UNIVERSIDAD
DE GRANADA

Motional frequency spectroscopy
in a Penning trap via a single
laser-cooled ion

TESIS DOCTORAL

Joaquin Berrocal Sanchez

PROGRAMA DE DOCTORADO EN
FISICA Y CIENCIAS DEL ESPACIO

Granada, Diciembre de 2023






Motional frequency spectroscopy in a
Penning trap via a single laser-cooled ion

REALIZADO POR:
Joaquin Berrocal Sanchez

DIRIGIDO POR:
Daniel Rodriguez Rubiales

DEPARTAMENTO:
Departamento de Fisica Atémica, Molecular y Nuclear

UNIVERSIDAD DE GRANADA

PROGRAMA DE DOCTORADO EN
FISICA Y CIENCIAS DEL ESPACIO

Granada, Diciembre de 2023



Editor: Universidad de Granada. Tesis Doctorales
Autor: Joaquin Berrocal Sanchez

ISBN: 978-84-1195-219-4

URI: https://hdl.handle.net/10481/89887




Resumen

Esta tesis doctoral trata sobre el uso técnicas de enfriamiento y manipulacion
laser para la determinacién de las frecuencias de movimiento en una trampa Pen-
ning. La deteccion optica del estado de movimiento del sistema tiene las ventajas
de ser universal, necesitar de un solo ion de interés, y ser altamente robusta frente
a imperfecciones en los campos de atrapamiento. En este trabajo se presentan los
primeros resultados experimentales al respecto, asi como diversas mejoras técnicas
llevadas a cabo: un nuevo sistema 6ptico de diseno propio, una bomba criogénica
a medida y dos fuentes de iones. El ion *°Ca™ ha sido caracterizado como detector
de radiofrecuencia en el limite Doppler, desarrollando un protocolo de medida en
el que se pulsa el enfriamiento laser para leer la amplitud de oscilacién del ion a
partir de una camara EMCCD y un PMT. La determinacion alterna de la frecuen-
cia de ciclotrén de dos iones individuales de isétopos de calcio (**Ca™ vs “Ca™ con
A = 42,44,48) ha arrojado las primeras medidas de cocientes de masas usando el
método Optico. Por su parte, los experimentos con cristales de Coulomb de dos
iones de la misma especie (**Ca™ - “°Ca™) y de especies diferentes (**Ca™ - *°Ca™)
se han utilizado para estudiar la validez del teorema de invariancia generalizado.
Esta ultimas medidas constituyen la primera implementacion del método en una
plataforma universal. Se concluye necesario enfriar el cristal hasta el estado funda-
mental de movimiento para elevar la precisién de la técnica a un nivel competitivo.

Abstract

This thesis reports on the use of laser cooling and manipulation techniques for
the determination of the motional frequencies in a Penning trap. The optical de-
tection of the motional state of the system has the advantages of being universal,
demanding only one ion of interest, and being robust against imperfections of the
trapping fields. In this work, the first experimental results, as well as several tech-
nical improvements are presented: a novel optical system, a customized cryogenic
pump, and two ion sources. *°Ca’ has been characterized as a radiofrequency
detector at the Doppler limit, developing a laser-pulsed measurement protocol to
read out the ion’s oscillation amplitude from an EMCCD and a PMT. The alter-
nating determination of the cyclotron frequency of two individual calcium isotope
ions (1°Ca’ vs ACa™ with A = 42,44,48) has yielded the first mass ratio mea-
surements of the optical method. Experiments on balanced (**Ca® - *°Cat) and
unbalanced (**Ca™ - *°Ca™) Coulomb crystals have been used to study the valid-
ity of the generalized invariance theorem. These measurements constitute the first
implementation of the method on a universal platform. To bring the accuracy of
the technique to a competitive level, it will be necessary to cool the crystal down
to its ground state of motion.
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Chapter 1

Introduction

Since it was devised by Hans G. Dehmelt to directly measure the electron’s mag-
netic moment [1], the Penning trap has become the tool of choice to perform high-
precision measurements of fundamental properties of the confined particles. The
high temporal and spatial stability of the trapping fields translates into unrivalled
achievable precision in the measurement of the cyclotron and the Larmor frequen-
cies, directly related to fundamental properties such as the mass and the magnetic
moment. Some of the most precise measurements of fundamental properties of
subatomic particles have been performed using Penning traps. A few examples
are the electron and proton masses [2—4], the antiproton-to-proton charge-to-mass
ratio [5], the fine-structure constant [6], and the magnetic moment of several parti-
cles and antiparticles [7-9]. Some of these values are used to test the predictions of
quantum electrodynamics (QED) and the charge, parity, and time reversal (CPT)
symmetry.

Penning traps are also the prime choice to determine atomic masses with high
precision [10]. The mass of an atom or ion is a fundamental property directly
related to its binding energy and therefore contains information about the inter-
action among its constituents. The ion’s mass is extracted from a measurement of
the cyclotron frequency, which is in turn related to the motional frequencies. Two
well-established detection methods are usually employed: the ion is destructively
detected after it has been ejected from the trap [11], or non-destructively through
the current it induces on certain trap electrodes [12].

Techniques relying on destructive detection, such as time-of-flight ion-cyclotron-
resonance (ToF-ICR) and phase-imaging ion-cyclotron-resonance (PI-ICR), have
been extensively used in on-line facilities to measure the mass of short-lived nu-
clides. The main advantages are the speed and the operation at room temperature.
ToF-ICR takes advantage of the magnetic-field gradient the ions undergo when are
ejected from the trap to observe the motional excitation from the time of flight [13].
Precisions in the order of 10~7 - 107 have been achieved, enabling the study of
nuclear structure, nucleosynthesis processes in astrophysics, or test the Standard
Model [10]. The more recent PI-ICR tracks the phases of the ion’s radial motions
and allows to reach the 10719 level [14].
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Non-destructive techniques based on bolometric detection are preferred for sta-
ble nuclides. In the 1980s, the groups of Robert Van Dyck Jr. at the University
of Washington (UW) [15] and David Pritchard at the Massachusetts Institute
of Technology (MIT) developed single-ion motional-frequency measurement tech-
niques which made possible to reach the 107! level. The MIT group developed
the so-called pulse-and-phase (PnP) technique [16], which extracts the motional
frequency from a phase measurement and was used to measure the atomic mass
of 13 ion species from the proton to *Cs at the sub-ppb level [17,18]. This
technique is still successfully employed after the trap was moved to Florida State
University (FSU) [19]. Its use with two ions confined simultaneously in the same
trap in the same magnetron orbit has allowed to explore the 10712 level [20, 21].
This level of precision has also been reached with single ions in other facilities
like PENTATRAP at the Max Planck Institute for Nuclear Physics (MPIK) in
Heidelberg [22] or at the former Mainz g-factor experiment [23].

Ion cooling is an important preparatory stage in most ion-trapping experiments
to reduce the line broadening and frequency shifts in high-precision spectroscopy.
Laser cooling is the most effective method to reduce the ion’s kinetic energy in
the range below the electronvolt. It was proposed by Theodor W. Héansch and
Arthur L. Schawlow for free atoms and a continuous Doppler spectrum (Doppler
cooling) [24], and simultaneously by David J. Wineland and Hans G. Dehhmelt
for trapped ions and a spectrum modulated by motional sidebands (sideband cool-
ing) [25] in 1975. The first experimental demonstration on trapped ions took place
in 1978, when Wineland’s group at the National Institute of Standards and Tech-
nology (NIST) [26] and Peter E. Toschek’s group in Heidelberg [27] reported at
the same time Doppler cooling of Mg™ in a Penning trap and Ba™ in a Paul trap,
respectively. Laser cooling to the ground state of motion was first demonstrated in
1989 by the NIST group on a Paul trap [28]. Sympathetic cooling of other species
through the Coulomb interaction [29] is used, e.g., to prepare a two-ion crystal for
quantum logic spectroscopy (QLS), a technique that enables spectroscopy of ions
that do not have suitable transitions for state preparation and detection [30].

Although Doppler cooling was simultaneously demonstrated in a Penning and
a Paul trap, the latter has been predominantly the preferred platform to perform
experiments in which laser manipulation and fluorescence readout are employed.
The main reason is the comparatively high experimental complexity of a Pen-
ning trap. Experiments are usually carried out inside a cryogenic superconducting
magnet, which greatly complicates the optical access, and laser cooling also re-
quires more elaborated schemes due to Zemann splitting and the instability of the
so-called magnetron motion. The pioneering work was carried out by the Ion Stor-
age Group at NIST, which currently can build and control 2D “Be™ ion Coulomb
crystals that have been used to implement quantum simulations [31] or quantum
sensing protocols [32] on hundreds of ions. The group at Imperial College was
the first to demonstrate cooling to the ground state of a single “°Ca™ ion in the
axial [33] and radial [34] motions. The Penning-trap experiment at the University



of Granada also uses calcium ions but in a stronger magnetic field (7 T) than the
one at the Imperial College (2 T). The main goal is to develop a novel technique to
determine the cyclotron frequency of a target ion by laser addressing a sensor ion
and carrying out optical detection [35]. Although the original proposal conceived
the location of the target and sensor ions in different traps sharing a common
electrode [36], a first implementation will take place in the same trap on a two-ion
unbalanced crystal [37]. Compared to other techniques, it is universal and only
needs one ion without restriction in the mass-to-charge ratio. In addition, the use
of laser cooling in the preparatory stage, ideally to the ground state of all the
eigenmotions, reduces the required motional amplitude for detection and therefore
the associated systematic shifts [38]. It is worth mentioning that other groups
like the BASE-Hannover collaboration [39], the BASE-Mainz collaboration [40],
or IONPEN at ETH-Ziirich [41] also investigate the use of laser cooling in Penning
traps for precision experiments and quantum simulation and computation.

One possible field of application of the optical-detection technique might be on
direct mass measurements of the heaviest elements. At present, SHIPTRAP at GSI
is the only Penning-trap mass spectrometer coupled to a facility capable of produc-
ing transactinides, commonly known as super-heavy elements (SHEs) [42]. The
determination of the binding energy of SHEs provides useful information about
their internal nuclear structure, contributing sometimes with new hints about
shell effects that are necessary to explain their existence [43]. ToF-ICR [44,45]
and PI-ICR [46] have been employed to directly measure the mass of nobelium,
lawrencium, and rutherfordium ions. However, the minute production rates, of
one ion per day already for rutherfordium, can make even PI-ICR impractica-
ble when increasing the atomic number. Non-destructive techniques based on
induced-current detection using superconducting coils have not reached mass-to-
charge ratios higher than 65 u/C to date [18], while other approaches based on
quartz crystals are under study [47-49].

One of the first ideas behind the optical method was the determination of the
(-value of certain nuclear [ processes that are of interest in the field of neutrino
physics [50]. The study of the electron energy in 5~ decay and the X-ray spectrum
in electron capture are the only direct methods to determine the neutrino mass.
The comparison of the spectrum endpoint and the -value, which can be directly
delivered to high precision by measuring the masses of the mother and daughter
nuclides with a Penning trap, gives the absolute electron neutrino mass. For ex-
ample, in the most precise upper bound of 0.8 eV/c? delivered by the KATRIN
experiment [51] for the electron antineutrino in tritium S~ decay, the Q-value ob-
tained can be contrasted with the mass difference measured by the FSU group with
22 meV /c? uncertainty using PnP [19]. In other experiments, such as ECHo [52]
or HOLMES [53], the atomic de-excitation spectrum of the electron capture in
1%Ho is studied. A @Q-value of this reaction has been measured at SHIPTRAP
with 30 eV/c? uncertainty using PI-ICR [54]. Apart from the above-mentioned
standard [ processes, it is also possible to observe the weak second-order double
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beta decay for some nuclides, such as **Ca™ [55]. The search for the neutrino-
less double-beta decay attempts to unravel the Dirac or Majorana nature of the
neutrino [56].

