
trap. After about 100 days, the first precision measurement cycle was completed, and an
extensive electron cleaning was required in the Reservoir trap, resulting in the loss of 9
particles. During the cleaning procedure, the noise of the strong rf-drives overlapped with
the frequency window of the trapped particles, leading to their evaporation. Afterwards, a
systematic and precision measurement campaign started again in which only two particles
were lost. Figure 6.2 b) shows the cumulated single particle observation time for the
2017/2018 run. As we are constraining a lower limit on the antiproton lifetime, the
conservative approach was chosen to use the mean value of the particle number minus
one standard deviation and round this number to an integer value for the stored number
of particles in a given time interval. These values are plotted as the yellow dashed line in
Figure 6.2 a). The integrated equivalent single particle observation time over the storage
time of the mixed reservoir is shown in Figure 6.2 b) and accumulates to Tops 2017 = 27.56
years. Section 6.3.3 discusses the contribution of the antiproton content in the mixed

reservoir.
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Figure 6.3: Results from the 2018/2019 run. a) shows the number of particles over time.
The points in gray represent data noise filtering; for better visibility, only every 10th point is
plotted. The blue points depict all data points used for the evaluation, which are always the
first 12 hours after the strap maintenance. Also, electron-contaminated data was excluded.
More details can be found in the text. To guide the eye, a moving mean of the blue points is
plotted in pink. The dashed yellow line shows the particle number estimate used to compute
the equivalent single particle observation time, plotted in b).

6.3.2 2018/2019 data

In the 2018/2019 run, we have stored antiprotons for 231 days during which 157246
spectra of the reservoir were recorded. From these recorded spectra, we extract the
stored particle number using Equation (6.2), as described above. Figure 6.3 a) shows the
number of particles stored in the Reservoir trap over time. The gray points depict all data
after outlier removal. For better visibility, only every 10th point was plotted. Compared
to the 2017/2018 dataset, the one from 2018/2019 is more stable and robust. This is most
likely due to the fact that the degrader was exchanged and only a few antiproton catching
attempts were performed, contrary to the previous run. This results in less activation
of the degrader and trap electrodes and therefore in fewer beta-decay electrons and a
more stable antiproton reservoir. As in the previous evaluation, data from an electron-
contaminated reservoir was excluded from the final result. Electrons were removed from
the trap on a regular basis (see Chapter 5.5). Only data points in a 12-hour window
after the maintenance operation are accepted for the final evaluation, shown by the blue
points, in order to counteract for possible drifts on the dip. A moving average of these

data points is plotted in pink.
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Chapter 6 Improved direct limits on the antiproton lifetime

In the first few days after catching the antiprotons, the loss rate in the reservoir is high
due to the commissioning of the whole experiment and intentional particle loss to reduce
the cooling time after reservoir maintenance and particle extraction [152] (Chapter 5.5).
After 10 days, the precision measurement starts, and the particle number is stable for over
a month. A striking feature in Figure 6.3 a) is the three large losses between 50 and 80
days. Here, the higher loss rate is due to problems merging the extracted particles back
to the reservoir, as the number of lost particles correlates with the amount of extraction
attempts [93]. Afterwards, the reservoir is very stable; only three particles were consumed
in over 5 months. All losses in the Reservoir trap are due to an operator interacting with
the trapped particles, for example, when extracting a particle into the Precision trap.
For instance, it was necessary to extract a new particle into the Precision trap around
day 63, when the particle in the Precision trap was lost, because the ground of the
BASE experiment was disconnected from the one in the AMF during (see Chapter 5.5)
maintenance work in CERN’s long shutdown two (L.S2). This caused the precision voltage
supplies to float and resulted in a particle loss. Excluding particle losses not caused
by environmental factors, we compute the equivalent single-particle observation time as
outlined in Section 6.2. To estimate a lower bound on the particle number, we subtract
one standard deviation from the mean particle count during a stable period and round
the result to the nearest integer. This estimate is shown as the yellow dashed line in
Figure 6.3 a). Summing the resulting observation periods yields a total equivalent single-

particle observation time of Typs 2019 = 34.48 years.