The development of the optical-detection technique (and therefore the facility)
has a strong potential for optical-spectroscopy experiments usually carried out in
Paul traps. Apart from the motional-frequency stability and the strong magnetic
field, essential features in mass and g-factor measurements, Penning traps have
also other advantages over Paul traps. The absence of micromotion within the
whole trapping volume avoids detrimental effects such as unwanted Doppler shifts
and ion heating [33]. The usually higher trap dimensions also imply lower heating
rates when ions are cooled to the ground state of motion. Ion clocks are a partic-
ular application of precision spectroscopy in ion traps in which an internal atomic
transition of a previously ground-state cooled ion is repeatedly interrogated [57].
The highest precision, below 10~'%, has been reached with an ?"Al" ion that is sym-
pathetically cooled and read out through a **Mg™ (control) ion using QLS [58].
A new generation of ion clocks based on laser addressing of a nuclear isomer that
lays within the optical spectrum is currently under development using **Sr* as
control ion and a Paul trap as storage device [59]. The main advantage with re-
spect to atomic transitions is the insensitivity to the noise coming from external
electromagnetic fields, which currently dominates the uncertainty budget. The
best candidate at present is **Th, which has a low-lying nuclear isomer, ***"Th,
with an energy of 8.338(24) eV (150 nm wavelength) [60]. This value is still far
from precision spectroscopy on the corresponding magnetic dipole transition, and
the laser technology for the very first experiments is currently under development.
The facility at the University of Granada is at the stage where two-ion crystals con-
taining ***Th* (and *°Ca™) can be formed for motional-frequency studies aiming

at cooling all modes to their ground state, studies that can be directly projected
to 2 Th™.

This manuscript consists of seven chapters. Chapter 2 presents the fundamen-
tals of ion trapping and laser cooling in a Penning trap and an overview of the
main motional-frequency measurement techniques. Chapter 3 is devoted to the ex-
perimental setup, paying special attention to the parts that have been developed
and improved: the ion sources, the customized cryogenic pump, the novel optical
system, and the control and data-acquisition system. The installation of the cryo-
genic pump drastically improved the vacuum level, while the new optical system
enabled the detection and visualization of single ions and crystalline structures. A
comprehensive description of the design, characterization, and performance of the
latter is given. Chapter 4 details the performance of the ion sources for the ion in-
jection in the magnetic field and describes the characterization of the laser cooling
of ions to the Doppler limit. Special attention is put into the cooling of the radial
modes in single ions and two-ion crystals using axialization. Chapter 5 presents
the characterization of the *°Ca™ sensor ion under external electric fields and the
mass ratios of several stable isotopes, employing the optical method for the first



time. For the cyclotron-frequency ratios presented, one ion is used at a time in
the trap, and the measurements are taken alternating a reference ion and the ion
of interest. Chapter 6 presents the first implementation of the optical method on
a balanced (**Ca™ - *°Ca™) and an unbalanced two-ion crystal (**Cat - *°Ca™).
The modelling of the system, the analysis of the data, and a thorough discussion
about the current limitations of the technique due to the Coulomb anharmonicity
are presented. The ways to overcome these limitations are also discussed.






Chapter 2

Optical detection of the motional
frequencies in a Penning trap

2.1 Penning trap fundamentals

The confinement of charged particles can be achieved either by an oscillating radio
frequency (RF) electric field or by the superposition of static magnetic and electric
fields [61,62]. The first type is commonly known as RF or Paul trap, after Wolfgang
Paul [63]. The second was developed by Hans G. Dehmelt inspired in the Penning
ion gauge and is named after the latter [1].

In the ideal Penning trap, a spatially homogeneous magnetic field along the so-
defined axial direction, B= Bz, provides confinement on the perpendicular radial
plane. The comparatively weak electric potential V', that enables trapping in
the axial direction, has a quadrupolar shape and is usually built with rotational
symmetry around the axial z axis,

V= 410% (22" — 2 — %) (2.1)
Figure 2.1 shows the hyperbolic Penning trap, an electrode arrangement that nat-
urally creates harmonic electrostatic potential wells in the axial (confining) and
radial (deconfining) directions. For this electrode geometry, Vj is the potential
difference between the endcaps and ring electrodes, and d; is the so-called char-
acteristic distance of the trap. The Penning trap utilized in this thesis has a ring
geometry that allows for laser addressing and fluorescence collection in the ra-
dial plane. It is presented in Sec. 3.1, and further details about the design and
optimization can be found in previous theses of this group [64,65] or in Ref. [66].

2.1.1 Dynamics of a single trapped ion

The force exerted by the electromagnetic fields on a particle with charge g and ve-
locity v'is given by the Lorentz’s law, F = q (E + U X E) The motional equations

7
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Figure 2.1. The hyperbolic Penning trap. The electric field is created by applying a
potential difference V) between two endcaps (in red) and a ring electrode (in blue).
The endcaps have the shape of a two-sheet hyperboloid, while the ring electrode is
a one-sheet hyperboloid that shares the same asymptotic cone. The distances z
and rq are related to the trap’s characteristic distance dy as d3 = (222 + rg) /4.

of a single trapped ion of mass m in a Penning trap are

1
T —wey — 5@0217 =0, (2.2a)

1
y+M¢—§@y=Q (2.2b)
P4+ w?z =0, (2.2¢)

where w, = 27v, is the cyclotron frequency of the ion in the bare magnetic field,
we = LB, (2.3)
m
proportional to the charge-to-mass ratio ¢/m, and

qV«
0

The axial motion is a simple harmonic oscillator with frequency w, = 27v,.
The two radial equations can be simplified by introducing the variable u = x + iy,
giving rise to

1
u+mm—§@u=o (2.5)

and its complex conjugate. By setting u = uge™?, it is found that the general
solution of Eq. (2.5) is the superposition of two circular motions oscillating at

frequencies

2
Wy =1+ 1—2<%> . (2.6)
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w z

Total motion

Figure 2.2. Motion of a single ion in a Penning Trap. The total motion and its
decomposition in the three eigenmotions are represented. The radial xy and radial-
axial xz projections are also plotted. w, /w_ = 15, w,/w_ = 150, p;/p, = 0.75,
and p_/p, = 10.

The modified-cyclotron motion (w; = 27, ) originates from the cyclotron motion
in the bare magnetic field (w.), slightly modified by the electric field. The mag-
netron motion (w_ = 27v_) results from the E x B drift. The motional equations
for the three spatial coordinates are

x = picos (wyt+04)+ p_cos(w_t+6_), (2.7a)
y=—pysin(wit+0.) —p_sin(w_t+0_), (2.7b)
z = p,cos(w,it+96,), (2.7¢)

where p, and 6, represent the amplitude and phase, respectively [61,62]. Figure 2.2
shows the ion’s motion in the Penning trap. The ion’s energy can be derived using
the Hamiltonian formalism and is given by [61]
1
Bt = gmas2p? 4 misy (w178, — 002, 25)
where wy; = wy —w_. Note that a higher magnetron motional amplitude implies
a lower energy, which might be interpreted as an unstable behaviour.
The cyclotron frequency can be directly derived from the radial frequencies as

We =Wy +w_. (2.9)

A more powerful relationship that connects the three eigenfrequencies with the
cyclotron frequency, valid even for first-order misalignment between the magnetic
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and electric fields and first-order field ellipticity, is the invariance theorem [67],
which reads
w? = w? 4w +wl. (2.10)

The real Penning trap is subject to field deviations from the ideal homoge-
neous B and harmonic E that cause the three eigenfrequencies to shift and there-
fore have an impact on the achievable accuracy. Some reasons are imperfections
in the mechanization of the electrodes or their finite dimensions. Note that even
the considered ideal Penning trap (Fig. 2.1) truncates the hyperboloids. Assum-
ing cylindrical symmetry around the z axis, deviations from the ideal quadrupolar
electric potential can be treated by a series expansion in terms of the Legendre
Polynomials P,

r

V(r,z2) = %c,,vo (dio)n P, (5> , (2.11)

where r = /22 4+ y? + 22 and (), is a dimensionless coefficient [68]. If C, = 1 and
C, = 0 for n # 2, the electric potential of the ideal Penning trap, Eq. (2.1), is re-
covered. Given the absence of free currents near the centre of the trap, V x B=0
and the magnetic field can be derived as the gradient of a scalar potential U,
B=-VU [69]. W can also be expanded in terms of Legendre Polynomials,

1 z

where B, are coefficients with dimension of magnetic field strength times length
raised to 7 [68]. The n+ 1 factors ensure the coefficient B, is associated with a
magnetic field of order 7 in the spatial coordinates. The magnitude of the mo-
tional amplitude-dependent frequency shifts, and thus the associated (systematic)
uncertainty, can be estimated using perturbation theory. Mirror symmetry about
the xy plane at the trap centre is assumed so that only even terms of the electric
potential and magnetic field contribute. The frequency shifts originating from the
quadrupolar component of the electric field are [68]

C'4 3 wiw_
Awy = 02 ngﬁ [2:02 - Pi - 2,02q:] ) (2.13a)
Cy 3
Aw, = C;‘ 2" w, [p? —2p% —2p2] . (2.13b)

For the magnetic field [68],

B B )
Aw, = 2y T [03 —ph - (1 + w—) pz_} : (2.14a)

4BO Wy — W- Wy
By  wytw- Wy
Aw_ = — _ P 1+ =) p5 —p? 2.14b
w B — o [pz ( L LS (2.14b)
B _
Aw, = —2w Wit W [w+pi + w_pQ_} ) (2.14c¢)

4B0 c Wi
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Precision Penning traps integrate compensation electrodes to mitigate these higher-
order contributions and achieve an electric field as harmonic as possible.

The motional amplitudes and phases are routinely manipulated by applying
external electric fields. A dipolar field resonant with a particular eigenfrequency
is employed to address each of the motions separately. It can be used, e.g., to
increase the amplitude of a previously cooled ion. A quadrupolar electric field
oscillating at the sum (if both are stable) or difference (if the magnetron motion is
involved) of frequencies is able to transfer energy between two eigenmotions [70].

2.1.2 Dynamics of a two-ion crystal

The dynamics of two ions simultaneously trapped in a Penning trap includes the
Coulomb interaction. The ions are labelled as sensor (s) and target (¢), and they
are supposed to have the same charge. The motional equations can be written
as [37,65]

2
- - 1, L g e —
xs,t - wcs,ctys,t - éwz‘g?ztxs,t -

=0, (2.15a)

My 4meg |7y — 7|

. . 1 2 1 q2 Ysit — Yt.s
s +wCSC$S — —Ww st — ’ = 0, 215b
Yst setlst = 5Wes,ztYsit My dmeg |7, — mg ( )

2
1 q Zs,t - Zt,s

=0, (2.15¢)

Bor 4+ W2 2oy —

st 28,278t Mgy 471'50 |Fs — 7_’;5|3
where g is the vacuum permittivity. If the kinetic energy is sufficiently low and
Wos/Wes < 1/4/3p [65], with g = my;/my, the two ions form an ordered structure
referred to as Coulomb crystal: they occupy stable positions, aligned along the
axis, and their relative distance is given by

S ¢
dion—ion = : 2.16
2megmsw?, (2.16)
For infinitesimal ions’ amplitudes, the Coulomb force in Eq. (2.15) can be
approximated to its first-order term in the Taylor series so that the motional
equations become [37,65]

1
.. . 2 2
Tt — Wes,ctYst — Wys 1 Tst + 55023,2151'1&,3 = 0, (217&)
j i 2 L2 =0 2.17b
ys,t + wcs,ctxs,t - wzsyztys,t + §wzs,ztyt,s — Yy ( . )
.. 2 2
Zop + 20356 426t — Wig 42t = 0. (2.17¢)

The axial motion is decoupled from the radial motion, and the frequencies of the
two eigenmodes, namely the common and stretch modes, are [37,65]

1 1 1
wgom,str — wzs\/l + = + 1 —+ — = = (218)
poVo o
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where the +/— sign corresponds to common /stretch. The equations for the radial
modes can be easily solved for the case of the balanced crystal (m; = my), obtaining
the frequencies [37,65]

w wcom,str 2.
WO — 7 1+ 1—2( Zw ) : (2.19)

where the +/— sign stands for the modified-cyclotron/magnetron mode. For the
general case, the frequencies of the radial eigenmodes can be also found analyti-
cally, but this entails solving a quartic equation.

Analogously to the case of a single ion, the six eigenfrequencies of the two-ion
crystal, w™s" with u € {4, —, 2z}, can be related to the cyclotron frequencies
of the two individual ions. The relationship, strictly valid only for infinitesimal

amplitudes, is called generalized invariance theorem [41], and states

WA wh =) (W) 4 (Wi (2.20)

u

2.2 Laser cooling fundamentals

Laser cooling achieves a net loss of the particle’s momentum by the absorption
and re-emission of photons near-resonant with an internal transition of the ion.
Two situations can be considered depending on the relative magnitude of the ion’s
motional frequency w, and the natural linewidth of the transition I' [71]. Ifw, < T,
the period of the ion’s eigenmotion is much larger than the optical decay time, and
the system is said to be in the weak-binding regime. During the oscillation period,
the ion progressively explores the spectral line profile of the optical transition due
to the Doppler effect. If w, > I', the system is in the strong-binding regime. The
spectrum seen by the ion is composed of the optical-transition frequency wgy. and
a series of equispaced sidebands at nw,, with n an integer number [72].

The weak-binding regime occurs when addressing an electric dipole transition.
For example, I' = 27w x 22 MHz for the dipole transition 3p®4s?S; ;< 3p%4p 2P )y
in “°Ca™, while w, = 27 x 2.7 MHz in a 7-T Penning trap. Doppler cooling is
accomplished by red-detuning the laser frequency so that momentum-loss collisions
are fostered. This technique is very efficient below the electronvolt, with cooling
times in the order of the millisecond. The ultimate temperature achieved is limited
by the recoil energy from spontaneous emission. Cooling to the ground state of
motion has been demonstrated in the strong-binding regime, e.g., employing the
electric quadrupole transition 3p®4s2S;/, < 3p53d2Ds,, in “°Ca™ [28].

2.2.1 Doppler cooling in a Penning trap

The two radial motions in a Penning trap cannot be simultaneously cooled by red-
detuned light. A net loss of momentum in a certain direction in the radial plane
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implies a decrease of oscillation amplitude in the modified-cyclotron motion but an
increase in the magnetron one, due to the unstable nature of the latter [73]. The
two main techniques that have been developed to cool both motions simultaneously
are summarized below.

Spatial intensity gradient

The laser beam of frequency w; and photon wavenumber k; = 27\ is spatially
offset in the radial plane so that there is an intensity gradient across the ion’s
orbit. Since many photons are scattered during one oscillation period in the weak-
binding regime, the absorption can be modelled by a continuous force

Fy. = hki R, (2.21)

where 7 is the reduced Planck’s constant and R, is the scattering rate. The latter
is given by
2
Ry =T s/ . (2.22)
1 + s+ [QAeff/F]

—

Acs = w) — wye — ky - U is the effective detuning accounting for the Doppler shift.
s is the (space-dependent) saturation parameter, defined as

1
]sat .

(2.23)

S =

Assuming a Gaussian beam travelling along the x axis and centred in y = yg, the

intensity I is given by,
7(yfyo)2

I(y)=le ™9 , (2.24)

where w,, is the so-called beam waist. The saturation intensity Ig is given by

2mhel’

N (2.25)

Isat -
where c is the speed of light.

The average momentum imparted by the emitted photons is zero since the
spontaneous emission pattern is usually symmetric. However, the average energy,
proportional to the squared momentum, increases linearly with the number of
collisions. This random-walk problem has been studied using the so-called Fokker-
Planck equation [74], which describes the evolution of a particle under the influence
of damping and random forces, although it is beyond the scope of this work. The
minimum temperature, usually referred to as the Doppler limit, is in the order
of Al'/2kp, with kp the Boltzmann’s constant [71]. For *°Ca™, it corresponds to
approximately 1 mK.

For small velocities and amplitudes, close to the final temperature, the scat-
tering force (Eq. (2.21)) can be linearized in these two variables. The equation for
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the axial motion is that of a damped harmonic oscillator. In the radial plane, the
equations are

1

T — Wel] — Yol — 5@«)3:6 + v,y = 0, (2.26a)
1

§ 4 wed — —w?y = 0, (2.26b)

2 z

where 7, = (0F./0v,) /m and vy, = (0F,./0y) /m. Considering that v, < w. and
v, < w?, Eq. (2.26) can be analytically solved to first order [75], resulting in a
variation of the modified-cyclotron and magnetron amplitudes given by

YvwW4 —Yy

T L (0). (2.27)

p(t) =e

The modified-cyclotron motion is cooled by a negative laser detuning (positive 7, ),
while the magnetron motion is cooled by the position gradient if the laser beam
is arranged in the configuration shown in Fig. 2.3 (positive 7,). In order to cool
the two motions simultaneously, w_ < 7, /7, < wy, or substituting the values of -,
and 7y,

2
< wy, (2.28)

where it is assumed the laser beam is placed to obtain a maximum gradient at the
trap centre, i.e., yo = w, [73]. For °Ca’ in 7T, w_ = 27 x 20 kHz, wye — w; = ['/2,
Iy = Ist, and wy, = 100 pm, v, = 17 kHz and 7, /wy; = 1.5 kHz. This implies cool-
ing rates (argument of the exponential function in Eq. (2.27)) of 3.9 kHz and
0.34 kHz for the modified-cyclotron and magnetron motions, respectively.

Axialization

A quadrupolar electric field (see Fig. 2.3) at w. applied simultaneously with Doppler
cooling allows for the cooling of the magnetron motion through the laser-cooled
modified-cyclotron motion. The radial motional equations of the ion are

1

T — Wel) — Yol — éng + Kk €08 (Wquadt + Oquaa) = 0, (2.29a)
1
i+ wek — §w3y — KY €08 (Wquadl + Oquaa) = 0, (2.29b)

where k = (¢/m) ayVauad/d%. Vauaa is the quadrupolar excitation voltage, d, the
distance between electrodes with the same polarity, and o, = Equad@u/Vauaa 1S
the surface correction factor, with F, the electric field at the trap centre in the
direction w created by Viuaa. The dynamics of this system has been studied in
Refs. [13] and [76] for a (linear) friction force originating from collisions buffer-
gas atoms and laser cooling, respectively. For the case of strong (k > w.7,) and



2.2. Laser cooling fundamentals 15

Figure 2.3. Scheme of Doppler cooling of the radial motion in a Penning trap. The
spatial offset 19 must prompt the photon absorption when the ion’s magnetron
motion (larger orbit in this figure) has the same direction as the laser wave vector.
The Gaussian intensity profile is plotted on the left side. The polarity of a radially-
segmented electrode that creates the quadrupolar field used in axialization is also
illustrated.

resonant driving (Wquaa = we), the amplitudes of the radial motion evolve with time
as
i p+ (0) Ypwe + px (0) keFA?

p+ (t) = e ™" | psi(0) cos (wpt) F 3 sin (wgpt) |, (2.30)
wiwWp

where wp = y/k? — v2w? /2w is the beat frequency between the modified-cyclotron
and the magnetron motions and A = Oguaq — (04 — 6_). The amplitude of both
motions is reduced at the same rate ~,. The final stage of cooling is dominated
by spontaneous emission, not taken into account in Eq. (2.29). The effect of the
quadrupolar field is to homogenize the population in the two motions so that

(ny) = (n-) [77].

2.2.2 Calcium as optical detector

Calcium has six stable isotopes, namely, A = 40,42,43,44,46,48. All of them
except **Ca have zero nuclear spin, so they lack of hyperfine structure. In its
singly ionized form, calcium (and the other alkaline-earth metals) has only one
valence electron in the 4s shell.

Figure 2.4 shows the five lower-energy levels of the calcium even isotopes. For a
7-T magnetic field, the spin-orbit interaction still dominates over the effect of the
external magnetic field. The otherwise degenerated fine-structure levels of total
angular momentum J split into the magnetic quantum number M ;. The energy
shifts were calculated using perturbation theory in M. J. Gutiérrez’s thesis [65]. Up
to the third order in the perturbation series is necessary to determine the energy
shift with uncertainties below the lasers’ linewidth. The second-order perturbation
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P3/2 6.6 ns A ~ 130 GHz

P1/2 6.9 ns o 5 A =~ 65 GHz

854 nm

, 1.17s [)5/2

397 nm ,'/A 120 GHz
866 nm

3, 1205 D3/

A ~ 80 GHz

\{ A =~ 200 GHz

Si/2

Figure 2.4. Atomic structure and relevant transitions of calcium even isotopes
in the 7-T magnetic field. A denotes the order of the Zeeman splitting, which
is asymmetric at gigahertz level in most cases [65]. The branching ratios for the
decay of 3p®4p 2P 5 to 3pP4s2S; ), and 3p°3d *Ds s are 0.93565(7) and 0.064 35(7),
respectively [78].  The branching ratio for the decay to 3p°3d®Ds;, at 7 T
is &~ 1/50000 [65,79]. The lifetimes are taken from Refs. [80-82].

term predicts the coupling between levels of equal total angular momentum, break-
ing the weak-field approximation. In particular, the so-called J-mixing between
3p®3d?D3/s and 3p®3d*Dj), leads to a measurable population transfer between
these states for | M| < 3/2 [79].

Table 2.1 provides a summary of the wavelength, linewidth and saturation pa-
rameter for the transitions shown in Fig. 2.4 in the absence of magnetic field. The
frequency shifts due to the Zeeman effect in terms of the magnetic field strength can
be found in Ref. [65]. The dipole transition 3p®4s2S;/, < 3p®4p 2Py, is used for
Doppler cooling and fluorescence detection of 397-nm photons. The non-negligible
probability of decaying into 3p°3d?Ds/; and the long decaying time from this

Table 2.1. Frequency (wgy/27), linewidth (I'/27) and saturation intensity (lsa) of
the transitions involved in Doppler cooling of *°Ca™. The saturation intensity has
been calculated using Eq. (2.25). The 397-nm and 866-nm shifts for the rest of the
stable even isotopes can be found in Ref. [83] and the 854-nm shifts in Ref. [84].
For an extensive review of the isotope shifts in singly-ionized calcium, see Ref. [85].

2.84

wge/2m (THz) /2 (MHz) I (uW/mm?)
Sip & DPyy  755.222765896(88) [86]  21.57(8) [S0) 451
Dyj < Prjo  346.000234867(96) [83]  1.482(8) [30] 2.99
]

D5y < Psyjy  350.862882823(82) [86,87] 1.350(6) [88
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metastable state to the ground state (1.2 s) makes necessary to re-pump the pop-
ulation back to 3p®4p 2Py /5 by 866-nm lasers. The J-mixing between the D-states
malkes also necessary to re-pump the population trapped in 3p°3d2Dj /2 by 854-nm
light. Although not used in this thesis work, the 729-nm quadrupole transition
3p%452S; )5 < 3p°3d*Ds5 is utilized for sideband cooling or to implement a qubit
transition.

2.3 Precision measurement of the cyclotron fre-
quency in a Penning trap: techniques in use

The techniques currently employed to determine the motional frequencies in a
Penning trap can be classified into two groups, depending on whether the detection
involves the loss of the particle or not. Destructive techniques usually detect
the charged particle by impinging it on an electron-multiplying device, such as a
microchannel plate (MCP), while in non-destructive techniques a dedicated circuit
is normally attached to the trap to measure the current induced on an electrode.

Destructive techniques

The two most important destructive techniques in mass spectrometry are time-of-
flight ion-cyclotron-resonance (ToF-ICR) [11,13] and phase-imaging ion-cyclotron-
resonance (PI-ICR) [14]. Figure 2.5 shows the fundamentals of these two meth-
ods. In both of them, the ions’ motional amplitudes are manipulated by external
RF electric fields inside the Penning trap before the ejection through a magnetic-
field gradient in a time-of-flight (ToF) section and detected with an MCP. In
ToF-ICR, only the time between the ejection and the detection is recorded, while
in PI-ICR the phase of the motion is also extracted by using a position-sensitive
MCP with a delay-line anode.

In ToF-ICR, the ion is firstly excited to a particular magnetron amplitude
by an electric dipolar field at w_. After that, an external electric quadrupolar
field at variable frequency wguaa is applied during a fixed time t. so that the
motion partially becomes modified-cyclotron. At this point, the ion has a magnetic
moment in the axial direction g, (Wquaa) which is dominated by the modified-
cyclotron component of the motion, since w, > w_. When it is ejected and goes
through the magnetic-field gradient, it experiences a force along the axial direction
larger for a higher magnetic moment. This force will be maximum when wqyaq = we,
i.e., for a more resonant quadrupolar field. Figure 2.5 shows a typical ToF-ICR
signal, where the dip is centred around w.. The ToF can be calculated as

m

ToF (Wquad) = / \/2 (Fo—aV (3) = i (oot B (2)) dz, (2.31)
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Figure 2.5. Pictorial description of mass-spectrometry techniques based on de-
structive detection.

where Ej is the initial energy and V' (z) is the ToF-section electric potentials [13].

In PI-ICR, a radial eigenfrequency w, can be determined from two measure-
ments of the motional phase [14]. If the ion is driven at a particular amplitude
by an electric dipolar field and ejected straight away, it will originate a reference
spot i at an angle ¢; on the MCP detector (see Fig. 2.5). If another ion is left to
evolve for an accumulation time t,.. before it is ejected, the spot on the detector j
will form an angle ¢;. The frequency w, can be calculated as

Nace + Ay /27

tacc

wy)2m = : (2.32)
where N, is the number of complete turns during ¢, and A¢ = ¢y —¢;. In
this way, two spots are necessary to determine each radial eigenfrequency, and the
cyclotron frequency is calculated using Eq. (2.9).