6.3.3 Antiproton content of the reservoir

During the time of the charge-to-mass ratio campaign in 2017 - 2019, a mixed reservoir of
both antiprotons and negatively charged hydrogen ions (H") was stored in the Reservoir
trap, making it necessary to determine the amount of trapped antiprotons to establish
a lower limit on the antiproton lifetime. Usually, one would measure the amount of an-
tiprotons by removing the H-ions as described in Chapter 5.3.4. Unfortunately, both
experimental campaigns ended unexpectedly due to quenching of the experiment. There-
fore the amount of antiprotons can be estimated using data from extraction attempts
(see Chapter 5.4). After each extraction, the content of the extracted particle cloud is
analyzed in the Precision trap. Here, the axial frequencies of the antiproton and H -ion

differ by about 350 Hz due to their different mass, allowing us to distinguish between them
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6.4 Antiproton lifetime limit measured in 2023 - 2025

Consumed Observed particle years Observed particle years Observed particle years

Run Run-Time particles mixed reservoir P D (lower limit)
2017/2018 189.5 days 20 27.56 a 14.37a 11.58a
2018/2019 231 days 29 34.48a 8.50a 4.92a

Table 6.1: Summary of reservoir content of the charge-to-mass ratio campaign 2017 - 2019.

(see also Chapter 5.3.4).
Using the knowledge of the extracted particle type sequence and the number of particles
Ny, before an extraction attempt, the initial antiproton particle number can be calculated

by maximizing the probability Pg of extracting a sequence of antiprotons and H -ions [93]:

N

Ps(N5) = [ Pe(Nok: Npx), (6.8)

k1
where the estimator Vg ; is the number of antiprotons in the reservoir. This gives for the
2017/2018 dataset an initial antiproton number of Ng 2017 = 36(7) and for the 2018/2019
run Npoo19 = 19(8). With these numbers, we can give a value and lower limit on the

equivalent observed single particle time for antiprotons, which can be found in Table 6.1.

6.4 Antiproton lifetime limit measured in 2023 - 2025

During CERN’s Long Shutdown 2 (LS2) (2019-2021), the BASE experiment was re-built
for measuring g-factors and catching antiprotons from the new ELENA storage ring,
which provides antiprotons with less energy than the AD did before. This includes a
completely new trap system, corresponding electronics, and a novel degrader system [115]
(see Chapter 3). With this new system, we caught antiprotons for the first time on October
27, 2023. More details on the catching of antiprotons can be found in Chapter 5.2 and in
the thesis of Bela Arndt [159]. Following the capture of antiprotons, contaminants such
as H™-ions and electrons were carefully removed, as described in Chapter 5.3.4.

As explained in Section 6.2, we want to extract the number of stored antiprotons to
determine a direct limit on the antiproton lifetime. This can be done using the width of
the antiprotons’ dip on the resonator’s spectrum (see Figure 6.1). For this, we recorded in
total 360456 spectra accumulated over 566 days, the longest time antiprotons have ever

been trapped continuously. We extract the dip width dv, from this spectra by employing
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Chapter 6 Improved direct limits on the antiproton lifetime

a least-square fit, which also gives us values for the dip center frequency v, as well as

the resonator center frequency v, and the resonator width dv . During this run, noise

S S

disturbances on the RT detection system required an adjustment of the amplifier’s working
point, which in turn led to a shift in the resonator’s center frequency v, and @-value
due to feedback effects (Chapter 2.2.2). The Q-value is about @ ~ 10600 and a careful

determination of the resonator’s inductance is discussed in Section 6.4.1.

Figure 6.4 shows the recorded dip width over time during the commissioning phase of
the trap system for the 2024 g-factor run. During the first weeks after capturing, the whole
experiment had to be commissioned, which caused particle losses. Further, reducing the
number of antiprotons is also practical for efficient experiment operation, as the cooling

time increases with increasing particle number [152], as described in Chapter 5.5.

Each such change in particle number can be attributed to an operator working on the
trap. The most striking events are labeled in Figure 6.4. As a first step of commissioning
the experiment after antiproton catching, the separation routine has to be characterized
in order to extract single particles from the Reservoir trap. The first separation attempt
was not successful, and a fraction of the antiprotons was lost (@ in Figure 6.4). We
continued with the characterization of the separation, and on that occasion, a larger frac-
tion of antiprotons were transported to the Precision trap and stored there overnight
@. The next morning, we merged the particles together @ The number of particles is
now reduced due to the fact that while some particles were stored in the Precision trap,
evaporation studies were performed in the PT. Here, the trap potential is consecutively
ramped down to have a shallow trap, at which point antiprotons with higher energy start
to leave the trap. This information is important for the execution of the cleaning routines
(see Chapter 5.3) and single particle preparation in the precision traps.

Nevertheless, particle loss occurred during the merging of an extraction attempt @ after
which the merging routine was optimized and a single particle extraction @ was
performed.

A problem arising during the operation of the experiment was noise on the system, es-
pecially at the same frequency as the particles axial motion in the Reservoir trap. To
counteract the noise heating of the particles, we changed the gate voltage of the amplifier
of the resonator, which changes the resonance frequency. When changing the ring voltage
of the particles accordingly, we can move the particles away from the noise peak. This, on
the other hand, induces feedback effects on the resonator, which changes the ()-value of

the resonator and with that also the interaction constant between particles and resonator.
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Figure 6.4: The first 53 days of the captured antiproton cloud in 2024. Shown is the dip
width dv, as a function of measurement time after antiproton capture. The change in dip
width can be correlated to different events as labeled. For example, also in an increase in
dip width is visible (10) due to a change in the detector working point. More details can be
found in the text.
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This then can lead to a change in dip width as observed in @ and as a decrease and
an increase, respectively, but does not represent a change in particle number.

The largest change in particle number is caused by human errors @ & @ Both times,
the particles were heated out of the trap by accidently applying an rf-drive by accident.
After these incidents, we developed clear routines in the operation of the antiproton reser-

voir, and no more losses of this nature occurred.

6.4.1 Particle number calibration

For the determination of the antiproton lifetime, the correct determination of the number
of antiprotons stored in the Reservoir trap is of high importance. Therefore, we need to
perform a careful particle number calibration. As mentioned above, during the run we had
to change the working point of the resonator’s amplifier and with this the effective parallel
resistance R, = 2714 LQ = 2mLv2, /dvpes of the resonator. Change of the amplifier
working point affects the quality factor due to feedback and resistive damping, and thus,
the single particle dip width (Equation (6.1)) changes. This means, that we need to be
able to quantify the single particle dip width whenever the amplifier working point was
changed. The simplest approach is to determine the inductance L of the coil and then
calculate the single particle dip width for each recorded spectrum with the knowledge of
the resonator’s center frequency and its width, which is extracted using a least-squares
fit to the data. We can calculate the single particle dip width for one working point by
measuring the difference in dip width after a single particle extraction Adv, = 0V, pefore —
5Vz,after-

This is deterministic and practically free of uncertainties, since we know that only a
single particle was extracted by measuring the dip width of the extracted particle in the
Precision trap, which is carefully calibrated as a part of the commissioning routine of
the experiment. For this calibration, the single-particle dip width is determined by first
loading a cloud of protons or antiprotons into the Precision trap, and slowly evaporating
particles. To that end, the trapping potential is slowly decreased, so that hotter particles
can escape the trap. Afterwards, the trap potential is increased to its previous value and
the dip width is measured again. The decrease of the potential has to occur in small
enough steps, so that only single particles will be evaporated. As this method involves
particle losses, rather than applying it in the Reservoir trap, it consumes less particles

to apply this protocol in the Precision trap for only a few particles. This calibration
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extraction date Advy, (Hz) uncertainty Ady, (Hz) L (mH) uncertainty L (mH)

2023-12-04 1.63 0.2 1.362 0.167
2023-12-15 1.98 0.10 1.533 0.077
2024-03-01 1.84 0.02 1.429 0.016
2024-07-26 1.82 0.11 1.401 0.085

Table 6.2: Difference in dip width after a single particle extraction Adv, = v, before —
0V after and the corresponding calculated inductance of the RT resonator coil.

leads to a quasi-deterministic (CL > 100) measurement of the number of extracted
particles. With the knowledge from the dip signal in the Precision trap, we can calculate
the change in dip width in the RT during a single particle extraction by averaging over all
measurements from the last change in dip width before the extraction dv, pefore and after
the extraction until the next change in dip width occurs 6v, per, and subtracting both
values Adv, = 0V, before — OV after- Lhe inductance is then calculated using this change in
dip width Adv, as the single particle dip width and the mean of the resonator frequency
and resonator width for the corresponding working point. For the determination of the
inductance L only single particle extractions with sufficient statistics for the amount
of stored antiprotons in the Reservoir trap before and after extraction were considered.
Table 6.2 shows the determined single particle dip width and the calculated inductance

for four single particle extractions.