ToF-ICR routinely achieves a relative uncertainty of 1078 for the usual single
quadrupolar driving field, improving to the level of 107 using a Ramsey excitation
scheme [89]. In the case of PI-ICR, the fact that the uncertainty is not limited by
the properties of the Fourier transform but by the size of the spot makes possible
to attain the 10717 level [90].

Non-destructive techniques

Figure 2.6 shows a schematic of the bolometric technique [91], which relies on the
detection of the image current induced by an oscillating ion on a pair of electrodes

of the Penning trap,
v
Iion = au(]ci_u7 (233)
u
where v, is the ion’s velocity in the direction of detection u. The trap inherently
contributes with a parasitic capacitance Ciap to the detection circuitry, so that
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Figure 2.6. Pictorial description of mass-spectrometry techniques based on the
detection of induced currents.

a proper value of the inductance L is chosen to build a parallel-LC tank circuit
resonant with the ion’s motional frequency w,. The inductance is usually provided
by a superconducting coil operating at 4 K [92]. An alternative based on the
use of quartz crystals at room temperature is under development, having already
provided results for ion clouds [47,48]. At the resonance frequency wrc, this tuned
circuit has an effective parallel resistance

Rp = chLQLc, (234)

where Qr¢ is the quality factor, defined as the ratio between the energy stored
in the resonator and the energy lost in one oscillation cycle, accounting for the
parasitic resistances. The voltage drop produced by the induced current [y,
Vion = Rplion, is usually amplified by low-noise field effect transistors. The resul-
tant signal can be recorded by an oscilloscope or a spectrum analyser.

The effect of the ion in the Lorentzian lineshape of the resonant circuit can
be seen differently depending on its relative temperature compared to the sur-
roundings. If the ion is hotter, it acts as a current source, and its intensity is
superimposed to the thermal component, therefore appearing as a peak at fre-
quency w, (see Fig. 2.6). If the ion is at thermal equilibrium with the surroundings,
it is excited by the thermal noise and damped by the induced current, following
the dynamics of a driven damped harmonic oscillator. It can be modelled by a
LC-series circuit so that the amplifier input impedance is given by

-1

Z(w)={ — ll +iQre (i = @)} + ! . (2.35)
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where Cio, = a,q?/ (mw?d?). At the ion’s oscillation frequency w,, it acts as a
perfect conductor and the impedance vanishes to zero, giving rise to a dip feature
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in the frequency spectrum (see Fig. 2.6) [49]. Another model based on two coupled
oscillators has been recently developed in this group for experiments with quartz
crystals [93].

The measurement of the dip spectrum can typically reach the 10710 level of
precision. Better values can be reached by phase-sensitive techniques. In pulse-
and-phase (PnP) [16], the ion’s amplitude is increased by a short dipolar excitation
and it is then left to evolve during a certain accumulation time. The phase of the
peak signal for different accumulation times is used to calculate the motional fre-
quency in an equivalent way as in PI-ICR. Pulse-and-amplify (PnA) is a variation
of PnP in which the dipolar field is partially substituted by a quadrupolar one
with the aim of improving the accuracy [94]. The lowest uncertainty reached by
these methods is in the order of 107 [5,20-23,95].

2.4 The optical method

The optical method relies on the use of a suitable ion for laser cooling as a sensor to
determine the cyclotron frequency of the target ion in the Penning trap [35]. In this
work, the optical method has been implemented on single ions and on a two-ion
Coulomb crystal [37]. The photons scattered by an atomic electric dipole transition
of the sensor ion are utilized to extract information about its motional state. For
the two-ion crystal, the cyclotron frequency of the target ion in the bare magnetic
field is calculated by means of the generalized invariance theorem, Eq. (2.20).

The simplest measurement protocol consists of an external dipolar electric ex-
citation around each of the eigenfrequencies and subsequent Doppler cooling of
the system. A photomultiplier tube (PMT) and an electron-multiplying charge-
coupled device (EMCCD) located after a suitable optical system are used to record
the fluorescence signal, as shown in Fig. 2.7. If the PMT is set to read from the
time ¢;, just after the excitation is switched off and laser cooling is turned on, until
ts, it will register a number of counts Npyr given by

ty
Npumr :/ Ry (7, V) dt, (2.36)
t

i

where Ry is the scattering rate given by Eq. (2.22). The ion’s position 7(¢) and
velocity ¥ (t) can be obtained by solving the corresponding differential equations
for the two-ion crystal, including the damping effect of Doppler cooling and axial-
ization. During the same time interval, the EMCCD provides spatial resolution of
the photon distribution. In particular, the recorded 2D photon array corresponds
to the convolution of the spatial probability density function in the plane rz while
the ion is being cooled, & (r, z), and the point spread function (PSF) of the optical
system,

Nemcep (r,2) = P2 (r,z) * PSF (1, 2) . (2.37)
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Figure 2.7. Pictorial description of the motional-frequency measurement using the
optical method.

The registered photons Npyt and Ngumeoep (7, 2) do not present a trivial functional
dependence on the external excitation frequency. In general terms, a resonant ex-
citation will lead to a drop in Npyr due to Doppler broadening, while the corre-
sponding projection (7 or z) in Ngycep (7, 2) will become wider due to the increase
of the ion’s amplitude. A more detailed discussion of the particular parameters of
this experiment is given in Sec. 5.1.

Compared with the destructive techniques presented in Sec. 2.3, the optical
method has the advantage of demanding only one ion to measure the mass of the
target specie. Laser cooling also allows the ion to be prepared at a much lower tem-
perature, in contrast to the combination of buffer gas cooling and electric centring
fields used in ToF-ICR and PI-ICR (amplitudes below the micron compared to
about 90 pum in PI-ICR) [96]. This means lower motional amplitudes are required,
which translates into lower systematic shifts for equivalent trapping fields.

The main advantage of the optical method compared with induced-current
techniques comes from its universality. The resonant detection scheme used in the
latter restricts the range of frequencies accessible. This can be partly overcome
by tuning the trap parameters and/or by charge breeding to compensate for the
frequency decrease when addressing heavy masses. Another benefit is laser cooling,
which decreases the cooling time compared to resistive cooling and reduces the
detectable ion’s amplitude due to a lower initial temperature in the order of 1 mK
compared to 4 K.

The main theoretical limitation of the optical method when the two ions are
in the same trap has to do with the amplitude-dependent frequency shifts caused
by the highly non-harmonic Coulomb interaction. If the generalized invariance
theorem is applied to the six frequencies measured at arbitrary amplitudes, sys-
tematic shifts in the order of 10~7 per phonon are predicted [37]. This requires
a full characterization of the amplitude dependence for the determination of the
zero-amplitude eigenfrequencies. The latter is envisaged by implementing the op-
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tical method in the quantum regime [38]. In the ground state of motion, the
amplitude-dependent shifts due to the non-harmonic Coulomb potential will be
highly reduced, and the application of an external field will lead to an increase
in the phonon number that can be read out by means of the electron-shelving
technique [97].



Chapter 3

Experimental setup

This chapter is devoted to the description of the Penning-trap beamline at the Ion
Traps and Lasers Laboratory in Granada. An important part of this was built
during J. M. Cornejo’s thesis [64]. Several modifications and new implementations
have been carried out within the thesis work presented in this manuscript: new
ion sources, the improvement of the vacuum conditions, the laser system and
beam access for Doppler cooling in all directions, and a new optical system for
fluorescence detection. The latter is an important part of this thesis and a key
aspect to detect single ions in the Penning trap. Besides this, the Penning-trap
control system based on ARTIQ (Advanced Real-Time Infrastructure for Quantum
physics), the development of which started during M. J. Gutiérrez’s thesis [65], is
also presented, focusing on the contributions made during this work.

3.1 The Penning-trap beamline

A three-dimensional computer-assisted drawing (CAD) of the Penning-trap beam-
line [98] is shown in Fig. 3.1. The 7-T superconducting magnet accommodates two
Penning traps: the preparation trap (PT) and the measurement trap (MT). On
the left side (upstream), a Paul-trap and a laser-ablation ion sources are located.
The ions are guided from these sources to the traps through a transfer section.
On the right side (downstream), a time-of-flight (ToF') section can be used to de-
tect ions using a movable microchannel plate (MCP). The optical elements used
for laser-beam preparation and the photon detectors are located behind the ToF
section, outside the vacuum system.

The superconducting magnet! was energized in October 2012 and has been
continuously running since then, being periodically refilled with cryogens (lig-
uid helium and nitrogen). It has two 1-cm?® regions of high homogeneity located
20 cm apart and centred in the bore, where the PT (AB/B < 10 ppm) and the
MT (AB/B = 0.1 ppm) are placed. A detailed description of the magnet’s specifi-
cations and its commissioning can be found in Ref. [64]. This magnet was replaced

Agilent™ 7T /160MM AS
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Figure 3.1. Three-dimensional technical drawing of the Penning-trap beam-
line. MCP: microchannel plate. GT: gate valve. TMP: turbo-molecular pump.
SIP: sputter ion pump. PT: preparation trap. MT: measurement trap.
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by a new cryogen-free superconducting one? in December 2022. The new magnet
features one region with a field homogeneity of 0.1 ppm in a 15 x 15 x 15 mm?
cube and 2 ppm in a 15 x 15 x 60 mm? parallelepiped, both centred in the mag-
net’s bore. A new support assembly based on two U-shaped customized optical
tables placed at both sides of the magnet has been designed to hold the whole
beamline. Such a system includes a rail configuration that facilitates the mainte-
nance operations in the whole Penning-trap beamline and minimizes the relative
misalignment between the beam-access optics (mounted before in an independent
optical table) and the MT.

DC potentials provided by high voltage (HV) power supplies® are used to guide
the ions across the transfer section through Einzel lenses, steerers, and benders.
The transmission values are optimized by measuring the counts detected on the
MCP* located at the end of the beamline. The whole system is operated under
ultra-high vacuum (UHV) conditions. To accomplish that, different types of pumps
are used: turbo-molecular pumps (TMPs) backed by scroll pumps, sputter ion
pumps (SIPs), and a customized cryopump. Further details about the vacuum
system are given in Sec. 3.2.

The PT is a cylindrical Penning trap [64,99] designed under the guidelines
of the MATS experiment [100] that has been devoted to cool and purify samples
from external ion sources. The MT is separated from the PT by a diaphragm with
2 mm in diameter and 23 mm in length. Further information about the design
and a comparison with other Penning-trap geometries can be found in Ref. [65].

Figure 3.2 shows the MT. All the measurements presented in this manuscript
were performed using this trap, so it is referred to as the Penning trap (or simply
the trap) from Sec. 3.1.1 onwards. It consists of two symmetric sets of four concen-
tric rings, and the electrodes are made of oxygen-free high conductivity (OFHC)
copper and electrically separated by polyether ether ketone (PEEK) insulators. A
new version of the MT made of gold-plated OFHC electrodes and sapphire insu-
lators has been designed during this work. The new prototype, which improves
mechanical stability, is planned to operate at cryogenic temperatures and will be
installed in the Penning-trap beamline in the medium-term future. Further details
can be found in Appendix A.

A two-dimensional cut of MT’s open geometry is shown on the right side of
Fig. 3.2. The harmonic electric field is generated using the electrodes EC, CE,
and RE. It has been found both by simulations [65] and through induced-current
measurements that the ratio (Vog — Vee)/(Vec — Vag) = 0.60 (1) makes the field
quadrupolar. The potential applied to RE is used to adapt the trap voltage to
the energy of the incoming ions. A four-fold segmentation of RE allows for the
application of external RF fields in dipolar or quadrupolar configurations. The DC

2Scientific Magnetics 71240
3CAEN 1733N & N1470
4TOPAG Lasertechnik MCP-25-10
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Figure 3.2. The measurement trap. Left: rendered drawing of the MT region
within the beamline. Part of the last PT electrode (below) and part of the first
ToF lens (above) are shown for completeness. Right: longitudinal section showing
the open-ring geometry. EC: end cap. CE: correction electrode. RE: ring electrode.
GE: ground electrode.

potential for the MT electrodes is supplied by a high-precision HV power supply®.
Electrical switches® are used both to capture externally-produced ions and to eject
unwanted ions.

The open-ring geometry features optical access in the axial and radial direc-
tions. In the case of radial access, two right-angle mirrors are used to allow the
incoming beam to pass through the trap centre. The fluorescence emitted by the
ion(s) is collected radially. The beginning of the optical system, with the first
lens placed 22 mm apart from the trap centre (2.1 % collecting efficiency), is indi-
cated in Fig. 3.2. It magnifies and translates the axial and radial projections from
the trap centre to the detection systems, located outside the vacuum system (see
Fig. 3.1).