Figure 6.5 a) visualizes the values from Table 6.2. The inductance of the resonator’s
coil is determined by the weighted mean of these four measurements and is L = (1.432 £+
0.015) mH. Knowing the inductance of the coil, the single particle dip width is calculated
for each spectrum using Equation (6.1) and the 145 and 015 from least square fit of the
line shape to the data. Dividing the fitted dip width of the spectra by this calculated
single particle dip width gives us the particle number. The particle number calibration is
illustrated in Figure 6.5 b). Here, a histogram of the particle number is shown, calculated
from the extracted dip widths of all recorded spectra using the inductance L determined
in Figure 6.5 a). For better visibility, only particle numbers after the second significant
loss, e.g., after around 13 days of measurement time, are shown. This histogram shows

data also presented in Figure 6.6.
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Figure 6.5: a) Extracted values for the determination of the inductance of the RT resonator
coil. The weighted mean of the different values is L = (1.432 4+ 0.015) mH and depicted in
pink. b) Histogram of the calculated particle numbers. For visibility, only the data after
the second big loss (after day 13) is shown.

6.4.2 2023 - 2025 data

Figure 6.6 shows the evolution of stored antiprotons in the BASE Reservoir trap for
the 2023 - 2025 run. The particle number extracted from the recorded FFT spectra is
depicted in gray and blue. The gray points represent all data points after noise filtering,
whereas the blue points are the ones used for the final determination of the equivalent
single particle observation time. Selected are always the first 12 hours of observation
time after the reservoir was maintained (see Chapter 5.5). The pink line is a moving
average of the blue points, and the yellow dashed line represents the number of particles
projected to an integer value. It is used to calculate a conservative estimate on the
equivalent single particle observation time by integration, and the resulting evolution of
the recorded observation time Tops 2025 = 28.06 years is shown as the dashed blue line in
Figure 6.6 a).

Figure 6.6 b) shows the particle number after finishing the commissioning of the ex-
periment, once the g-factor measurement started. This time is marked by the gray line
in Figure 6.6 a). Remarkable is the low loss rate of only nine particles in over 1.5 years
one particle per two months. During the first two months, we measured the g-factor and
part of the systematics in the precision traps (AT & PT), which was lossless. Afterwards,
we lost three particles during particle transports between the Precision and the Analysis

trap. We attribute this to heavy electron contamination in the transport section between
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Figure 6.6: The particle number (pink) over time calculated with the RT inductance
extracted in Figure 6.5. The dashed blue line in a) shows the integrated single particle
equivalent storage time in years. b) is an excerpt of a) starting by the gray line marking
the start of the g-factor measurement. More details in the text.
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Day Date number before number after cause of loss

126 2024-03-01 19 18 contaminated transport section
129 2024-03-04 18 17 contaminated transport section
131  2024-03-06 17 16 contaminated transport section
273 2024-07-26 16 15 9-pole mode implementation
294 2024-08-07 15 14 phase methods implementation
419  2024-12-19 14 13 human error

497 2025-03-07 - - contaminated transport section
514  2025-03-24 13 10 human error

545 2025-04-24 10 9 human error

Table 6.3: Particle losses since the beginning of the precision measurement campaign on
2023-12-28 and reservoir content before and after the extraction of the corresponding particle
loss in the precision measurement traps. Only 9 particles were lost in over 1.5 years of
measurement time, resulting in a particle consumption rate of one particle per two months.
Note that on 2025-03-07, a particle was lost in the precision traps, but no particle was
extracted from the RT. On 2025-03-24, a particle got lost in the precision traps, due to a
human mistake. Subsequently, two particles were extracted from the RT into the precision
traps, and one particle was lost in the process.