The ions can be produced internally or using external sources. The internal
source is shown in Fig. 3.2, and it consists of a calcium metal vapour sample
that delivers calcium atoms by sublimation when heated by Joule effect (inten-
sity within 3 - 5 A typically). The ionization is carried out through a two-step

5Stahl Electronics HV 200-16
6Stahl Electronics HS-200
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Figure 3.3. The Paul-trap ion source. Left: schematic including the photoioniza-
tion beams and the power supplies. Right: realistic drawing of the ion source in
the beamline.

resonant process [101]. A tunable 422-nm laser” is used to excite the transition
3p®4s% 1Sy < 3pS4s4p P, and a free-running 375-nm laser® is used to move the
excited electron to the continuum. Both laser beams are overlapped using a po-
larizing beam splitter (PBS).

The internal source was used for the first laser-cooling experiments since it
provides slow calcium atoms (kinetic energy below 100 meV) that can be cooled
within times well below 1 s. However, its operation at hundreds of degrees Celsius
close to the MT increases the background pressure. Thus external ion sources,
described in the following section, had to be developed.

3.1.1 Ion sources

Two ion sources have been developed and characterized during this thesis work. A
Paul-trap ion source, placed close to the magnet (see Fig. 3.1), is used to provide
calcium ions with high reproducibility in the loading process. A laser-ablation ion
source is placed at the beginning of the beamline and can provide any kind of ion.

Figure 3.3 shows the Paul-trap ion source. It has the same open-ring geome-
try as the Penning trap, which allows for the injection of ions produced upstream
in the beamline, e.g., by the laser-ablation source. This trap was used before
in an independent setup to test the open-ring geometry in laser-cooling experi-

"Toptica DL pro
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Figure 3.4. The laser-ablation ion source. Left: schematic including the ablation
laser and the power supplies. Right: realistic drawing of the ion source in the
beamline.

ments [66]. The RF field is applied to the inner electrodes. The signal from an
arbitrary waveform generator’ (AWG) feeds a non-resonant amplifier'® to gener-
ate the RF voltage, the amplitude of which is provided by a DC source!'. The
typical operating values are vgp = 600 kHz and Vgy = 225 V,,, which correspond
to Mathieu parameters [61,62] of ¢, = 0.243 and ¢, = 0.485.

The ions are produced by photoionization. The overlapped laser beams can be
directed axially, using a movable in-vacuum right-angle mirror, or radially. The
first case is simpler and more efficient since there is no Doppler effect, but only the
second configuration allows for the simultaneous operation of the two ion sources.

The RF trap can confine and accumulate calcium ions for several seconds before
it saturates. The extraction takes place when a HV pulse is applied to the middle
electrode on the upstream side of the trap. The HV pulse is provided by a general-
purpose power supply'?, and the HV switch!? features rising times below 1 us. The
TTLs triggering the extraction can be locked to the RF phase by feeding the control
system with the AWG’s synchronization signal. This makes the characteristics of
the extraction similar between different cycles.

Figure 3.4 shows the laser-ablation ion source. It is based on the miniature
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Table 3.1. Specifications of the vacuum pumps shown in Fig. 3.1. TMP-1 and
TMP-2 are both backed by an Edwards nXDS15i dry scroll pump. TMP-3 and
TMP-4 are backed each by an Edwards XDS35i dry scroll pump. The pumping
speeds are specified for No.

Pump Manufacturer Model Speed (1/s)
TMP-1 Pfeiffer HiPace 300 260
TMP-2 Edwards STP-451 DN100CF 480
TMP-3/4 Edwards STP 803C DN160CF 800
SIP-1 Gamma Vacuum 300 TV 300
SIP-2 Gamma Vacuum 600 TV 600

radio-frequency quadrupole (mini-RFQ) operating at SHIPTRAP [102]. The ions
are produced directly by irradiating a solid sample with 532-nm pulsed laser light
provided by a frequency-doubled Nd:YAG laser'*. The pulse duration is 4 ns and
the energy can be up to 300 mJ, with a repetition rate of 10 Hz. The discharge
lamp’s synchronization signal is used to trigger the control system when this ion
source is used (see Sec. 3.5 for further details).

The targets are placed on a metallic plate biased to a certain voltage. This
plate is attached to a rotary drive so that the target can be exchanged without
breaking the vacuum. The system can be operated as an ion buncher if buffer-gas
cooling is added and an RF field is applied'® to the mini-RFQ so that the ions can
be confined radially. A quadrupole bender is used either for introducing the ions
in the beamline or for detection using an MCP.

3.2 Vacuum system

The specifications of the vacuum pumps shown in Fig. 3.1 are detailed in Tab. 3.1.
Both TMPs and SIPs are used in a complementary way to reach the UHV regime.
The Penning-trap vacuum system can be completely isolated from the outside
and also from the laser-ablation ion source by closing gate valves'®. The pres-
sure is measured both using the SIPs themselves and two dedicated active ion
gauges'” (AIGs) located just above TMP-3 and TMP-4. A residual gas anal-
yser'® (RGA) can also be used to monitor the pressure and quantify the gas com-
position. The forepressure between the primary pump and the TMP is measured
using a Pirani gauge!®.

14Litron Nano S 150-10
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Employing these pumps, pressures in the order of 107 mbar at the AIGs
and several parts in 107!Y mbar at the SIPs were reached. However, a still-short
ion’s half-life (in the order of 30 s) motivated the investigation of the vacuum
system performance. Simulations using Molflow+ [103] and the implementation
of a custom cryogenic pump are detailed below.

3.2.1 Principles of vacuum simulation

The dynamics of a vacuum system strongly depends on the type of gas flow. Three
main gas flow regimes can be identified for pressures ranging from atmospheric val-
ues to very low pressure [104]. The Knudsen number K, defined as the ratio of the
mean free path lyep to the characteristic dimension of the vacuum chamber Lyipe,

K, = ZMFP, (3.1)

Lpipe

is used to set the boundaries between the different regimes. The Penning-trap
beamline operates in the so-called molecular regime, K, > 1. The density is so
low that the particles hardly interact with each other, behaving analogously to an
ideal gas. The dynamics of the system is governed by the vessel geometry. The
pumping speed Spump is defined as the volumetric gas flux per unit time. The
quantity of gas (at a fixed temperature) flowing across a specific cross-section per
unit time is denoted by the throughput Qpipe, and it can be related to Spymp as

pSpump = Qpipea (32)

where p is the equilibrium pressure. By analogy with an electrical circuit, the gas
flow through a specific part of the vacuum system is controlled by the conduc-
tance Chipe, a purely geometrical parameter [104]. An equivalent expression to the
Ohm’s law is

Qpipe - C'pipe AP, (33)

where Qpipe and the pressure difference Ap play the role of intensity and voltage
drop, respectively, in an electrical circuit.

In principle, Egs. (3.2) and (3.3) can be used to describe a vacuum system as a
network of linearly connected elements, each characterized by a value of Cpipe. The
outgassing sources are quantified by Qpipe, while the vacuum pumps are described
by Spump (see Tab. 3.1). However, calculating the conductance for every geometry
feature can already become a challenging task, and solving the corresponding linear
problem for complex geometries using a standard computer might be unfeasible.
Alternatively, computational tools based on the Monte Carlo method have been
developed to determine pressure profiles and conductances.

Molflow—+ is a software package based on the test particle Monte Carlo (TPMC)
method [103]. TPMC independently calculates the trajectory of a large limited
number of virtual test particles to get a picture of the system performance [105].
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The geometry surfaces are represented by a series of polygons with associated
physical parameters. Only one particle is simulated at a time in an event-driven
way: the iteration is not over time, but over collision events, and the trajectory
between wall hits is determined by ray tracing.

For each new virtual particle, the probability of choosing a certain starting
point is proportional to the local particle flux Qpipe/kpT, with kg the Boltzmann’s
constant and T the temperature, according to the ideal gas law. The particle
direction probability is proportional to the cosine of the angle created with the
surface normal, which is known as Knudsen’s cosine law [104] and is also employed
for subsequent rebounds. The determination of the velocity probability is based on
the Maxwell-Boltzmann distribution [106]. All the polygons are assigned a sticking
factor s., defined as the probability for the particle to be pumped out from the
system. It is related to the pumping speed as

Spump = ischpola (34)
where ¥ is the mean speed of the particles and A, is the polygon’s area [104].
The pressure on a specific surface is given by the orthogonal moment exchange
with the particles [106]. Therefore, each polygon surface has a counter for the
accumulated orthogonal momentum change > I, = > muw,, with m the particle’s
mass and v, the velocity component orthogonal to the surface. The pressure is
calculated as the rate of momentum change per unit area,

1 dI, 1
p Apol dt Aol MC Z L (3.5)

where Kyic = (dNyea1/dt) /Nyirtual i the ratio of the total particle flux rate to the
number of virtual particles employed in the simulation [106].

3.2.2 Simulations at room temperature

Figure 3.5 shows the outcome of the vacuum simulations of the original sys-
tem (without customized cryopump). A simplified version of the CAD drawing
shown in Fig. 3.1 was implemented in Molflow+. The part of the beamline as-
sociated with the laser-ablation ion source (below GT-1 in Fig. 3.1) is not shown
because the simulations were performed before attaching this module to the main
beamline. Nevertheless, this region has a minimal effect on the trap’s pressure since
the CF40 tube placed just behind GT-1 strongly reduces the vacuum conductance
between the two parts.

For the simulation shown in Fig. 3.5, a certain sticking factor is attributed to
the pumps’ inlet surface to reproduce the total pumping speed specified by the
manufacturer according to Eq. (3.4). The surfaces of the vacuum chambers are
simulated considering an outgassing rate per area of 3 - 107'Y mbar-1/(s-cm?) to
reproduce the pressure readout at the different gauges locations. It also agrees
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Figure 3.5. Vacuum simulations before installing the customized cryopump. The
upper part corresponds to a top view of part of the system shown in Fig. 3.1, where
the pump nomenclature was also explained. The electrodes and the contour of the
vacuum chambers are displayed in white colour, indicating that no collisions occur.
The ablation-source setup is not included. The lower part shows the pressure along
the z axis, which is centred on the Penning trap and also serves for the colour map
above.

with the literature values for the outgassing rate of non-baked stainless steel [107].
For the components made of copper and aluminium, the outgassing rate is set
to 3-107'% mbar-1/(s-cm?), according to Ref. [107].

From this simulation, the pressure in the Penning trap (MT in Fig. 3.5) was
above 107 mbar, thus too high for the envisaged motional-frequency measure-
ments. Such pressure leads to short coherence times in the ion’s motion and even
to the loss of the calcium ion, which can form an oxide due to the combination
with oxygen background molecules. This vacuum level could not be improved with
the existing TMP and SIP vacuum pumps, as they could not be moved closer to
the trap due to the high-intensity magnetic field. Baking the vacuum chamber
inside the bore was neither possible, so the implementation of a customized pump
close to the Penning trap was found the only solution.

3.2.3 A customized cryogenic pump

Cryopumping is the action of evacuating residual gas by setting surfaces in a vac-
uum system at low temperatures. Two main mechanisms contribute to this [104]:

e Cryocondensation. It is the pumping mechanism due to the phase transition
from gas to liquid or solid. The ultimate pressure achievable at a given
temperature is the vapour pressure, i.e., the pressure exerted by the gas at
equilibrium with the condensed phase.
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e Cryosorption. If the surface is sufficiently cold, the gas particles impinging
on it lose enough energy so that they stay attached to the surface by weak
intermolecular Van der Waals forces. This mechanism can retain particles at
a higher surface temperature than needed for cryocondensation. However,
the sticking coefficient (Eq. (3.4)) is much lower, and only a few monolayers
of particles are created.

e Cryotrapping. It refers to the possibility of employing a condensable gas to
concurrently pump a non-condensable one by entrainment. The molecules
of the non-condensable gas are caught and buried in the cryo-deposit of the
more abundant condensable gas.

The customized cryopump consists in a one-meter long OFHC copper rod con-
nected to the first stage of a cryocooler®® (T = 30 K). The arrangement of the
cryopump within the beamline is shown in Figs. 3.1 and 3.2. The temperature at
the end of the rod, close to the trap, can be determined by assessing the system’s
heat load and the cryocooler’s cooling power. The heat load by radiation is given
by the Stefan-Boltzmann law applied to the rod,

dQ, = AmeoggT * rroqd, (3.6)

where € is the surface’s emissivity, ogp is the Stefan-Boltzmann constant, and
Troq is the rod’s radius. The temperature profile along the rod can be calculated
according to the Fourier’s law,

dT
Qc = kn—r, (3.7)

dx

where Ky, is the rod’s thermal conductivity. Combining Eqgs. (3.6) and (3.7), and
taking the average values of conductivity, a temperature of 7' ~ 50 K has been esti-
mated at the end of the rod, ensuring the pumping of the residual water molecules
by cryocondensation. Commercial or customized getter pumps were also con-
sidered, but discarded since the high activation temperature (7' = 400 - 500 °C,
typically) could have melted some of the plastic materials used in the setup or
even caused the gold plating to diffuse into the copper.