the two precision measurement traps, as no particle was transported between the traps for
a month after the g-factor measurement ended. After cleaning the transport electrodes
between the two traps multiple times, no more particle loss occurred for 4.5 months. Then
the implementation of new experimental techniques like a 9-pole mode in the Analysis
trap [160] and phase-sensitive detection in the Precision trap [161] caused the loss of two
more particles, which was followed again by a lossless period of four months. Table 6.3
summarizes particle loss events during the precision modus of the experiment, which, due
to the excellent performance of the experiment, also includes the implementation of novel

methods with minimal particle loss.

The stored antiproton cloud can also be used as a vacuum gauge. Following the ap-
proach presented in [162], we first determine a lower lifetime limit of the current an-
tiproton run 7s 2025 using the extracted observation time of Typs 2025 = 28.06 years, re-
sulting in 752025 > 24.62 (CL: 0.68) years. This allows us to estimate the hydrogen
partial pressure to be smaller than py < 3.5 x 10~ mbar and helium partial pressure to
pre < 8.0 x 107" mbar. Note that this corresponds in our trap can volume of 1.21 to
750 particles (H) to 1750 particles (He) residual rest-gas particles in the entire volume of

the trap vacuum chamber. To our knowledge, assuming the laws of thermodynamics hold
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at these low particle numbers — this is the best ever explicitly characterized vacuum in a
physics experiment on earth.

All in all, this demonstrates an unprecedented reduction in the particle consumption,
as few as one particle per two months. Such a low particle consumption rate highlights
the feasibility of prolonged measurement campaigns, and the possibility of conducting
high-precision measurements also on ultra-rare species, such as antideuterium and the

antihydrogen molecular ion H,.

6.5 Improved antiproton lifetime limits

So far, this Chapter has discussed the determination of the observed equivalent single
antiproton storage time T,;,s in the BASE Reservoir trap for three different runs. During
this period, no unexplainable particle losses occurred, and a lower limit on the antiproton
lifetime can be extract.

As described in Section 6.2, the observed equivalent single antiproton storage times
from different runs can be combined, and, in addition, the storage time of the antiprotons
in the precision measurement traps can be included. This comprises one additional par-
ticle stored in the Precision trap during the charge-to-mass ratio run (2017-2019), and
two additional particles during the g-factor run (2023-2025). Moreover, the observation
times from previous measurements reported in [59] and [118] can be incorporated as well.
Table 6.4 summarizes all equivalent antiproton years observed in BASE.

These contributions result in a total equivalent single-particle observation time of
15,
ticle clouds from 2017 - 2019, a lower limit of 75 totaljower = 99.87 years. From this, we

total = 06.24 years and, incorporating the lower limits extracted for the mixed par-

extract a direct lower lifetime limit using Equation (6.7) of 75 1ower = 52.54 years (CL:
0.68) and 75 jower = 19.98 years (CL: 0.95), increasing the direct lifetime limit by a factor
of five compared to the previously published best value [59].

In the future, a dedicated experiment could provide an increased limit on the antiproton
lifetime. This could be realized with a permanent magnet trap, which BASE is currently
developing [163]. Given the efficiency of the BASE Reservoir trap, it is feasible to store
hundreds to thousands of antiprotons in an optimized trap. Considering the trapping of
approximately 1000 antiprotons over three years in such a trap, a lower direct limit on

the antiproton lifetime of approximately 2600 years could be extracted.
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Run Observed particle years p  Observed particle years p (lower limit)
2014 [118] 1.56a 1.56a
2016 [59] 10.10a 10.10a
2017/2018 14.37a 11.58a
2017/2018 other 0.52a 0.52a
2018/2019 8.50a 4.92a
2018/2019 other 0.63a 0.63a
2023 - 2025 28.06 a 28.06 a

2023 - 2025 other 2.5a 25a

Total 66.24 a 59.87a

Table 6.4: Summary of all observed equivalent antiproton years recorded in BASE from

2014 - 2025.
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CHAPTER 7

CONCLUSION AND OUTLOOK

The BASE experiment tests CPT symmetry by comparing the fundamental properties
of protons and antiprotons with the highest possible precision, like the charge-to-mass
ratio [55], the magnetic moment [56], and the lifetime [59]. This enables, for example,
to constrain coefficients in the SME framework [32] and to set stringent boundaries on
the Standard Model of particle physics. The goal of such experiments is to steadily
improve the fractional resolution with which these properties can be measured, by new
experimental inventions and upgraded technology.