Figure 3.6 shows the outcome from the vacuum simulations including the cry-
opump. A sticking factor of s, = 0.1 was assigned to the cryopump. The criteria
followed was again the reproducibility of the pressure measured at the gauge po-
sitions. An improvement in the pressure around the trap (MT in Fig. 3.6) by a
factor of five is predicted. Experimentally, a clear increase in the typical trapping
times was found: the ion always lasted for several minutes up to a few tens. Other
solutions have been also worked out for the medium-term future. Further details
can be found in Appendix A.

20Sumitomo RP-082B2
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Figure 3.6. Vacuum simulations after installing the cryopump. The plot arrange-
ment is identical to Fig. 3.5.

3.3 Laser system

The light fields required to excite the Doppler-cooling transitions are generated by
diode lasers?!. Their output power is in the order of tens of milliwatts, being pos-
sible to tune the frequency within a few nanometres with a mode-hop-free range
of up to 20 GHz. As described in Sec. 2.2.2, it is necessary to address ten transi-
tions to efficiently cool the ion to the Doppler limit in the 7-T magnetic field (see
Fig. 2.4). In addition, some transitions must be addressed axially and radially to
cool the three motional modes simultaneously. To meet these requirements, the
laser system shown in Fig. 3.7 has been built. A total of nine tunable diode lasers
are used. Bl and B2 produce the light to address one of the cooling transitions
radially and axially, respectively. B3 generates the other two cooling beams. R1,
R2, R3, and R4 are used to cover the four 866-nm repumping transitions. Finally,
the light produced by R5 and R6 is passed through an electro-optical modula-
tor?> (EOM) to generate sidebands to drive the remaining four 854-nm repumping
transitions [65].

All the lasers are regulated in frequency within 10 MHz absolute accuracy (ac-
cording to 3o criterion). 10% of the emitted power is fed into a wavelength me-
ter?® (WLM) via an optical switch (OSW) that allows for the sequential mea-
surement of several lasers at the same time. The WLM is calibrated using a
helium-neon (He:Ne) laser**. A proportional-integral-derivative (PID) algorithm
is used to calculate the necessary output voltage delivered by a digital-to-analog
card (DAC) PC board to be applied to the laser’s piezo. Due to its limited reso-

21Toptica DL and DL pro
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Figure 3.7. Optical table dedicated to preparing the Doppler-cooling laser beams.

lution (14 bits), a trade-off between the regulation’s linewidth and range is found
by inserting more or fewer voltage attenuators behind the DAC’s output.

The four 397-nm light beams are transported separately to the Penning-trap
setup using single-mode optical fibres. The four 866-nm beams are combined
into a single fibre using PBSs and the same is done for the 854-nm laser beams.
The combination of R3 and R4 laser beams is passed through an acousto-optic
modulator?® (AOM) mounted in single-pass configuration. This AOM is used to
switch on and off laser cooling within 1 ys.

Figure 3.8 shows the setup devoted to the combination of the different light
beams before they enter the vacuum. There are two optical tables dedicated to
preparing the axial and radial beams. The former comprises all the repumping
laser beams and the two cooling beams delivered by B1 and B3. A dichroic mirror
is used to overlap 397- and 866-nm beams. The radial beam only contains 397-nm
laser light. The beams’ position in both directions can be monitored using a beam

25Crystal Technologies AOMO 3200-125
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Radial EMCCD —

Figure 3.8. Entrance of the laser-cooling beams in the Penning-trap setup. Left:
rendered drawing of the optical elements and detectors, placed at the beamline.
Right: scheme showing laser-beam superposition.

profiler?® located at the same distance as the trap centre. This sensor is used for
adjusting the spot diameter and for estimating the beam displacement in the trap
centre. Piezo motor-driven mirror mounts?’ are used to move the beams in the
radial direction in 20-um steps (0.001° resolution). It is operated together with
the beam profiler to circumvent the piezo’s hysteresis (0.01° repeatability).

3.4 Optical imaging system

A new optical system devoted to detecting individual ions and Coulomb crystals
in the Penning trap has been designed, tested and successfully installed in the
Penning-trap setup during this thesis work. The system magnifies the ion’s pho-
ton distribution and projects it onto the detection devices: an electron-multiplying
charge-coupled device®® (EMCCD) and a photomultiplier tube? (PMT). These
detectors complement each other in several ways. The EMCCD offers spatial res-
olution (1024 x 1024 pixels of 13 x 13 pum) but the processing time is in the order
of only milliseconds even for regions tens-of-pixel wide. On the contrary, the PMT
features sub-microsecond timing resolution but there is no position information.
In the following, the necessary concepts of optical-system analysis are introduced
before presenting the design guidelines and the computer simulations, to finally
discuss the out-of- and in-vacuum performance of the system.

26Duma Beam Analyzer BA3-UV-USB
2"Newport CONEX-AG-M100D
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Figure 3.9. Wavefront transmittance of a single lens and the concept of wave
aberration. Left: effect of a converging lens on a normally incident plane wave.
Right: the graphical concept of wave aberration W (z,y).

3.4.1 Principles of analysis

Image formation by an optical system can be studied at different levels of detail
depending on the theory used. A simple picture is given by geometrical optics,
where light propagation is described in terms of rays. However, certain optical
effects such as interference or diffraction are not described in geometrical optics.
The studies carried out in this section are based on the scalar diffraction theory,
which describes the light field by a complex scalar potential U (complex amplitude
of the electromagnetic field) and is valid for dimensions of the optical components
much larger than the wavelength [108]. A brief description of the most important
results of this theory can be found in Appendix B.

In a composite imaging optical system, the limiting aperture that gives rise
to diffraction is called the aperture stop. The effect it has on the image can
be directly analysed by applying diffraction theory to the exit pupil (image of
the aperture stop formed by the part of the system which follows it), which can
be modelled as a finite aperture on an infinite opaque screen [108]. The Huygens-
Fresnel principle (Eq. (B.5)) states that every point on a wavefront can be regarded
as the source of new spherical wavelets, and it might be applied to the exit pupil
to calculate the complex scalar potential U at an observation point behind it. The
Fresnel diffraction simplifies the spherical waves by parabolic ones, giving rise to

U (u,v) = -

ikz e
; / / U (x,y) e &m0 00 g gy, (38)
/\ZO
where {u,v} and {z,y} are the coordinates at the exit pupil and the observation
point, respectively, both separated by a distance zy. k£ = 27\ is the wavenumber,
with A the wavelength. The integral limits are expanded to the whole plane and
U is assumed to be zero outside the exit pupil.

Apart from diffraction due to its finite size, an optical imaging system has a
phase-transformation effect on the wavefront. The left side of Fig. 3.9 illustrates
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Figure 3.10. General model of an optical system as a black box. The transfer
function is given by the transmittance (Eq. (3.9)) and the diffraction due to the
stop aperture (Eq. (3.8)). Adapted from Ref. [109].

this for a single positive lens. The corresponding transmittance function T (z,y)
can be written as

T (r,y) =P (w,y)e 2 ), (3.9)
where f’ is the focal distance. P (z,y) is the generalized pupil function,
P (z,y) = P (z,y) eV @), (3.10)

P (z,y) is the pupil function, equal to one within the exit pupil and zero outside.
W (x,y) is the wave aberration, which quantifies the optical path difference be-
tween the reference sphere (ideal wavefront in the paraxial approximation) and the
actual wavefront. The right side of Fig. 3.9 illustrates this concept graphically.

In general terms, an optical system can be treated as a black-box, as shown
in Fig. 3.10. The evolution from the entrance pupil (image of the aperture stop
formed by part of the system which precedes it [108]) to the exit pupil is given
by a transmittance function (Eq. (3.9)) that captures the impact of all the optical
components. Fresnel diffraction is applied on the exit pupil to account for the
finite aperture stop. Given the linearity of the electromagnetic field, the image
scalar field U; (u,v) produced by the optical system can be expressed in terms of
the object scalar field U, (£, n) utilizing the superposition integral,

+00
U (u,0) = / / hesr (u, v; €,m) Uy (€,17) d€ d, (3.11)

where hpgr (u, v; €, n) is the so-called point spread function (PSF) [109]. This func-
tion is analogous to the impulse response function in signal processing, describing
the system’s output at a point (u,v) in the image space for a Dirac-delta input at
a point (£,7) in the object space. The point-source impulse wavefront Upgp at the
entrance pupil in the paraxial approximation is

Vit [@—6+w-n)?] (3.12)

UPSF (x7ya§7n) = We )
g
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where z, is the longitudinal distance between the object and the entrance pupil. If
observation takes place on the paraxial image plane, i.e., the lens law is satisfied,
the PSF can be expressed in terms of the optical-system pupil function as

+o00
o~ 1 —i 2% [(u—&)a+(v—7
fipsp (“’“5’77) = Nz //P(w,y)e (et mma] gy gy (3.13)

where é = ME&, 11 = Mn being M the magnification, and z; is the distance between
the exit pupil and the image plane [109]. Therefore, the PSF is precisely the Fraun-
hofer diffraction of the generalized pupil function [109]. Equation (3.13) also im-

plies the space invariance of the PSF, since hpgp (u, v; é, ﬁ) = hpsr <u — é, v — ﬁ)

The space-invariant PSF, hpgr (u,v), is the Fourier Transform of the generalized
pupil function from the pupil coordinates (x,y) (at the exit pupil) to the spatial

u v
)\Zi ’ )\Zi

In the ideal case of a non-aberrated circularly-symmetric optical system, the
wave aberration W is zero, P (z,y) is constant over the exit pupil, and the PSF is
the Airy disc [108]. In general, W can be expanded into the Zernike polynomials
Z" as

frequency coordinates (at the image plane).

Wre)=)_ D, cmZ (10), (3.14)

n m=—-n

where r and ¢ are the radial distance and polar angle in spherical coordinates. The
Zernike polynomials constitute a system of orthogonal polynomials in the unit cir-
cle that, for low orders, have a direct relation to the primary aberrations: defocus,
astigmatism, comma, spherical, etc. They are defined as [108]

Zy (r,¢) = Ry (r) cos(mg) for m <0, (3.15)

Z7" (r,¢) = Ry (r)sin(meg) for m >0,
where )
R™ (T’) _ - (_1)8 (TL _ S)‘ ,rn—25 (3 ].6)
: TEE e |

s=0

Coming back to Eq. (3.11), the image formation of an extended object will
greatly depend on whether the source is coherent or incoherent. If a coherent light
source is used, the system is linear in the electromagnetic field’s amplitude. If the
light source is incoherent, the system is linear in intensity [109]. The intensity in
the image plane for the latter can be computed as

+oo
I; (u,v) = // ‘hpgp (u—g,v—ﬁ)‘zlg (5, ﬁ) dédﬁ. (3.17)
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Figure 3.11. Relevant measures in Fourier optics. Note that an incoherent measure
can be deduced from its coherent counterpart, but not vice versa.

Fluorescence emission by an ion Coulomb crystal is a clear example of incoherent
illumination since there is no correlation between the different emission points.
The level of detail that the optical system can reproduce from an object can
be quantified by studying the transmission of the spatial frequency f. The am-
plitude transfer function (ATF) is defined as the PSF’s Fourier Transform, and
it quantifies how well the system transfers spatially sinusoidal inputs at different
frequencies when a coherent-light source is used. Taking into account that the PSF
is a Fraunhofer diffraction pattern, it is possible to demonstrate that the ATF is
proportional to the pupil function scaled with units of Az;f [109]. The equivalent
function for incoherent illumination is called optical transfer function (OTF),

+o00
I Ipse (u,0)? em2m et o) gy dy
Horr (fus fo) = — oo : (3.18)
I |hpsE (u, v)|* dudv

Similarly to the ATF, the OTF also has a direct relation with the pupil function
and can be computed as the normalized autocorrelation function of the latter. The
module of the OTF is called modulation transfer function (MTF), and it provides
the relative modulation of the image as a function of the input frequency. It can
be demonstrated that aberrations always contribute to decreasing the MTF [109].
Figure 3.11 illustrates the connection among these optical measures. Assuming
the Rayleigh criterion, an optical system can resolve the position of two points if
the value of the MTF is higher than 0.2 for the corresponding spatial frequency.
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3.4.2 Design and simulations

The new optical imaging system was designed with the assistance of Zemax?.

This optical design software takes the geometrical specifications of the optical
system as input and delivers multiple optical measures, such as the wave aberra-
tion (Eq. (3.10)), the PSF (Eq. (3.13)), or the OTF (Eq. (3.18)), which were used
to assess whether the system’s performance met the requirements imposed by the
experiment.

Regarding the detection of fluorescence, the optical system had to spatially
resolve the position of two laser-cooled trapped ions, which in the case of **Ca™ are
separated 10 - 20 um for typical axial frequencies in the range of 100 - 500 kHz.
In addition, it had to provide enough magnification so that the two spots are
a few pixels apart when projected into the EMCCD sensor (13 x 13 pum). The
fluorescence collection efficiency had to be maximized. This is accomplished with
a high numerical aperture, defined as NA = D/2f" with D the pupil diameter, and
maximizing the transmission through the optical components for the operating
wavelength, A = 397 nm.

Regarding the Penning-trap setup, the optical system had to physically fit into
the free space available inside the magnet bore. It had to magnify the axial and
radial projections (optical axis perpendicular to é) and collimate the image of the
ion(s) downstream along the axial direction to the place where the detectors are
located (see Fig. 3.1). It also had to operate under UHV conditions throughout
1.2 m, being rigidly anchored to the Penning-trap tower.

The maximum numerical aperture, limited by the ring Penning-trap geometry,
is NALax = 0.29. The use of a single spherical lens for such a value of the NA would
have implied aberrations that prevent from achieving the resolution envisaged. One
way to overcome this problem could have been using (spherical) lenses of different
shapes and focal distances. Diffraction-limited objectives made of four lenses have
been widely used for ion and optical traps. The first proposals were made in the
early 2000s [110], and a comprehensive review for optical traps can be found in
Ref. [111]. This type of system has also been used in Penning traps [112]. Another
option was the use of a non-spherical or aspheric lens [113]. This kind of lens is
flatter at its edge compared to spherical lenses, which reduces the refracting ray
angle so that all the rays are brought to a common focus position [114].

For the Penning-trap optical system, commercial parts were preferred due to
the high costs of custom components. The little space left inside vacuum made the
use of standard 1” optics impossible, so 1/2”-diameter components were chosen
for the parts inside the magnet bore. The new optical system is based on a first
objective and then a series of relays. Using a single objective would have led to an
intensity per pixel too low, and the system would have also been highly sensitive
to misalignments since it is under vacuum and cannot be moved. The idea of
reducing aberrations using an objective made of several lenses was also explored.

30Zemax OpticStudio® 2020
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Figure 3.12. Cross-section sketch of the optical system (not-to-scale). O: objective;
M: mirror; FL: field lens; R: relay; VP: viewport.

In the case of three lenses, it was possible to achieve an optimal configuration
with commercial parts that fitted into the vacuum chamber, but the performance
was not diffraction-limited. In the case of four lenses, the available space was not
enough.

Figure 3.12 shows the final design. It consists of one objective that provides
5x and a series of relays that transport the image without magnification. The
final factor 15x is achieved by adding a last single lens outside vacuum. The
relays are doublets of plano-concave and bi-convex commercial lenses in which the
relative distance was optimized to achieve diffraction-limited performance. The
field lenses are pairs of plano-convex lenses centred on the image plane to avoid
vignetting. Using a single bi-convex lens instead would perform the same but
imaging imperfections might exist [115].

The objective’s lenses specifications, including one of the field lenses of FL1 (see
Fig. 3.12), are detailed in Tab. 3.2. The relative distances were optimized using
Zemax, for which the wave aberration (see Eq. (3.10)) was used as the figure of
merit to minimize. First, the asphere’s focal point for A = 397 nm was determined,
giving rise to a working distance of 21.963 pum. Then, the relative distance in the
doublet consisting of the bi-convex and the plano-concave lenses was optimized.
The gap between the asphere and the doublet was chosen arbitrarily (5 mm in
this case), and the field lens was likewise placed at a certain distance from the
image plane. The effect the latter has on the image formation is minimal, and
it only affects as a defocus. Finally, the optimization routine was run again for
the two distances previously varied. Near on-axis diffraction-limited performance
was achieved in all the cases, which was observed in the MTF (see Eq. (3.18)) or
wave-aberration plots.

The specifications of the optical elements used for the relays are listed in
Tab. 3.3. These parts are symmetric, so only half of the lenses are detailed. As in
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Table 3.2. Objective’s components and relative separation. The distance is de-
fined between adjacent surfaces. All the lenses are commercial models from Thor-
labs, Inc..

Type Model Separation (mm)
Object - 21.963
Asphere AL1225G-A 5
Bi-convex LB1844-A 6.897
Plano-concave LC4413-UV 84.723
Plano-convex  LA1207-A 2.5
Image - -

the case of the objective, one of the field lenses is included. A sequential proce-
dure similar to the one explained for the objective’s simulations was followed here.
The last part of the optical system, called R4 in Fig. 3.12, consists of half of a
one-inch relay plus a single lens with focal length f’ ~ 750 mm (model LA1978-A
of Thorlabs, Inc.). Although it is a simple plano-convex lens, it does not introduce
further significant aberrations due to its small NA. All the lenses are made from
N-BKY7 or Fused Silica and have anti-reflective coating for A = 397 nm.

Figure 3.13 shows a rendered image of the full optical system installed in the
Penning-trap setup. The optical mounts are custom-designed and were machined
by a local company. In general, the outer diameter is 17 mm for the half-inch
components and 32 mm for the rest (the exceptions are the objective and the
mounts at the magnet bore). The distance between these pieces is maintained
using hollow tubes, with M14 x 0.5 mm and M27 x 0.75 mm very-fine threads to
assure a good alignment. The material used is aluminium 6061-T6, employed in
commercial lens tubes due to its good machining properties when it is threaded.
All the pieces are perforated to pump the inner volume of the tubes. The optimal
distances between lenses found in the simulations are physically defined by the

Table 3.3. Half- and one-inch relay’s components and relative separation. The
distance definition between elements is defined in Tab. 3.2. The lenses are com-
mercial models from Thorlabs, Inc. (T) and Newport Corporation (N).

Model Separation (mm)
Type 177 1/277 1’7 1/27’
Object - 2.5 3.75

Plano-convex  LA1207-A (T) LA1461-A (T) 83.496 172.666
Plano-concave LC4413-UV (T) SPC025 (N) 7.227  14.814
Bi-convex LB1844-A (T) LBI676-A (T) 2.5 5
Image - - - -
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Figure 3.13. Rendered three-dimensional drawing of the optical system installed
in the beamline. Several distinctive parts are zoomed in.

lens separators. These are rings with a thickness of 0.5 mm and 0.75 mm, having
the shape of the corresponding spherical lens so that the contact is made on the
full contour of the surface for better alignment. The optical system is attached to
the Penning-trap tower at several positions inside the magnet bore (see Fig. 3.13).

Figure 3.14 shows some of the simulation results for the whole optical system.
Zemax computes the optical system performance starting from the wave aber-
ration (right side of Fig. 3.14). This function can be analytically calculated by
simply knowing the shape of the lenses, listed in Tabs. 3.2 and 3.3. Then, the
MTF, shown in the left part of Fig. 3.14, is calculated as the normalized autocor-
relation of the pupil function (see Egs. (3.10) and (3.18)). Although the system
is diffraction-limited for on-axis performance, it cannot be moved once installed
and under UHV, and thus it is important to know its off-axis performance. For
that purpose, the impulse was placed at different field distances from the optical
axis on the object plane. The particular line containing the object’s position and
the optical axis is called the tangential direction, while the perpendicular is the
sagittal direction. The MTF and the root mean square (RMS) spot radius (in-
set) show that a position deviation of 200 pm, equivalent to a wave aberration of
1.5 A, is the maximum affordable deviation to resolve 10 - 20 ym. In the case of
the modulation, a value of 0.2 is equivalent to the Rayleigh criterion for two-point
resolution.

3.4.3 Out-of-vacuum performance analysis

The optical system was experimentally tested before its installation in the Penning-
trap setup. The response of the system to quadratic impulses using a 1951 USAF
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Figure 3.14. Simulation of the optical system. Left: MTF’s tangential compo-
nent for an object placed at different field positions and RMS spot radius (inset).
The axis of abscissa represents the spatial frequency in the object plane. Top
right: colour map representation of the on-axis wave aberration in wavelength
units. Bottom right: tangential (left) and sagittal (right) cross sections of the
wave aberration for an object placed at different field positions.

test target®! was studied. As described on the right side of Fig. 3.15, the object,
placed in the objective’s focal plane, consisted of sets of two groups of three parallel
bars, oriented in two perpendicular directions and separated by different distances.
Measuring the maximum and minimum intensities, I, and I, it was possible
to determine the contrast Cop, defined as

lmax lmin
o = .]_
¢ Pt lmax -Zmin (3 9)

The contrast can be considered analogous to the modulation (module of the OTF,
Eq. (3.18)) for square impulses. The contrast transfer function (CTF) describes
how well the system transfers square impulses of different spatial frequencies and
is analogous to the MTF.

The system’s performance was evaluated in two other ways based on its linear
properties. If the set of square impulses is chosen as a complete and orthogonal
basis, the contrast can be simply calculated as the inner product of the object and
the image, both normalized to the total intensity. Another option is to work on
the Fourier basis so that the convolution theorem can be applied,

[ Z{Li}| = [Horr| - [ F{Ig}|, (3.20)

31Thorlabs Inc. R1DS1P
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Figure 3.15. Investigation of the resolution using a square-impulse target. Left: pic-
torial description of the measurement of contrast of a square-impulse target.
Right: 1951 USAF resolution test chart used in the experiment. Groups —2 to
—1 are represented, comprising 6 elements each. The spatial frequency, in line
pairs per millimetre, is calculated as 28roupt(clement—1)/6

where I, and I; are the intensities in the object and image planes, respectively,
and |Horr| is the MTF. In principle, it should have been possible to fully recover
the system’s MTF using deconvolution techniques. However, the associated uncer-
tainties became large for frequencies at which the object has a small component.
In the case of square impulses, the frequency component is almost zero for even
multiples of the fundamental frequency and maximum for odd multiples.

Figure 3.16 shows the characterization measurements for the whole optical
system. For these tests, the optical system was fixed to an optical table, and the
resolution target was mounted on a three-axis stage so that the region of interest
could be placed at the focal point. The camera used was a scientific complementary
metal-oxide-semiconductor (sCMOS) image sensor®?. The target was illuminated
with 397-nm light, and measurements were performed on groups 5, 6, and 7 of
the USAF 1951 resolution target (see Fig. 3.15). The magnification obtained is
16.8(4) x. The square impulse analysis is shown on the left side of Fig. 3.16. The
two types of analysis mentioned before were used and both yield similar results.
The performance is close to the diffraction limit down to at least 5 ym of line sepa-
ration. It was only possible to study frequencies as high as 228.1 mm~! (7*! group,
6" element) due to the features of the resolution target itself.

A deeper insight into higher frequencies was reached by employing the method
using the deconvolution theorem to measure the system’s MTF. In the analysis
shown on the right side of Fig. 3.16, the fundamental frequency and the third
harmonic were used, obtaining reliable results. From the relationship between the
modulation and the Rayleigh criterion, the optical system is capable of resolving

32 Andor Zyla 4.2 sCMOS
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Figure 3.16. Frequency analysis of the measurements based on the 1951 USAF
resolution target. Left: CTF measured directly and from the image-object product.
Right: MTF calculated using the convolution theorem. The lower grey line includes
the sensor (6.5 ym x 6.5 pm) frequency transmission [116]. In all the cases, the
displayed data are the average of the performance for each two perpendicular bar
sets of the test target (right part of Fig. 3.15).

two points separated by only 1.5 ym. Employing Eq. (3.20) for higher harmonics
led to large uncertainties.

3.4.4 In-vacuum performance analysis

The final system’s characterization was done using a trapped ion itself. A single
trapped ion cooled to the Doppler limit is a perfect target to test the optical sys-
tem’s PSF. In the case of the Penning trap, the axial frequency was v, = 333 kHz,
which means a motional amplitude zp.. &~ 300 nm for *°Ca® at 1 mK (Doppler
limit). This implies 2z < A, and the ion can be thus considered as a good ap-
proximation to a point-like source. In case the ion’s temperature was higher, these
results would be the worst-case scenario for the optical system performance.