This thesis has discussed a novel cooling device for improved cyclotron-mode cooling of
a single trapped antiproton in a Penning trap. It comprises a cyclotron resonator and a
dedicated Penning trap with an optimized design for strong particle-resonator coupling. A
low cyclotron-mode temperature is crucial for the thermal stability and signal-to-noise ra-
tio of antiproton frequency measurements, and for low spurious mode-heating rates [122].
In previous g-factor measurements [56, 138], cooling the particle’s cyclotron mode required
several hours and had to be repeated approximately every second day [56], resulting in a
significant reduction of the effective measurement time and introducing statistical uncer-
tainty. This is particularly problematic due to the limited window available for precision
measurements in the noisy environment of the Antimatter Factory.

With the here presented novel mode-cooling device, the cold particle preparation time
was reduced from about 15h to 8 min resulting in an about 100x improved cooling time.
Using this device, it is also feasible to cool the cyclotron mode to even lower tempera-
tures, enabling measurements at improved frequency stability, which in turn results in a
decreased spin state identification error rate. In this thesis, the detection of antiproton
spin transitions with an error rate < 2.3 x 107° was demonstrated, which is more than

three orders of magnitude better than in previous experiments [56].
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Moreover, this thesis presents the optimization and routine operation of the unique an-
tiproton Reservoir trap [118]. It is pivotal in conducting precision experiments in BASE,
as it supplies the BASE experiment with rare antiprotons during the accelerator shutdown
— the only time BASE can perform high-precision measurements. A detailed overview of
the configuration of the Reservoir trap was given, as well as a discussion on antiproton
catching, the subsequent cleaning and maintenance of the stored antiproton cloud. With
these methods, a particle consumption rate as low as one particle per two months was es-
tablished. This unprecedented efficiency extends the feasibility of long-term measurement
campaigns and opens up new possibilities for experiments with extremely rare antimatter
species, such as antihydrogen molecular ions, that might become available in the future

[164].

Thanks to careful maintenance of the antiproton cloud, antiprotons captured in October
2023 have remained stably confined in the Reservoir trap for over 1.5 years — the longest
demonstrated storage of baryonic antimatter. Continuous monitoring during this period
enabled a new direct lower limit on the antiproton lifetime [59]. This thesis presents the
methods used to verify long-term storage integrity and the statistical framework behind
the updated result, which incorporates data from the 2017/2018 and 2018/2019 runs to

establish a new lifetime limit of 52.54 years.

In conclusion, this thesis reports significant advancements in precision antimatter re-
search. A newly developed cooling device reduced the cyclotron-mode cooling time by
a factor of about 100 compared to the previous antiproton g-factor campaign by BASE
[56]. This innovation enabled a new g-factor measurement with roughly ten times lower
statistical uncertainty, marking a major step forward, even as systematic investigations
continue. Additionally, novel techniques for the long-term storage of exotic antiprotons
were introduced, achieving a still-ongoing confinement duration of 1.5 years — the longest
ever demonstrated for baryonic antimatter. This breakthrough enabled a fivefold im-
provement in the direct limit on the antiproton lifetime. Together, these accomplishments
represent substantial progress toward more precise tests of fundamental symmetries using

antimatter.
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7.1 Outlook

7.1.1 Cyclotron-mode cooling

The improved cyclotron-mode cooling presented in this thesis could be further enhanced
by either decreasing the time of one cycle in the sub-thermal cooling protocol or by re-
ducing the temperature of the cyclotron detection system. In order to reduce the required
time for one cooling cycle, cyclotron cooling and temperature readout could happen simul-
taneously by monitoring the axial frequency. Currently, the Cooling trap is equipped with
an axial resonator, but patch potentials on the electrodes could result in a higher axial
frequency than predicted. For this reason, a new axial resonator at a higher frequency was
built [165] and will be implemented the next time the experimental apparatus is opened.
With this, the transport between the Cooling and Analysis trap is no longer necessary,
which decreases the time budget per cooling cycle by approximately 1.5. Additionally,
the temperature of the cyclotron resonator can be reduced by applying negative feedback

(see Chapter 2.2.2). This would lead to a further decrease in cooling time.

The two-particle method (Chapter 4.1.3), which is currently used to determine the
antiproton magnetic moment, was essential for its p.p.b.-determination, but has its natural
limits. During the application of the Larmor drive, the Larmor particle — used for spin
state identification — is subject to thermal drifts within the apparatus and voltage settling
effects on the trap electrodes. These factors introduce uncertainties in the assumption
that the magnetic field remains stable between the cyclotron frequency measurement and
the Larmor drive application. In order to counteract these uncertainties, a double-trap
measurement scheme (Chapter 4.1.2) can be used. In this single-particle method, the most
significant limitation for a high-precision g-factor measurement in an accelerator facility
was the low sampling statistics, imposed by the long cyclotron-mode cooling times of
several hours. With the presented novel cooling device, the cold particle preparation time
is significantly reduced to only 8 minutes, making a double-trap measurement feasible
again, also in the AMF of CERN. Further improvements for implementing the double-
trap method are currently being developed, for example, faster spin flip identification
methods, and can be found in [166].
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7.1.2 Antiproton lifetime

The presented result of 52.54 years on the lower direct limit on the antiproton lifetime
could be immensely increased with a dedicated experiment. In the BASE precision exper-
iment, the number of antiprotons is typically reduced to around 30, in order to facilitate
experimental operation. With optimized catching parameters, we estimate it feasible to
trap a cloud of 1000 - 10000 antiprotons, which can be maintained without losses. In
addition, it must be ensured that the detection system is optimized to resolve individual
particles. Such a dedicated experiment could be realized within the BASE future program
[163] of a permanent magnet Penning trap, which could be supplied by the transportable
trap system BASE-STEP [61]. Considering the trapping of approximately 1000 antipro-
tons over three years in such a trap, a lower direct limit on the antiproton lifetime of
approximately 2600 years could be extracted.

For a larger amount of stored antiprotons, different detection methods have to be
utilized. With a time projection chamber (TPC) based detector, surrounding the trap, the
ALPHA collaboration is able to distinguish the annihilation of single antihydrogen atoms
[39]. Additionally, particle losses due to heating effects or annihilation with background
gas could also be monitored with such a detection system and could distinguish between
antiproton annihilation [145] and possible decay products [156]. The PUMA collaboration
would be able to increase the limit on the antiproton’s direct lifetime with a large number
of trapped particles. Their experiment is equipped with a TPC and aims to store 10°
antiprotons in their trap [43]. With only one day of antiproton storage, they could, in

principle, set a lower direct limit on the antiproton lifetime of approximately 10¢ years.

7.1.3 BASE collaboration

After successful antiproton catching in October 2023, the BASE collaboration commis-
sioned the experimental apparatus and sampled antiproton g-factor resonances during
the accelerator down times, culminating in an approximately ten times reduced statisti-
cal uncertainty compared to the previous measurement [56], with still ongoing systematic
studies. Moreover, the first coherent g-factor resonance has been measured [167].

The future strategy of BASE has been laid out recently in the BASE Future Pro-
posal [163]. The long-term goal of the BASE experiment is to further increase the
precision on the fundamental properties of protons and antiprotons. To this end, the

BASE-CERN apparatus will be used as a dedicated charge-to-mass ratio experiment in an
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off-line laboratory at CERN, supplied by the transportable trap BASE-STEP [61], which
recently demonstrated the first proton transport [62]. A new experiment at Heinrich-
Heine-Univeristdt (HHU) is currently under development and will function as a g-factor
apparatus, which will also be supplied with antiprotons by BASE-STEP.

By establishing an extremely low particle consumption rate of one particle per two
months while performing a precision measurement, as demonstrated in this thesis, the
BASE collaboration has shown the feasibility of conducting such measurements also on
ultra-rare species, such as antideuterium and the antihydrogen molecular ion P_I_Q, which

could be achieved in the future.
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