The measured intensity PSF, Ipsp = |hPSF|2, can be directly related with the
Zernike polynomials through Eq. (3.13). Taking into account that Fraunhofer
diffraction is a Fourier Transform,

Ipsp = | F{e * EmnenmZiy|?, (3.21)

Since the modulus is not a bijective function, a direct decomposition of Ipgp into
the Zernike polynomials basis is not possible. In this sense, fitting algorithms have
been developed to find the best approach [117,118]. This method has already been
employed before in a Paul trap [119].

The outcome from the analysis of the ion image is shown in Fig. 3.17. The image
has been rotated 131.7° here so that the trap’s axial and radial axes match the
page’s horizontal and vertical axes, respectively. The magnification was calculated
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Figure 3.17. Wave aberration without external correction. Top: comparison be-
tween the measured image and the best fit, including a 100-factor increased res-
olution plot of the latter. The accumulation time for the measured image is 1 s.
Bottom: weight of the first 21 (piston, X-, and Y-tilt are omitted) Zernike poly-
nomials used in the best fit. The different colours stand for the five orders in the
radial coordinate (see Eq. (3.16)).

from the ion-ion distance dion ion in a two-ion Coulomb crystal (Eq. (2.16)). The
value obtained is 15.4(1)x, compatible with the design specifications. Compared
to the diffraction-limited case, for which FWHM = 0.8 pm, the measured image
was much broader and strongly asymmetric. A total of 21 Zernike polynomials,
up to fifth order in the radial coordinate, were used in the fitting procedure, for
which a reduced chi-square of y, = 3.45 was obtained. Introducing sixth-order
Zernike polynomials did not improve the results significantly. A plot of the fitting
results having a factor of 100 better spatial resolution is also shown to observe the
interference patterns averaged by the sensor pixel size.

The Zernike polynomials decomposition revealed a strong astigmatism, notice-
able even in its second-order component. The defocus can be used to find the
least-confusion point, and should not be considered as an aberration. The second
most prominent component was comma. Both types of aberration appear when
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e axial = radial

Figure 3.18. Study of the optical system’s astigmatism. Top left: ray tracing
showing the appearance of astigmatism in a spherical lens when the object is placed
out of the optical axis. Pr: tangential focus. Pr: least confusion. Pg: sagittal focus.
Rr: tangential radius. Rg: sagittal radius. Top right: variation of the ion image
width in axial and radial directions when the EMCCD is scanned along the optical
axis. Bottom: ion image recorded for the points analysed in the graph.

the object is not placed on the optical axis. This is consistent with a misalign-
ment of the optical system with the trap due to machining tolerances in different
anchoring points along the Penning-trap tower. The working distance was right
since the magnification agrees with the design value.

Astigmatism can be easily identified by the appearance of two different focal
positions for two perpendicular directions. Figure 3.18 illustrates the occurrence
of this effect and the measurements carried out with a single ion. Due to the dif-
ferent radius of curvature seen by the off-axis object for the tangential and sagittal
components of the light cone, two focal points appear where the image becomes
sharp in either of these directions. Following the results shown in Fig. 3.17, a fo-
cus scan was performed around the least-confusion point. The analysed images in
Fig. 3.18 confirmed that there was astigmatism in the optical system. A difference
of 25 mm was observed between the tangential and sagittal focus. The tangential
and sagittal directions nearly coincide with the trap’s axial and radial directions,
respectively, and a sharper focusing was obtained for the former (z ~ 90 mm) com-
pared to the latter (z ~ 65 mm). These two observations indicate a lateral shift
in the position of the optical system from the trap centre.

Astigmatism can be corrected using a cylindrical lens, which provides focusing
only in one direction. A negative lens with f/ = —400 mm was chosen, so that the
first (tangential) focus point is forced to coincide with the second (sagittal). It
was placed 110 mm before the image plane and the final configuration was found
experimentally by minimizing the ion’s spot radius.



50 Chapter 3. Experimental setup

Measured Best fit Residuals Better resolution

—200 - .
o o o ‘% o o o N o o o o
P S S 2 ;T\QQ_\@ NECAC NN %fb\ N va_\@ @3\
S FS TS O & @ & AN N ST RiY
XY Q X ,(’Qg}’ Q'Q Q'& &é} Qo Y é{) Vv 0o KON > Qod \i;}
& @Q’QQQ& Fo oL NSRRI
B D & \}% RN S & O& QQ}
&R &R o & G QU C
had had & &S
X0 X
¥ ke

Figure 3.19. Wave aberration after implementing the cylindrical lens. The figure’s
layout is identical to Fig. 3.17.

The intensity PSF analysis of the optical system after inserting the cylindri-
cal lens is shown in Fig. 3.19. The first 21 Zernike polynomials were used as in
the previous analysis, just to allow a direct comparison. A reduced chi-square
of x, = 13.1 is obtained, although for the fitting using the first 15 polynomials,
this value decreases to x, = 11.5. The astigmatism is well attenuated compared
to Fig. 3.17, and only some components of comma and trefoil remain. The magni-
fication now becomes 17.9(1)x, larger than before, justified by the translation of
the tangential focus point to the sagittal focus point utilizing the cylindrical lens.

Figure 3.20 shows the final performance in terms of the MTF and PSF. Both
the images before and after the cylindrical lens inclusion are analysed. The MTF
is calculated directly from the single-ion PSF using FFT (see Eq. (3.18)). The
maximum spatial frequencies computed, 580 mm~' (before the cylindrical lens
correction) and 670 mm™! (after), are limited by the pixel size of 13 ym. As was
mentioned in Fig. 3.16, the effect of the detector pixel size is taken into account
to establish the real diffraction limit performance (lower dashed line in Fig. 3.20).
The resolution is detailed in Tab. 3.4. It must be mentioned that the intensities
are normalized to the maximum value in the PSF comparison. Finally, a seven-ion
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Figure 3.20. Final performance of the optical system. Top left: MTF before and
after inserting the cylindrical lens compared to the ideal diffraction-limited case.
Top right: axial and radial intensity PSF. Bottom: image of a seven-ion linear
chain and profile along the axial axis.

linear chain is shown in the lower part of Fig. 3.20. In this particular case, the ions
were oscillating at v = 333 (1) kHz, resulting in a ion-ion distance in the range
dion-ion = 8.01 (16) - 6.77 (17) pm. An equivalent expression to Eq. (2.16) for the
ion-ion distance in a chain can be found in Ref. [120].

Table 3.4. Resolution of the optical system before and after inserting the cylindrical
lens. These values are calculated from Fig. 3.20 using the Rayleigh criterion (mod-
ulation equal to 0.2).

Resolution (pum)

Situation Axial Radial
Before 6.96(5) 7.89(9)
After 3.69(3) 2.75(3)
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3.5 Control and acquisition system

The control system of the Penning-trap setup is based on ARTIQ [121]. This open-
source system provides both software (called ARTIQ as well) and hardware (Sinara
boards) support to perform ion-trap experiments, and its use in the community
is spreading rapidly. Python is used as a high-level programming language that
facilitates the writing of experimental sequences. The associated hardware pro-
vides nanosecond timing resolution and sub-microsecond latency due to the use of
a field-programmable gate array (FPGA) card where the code is compiled and run.
External devices can be also integrated within ARTIQ’s ecosystem by building a
so-called network device support package (NDSP). This piece of software commu-
nicates with the specific device using the application programming interface (API)
functions contained in the associated driver. Remote procedure calls (RPCs) us-
ing simple Python communications (SyPiCo) are employed for communications
through the network.

Figure 3.21 shows a schematic of the Penning-trap control system and the
interconnection among its different parts. ARTIQ’s modular rack and other needed
devices to perform motional-frequency measurements are shown. The experiments
are scheduled and executed by the Master PC. The Client PC is usually used to
develop the Python code. The graphical user interface (GUI) can be run on both
PCs.

TTL, RF, and DC signals can be produced by ARTIQ with a precise tim-
ing (1 ns) by the FPGA?3. TTLs are generated by three modules of eight digital
input/output®* (DIO) channels each. Four of these channels are configured as
TTL-IN and can be used to determine the arrival time of an external TTL signal.
The rest of the channels are configured in output mode and are used to trigger
different devices across the experiment. Four direct digital synthesizers® (DDSs)
produce RF signals from 1 MHz to 400 MHz with 0.25 Hz frequency resolution.
The DC board?® can provide £10 V with 4 ppm stability.

Both ARTIQ’s RF and DC boards need to be complemented with other devices
to meet all the experiment’s requirements. AWGs?” are used to excite the ion’s
motional modes, since v,,v_ < 1 MHz. Urukul is used to apply the quadrupolar
excitation at v, and also to drive the AOM utilized to switch on and off laser
cooling. As discussed in Sec. 3.1, all the voltages along the beamline are provided
for dedicated general-purpose and high-precision DC sources.

The NDSPs for the EMCCD, the AWGs, and one of the HV DC sources were
developed in a previous thesis work [65]. During this work, drivers for the PMT’s
counting unit*®, the Penning trap’s DC power supplies, and the other HV DC

33Kasli v1.0

34DIO BNC

35Urukul AD9910
3670tino v1.0

37 Agilent 33210A
38Hamamatsu C8855-01
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Figure 3.21. ARTIQ control system and peripheral devices. LAN connection is
used where possible due to the higher speed and lower latency compared to USB.

source have been developed. A similar procedure as used before for the EMCCD’s
driver based on Python’s module ctypes and the dynamic-link library (DLL) pro-
vided by the manufacturer was employed here. Although the WLM is not fully inte-
grated within ARTIQ’s environment, a communication protocol based on Python’s
socket module has also been developed. This protocol is used to vary the lasers’ fre-
quency through the PID regulation protocol during some experimental sequences.
A server is continuously running in the WLM PC that receives commands from
the ARTIQ program that runs in the Master PC. It communicates with the WLM
employing the DLL the manufacturer provides and returns the status afterwards.

The necessary scripts to perform motional-frequency measurements developed
during this thesis work use TTL-OUT channels and DC sources to transport and
adapt the trap to the ions’ energy, RF modules and the AWGs to apply the
motional excitations, and the EMCCD and PMT to measure the ion’s motional
amplitude. Of particular importance has been the development of code to use
TTL-IN channels in the experiment. Temporal synchronization in the two ion
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Listing 3.1. Python readout method used to register the PMT and MCP output
TTLs.

def readout (self):

ref = now_mu ()

cursor = self.ttl0.gate_rising(self.extraction_time)

for i in range(self.nmax): self.tof_register[i] = -1

i=20

while True:
tof = self.ttl0.timestamp_mu(cursor)
if tof == -1: break
self.tof _register[i] = self.core.mu_to_seconds (tof-ref)
i +=1

sources is achieved using this hardware. In the Paul-trap ion source, the extraction
pulse can be locked to a specific phase of the RF trapping field. In the laser-ablation
ion source, the Nd:YAG laser is running continuously, and any script involving the
use of this source is paused until a pulse from the laser lamp is detected. TTL-IN
channels are also used to read the output signals from the PMT and the MCP.
Both systems can be operated by dedicated hardware (PMT’s control unit and
MMBG6 control system [122]), but the integration in ARTIQ’s environment is much
easier using TTL-IN channels. Listing 3.1 shows the excerpt of code used to read
and save in self.tof register the arrival times of TTL signals produced by
the PMT or the MCP. Here, the channel tt10 is set to register rising edge events
during a time interval between now_mu () and now mu()+self.extraction_time in
the future. The arrival times are determined with nanosecond resolution, retrieved
sequentially by timestamp mu() and stored in tof_register.

Although TTL-IN methods are very useful and flexible to precisely quantify
TTL arrival times, limitations appear when detecting high count rates or locking
quickly to an external trigger. The system needs ~ 2 us to process one event
and its memory is only able to allocate 64 events. If the readout (while loop) is
not fast enough to remove one event before the 65" arrives, a so-called overflow
exception is raised and the experiment stops. The aforementioned processing time
also imposes a minimum delay of a few microseconds between an incoming trigger
and the system’s response. For lower delays, an underflow exception appears.



Chapter 4

Preparation and characterization
of a single ion in the Doppler
limit

The implementation of two major technical improvements, namely the new optical
system (see Sec. 3.4) and the customized cryopump (see Sec. 3.2), has been key
to the successful operation of the Penning-trap experiment. The optical system
has enabled the detection of single ions, while the cryopump and the external ion
production have contributed to reducing the background pressure so that lifetimes
in the order of several minutes made possible to perform precision measurements.
In this chapter, the ion production and its cooling to the Doppler limit are
characterized. The performance of two ion sources developed during this thesis
work is also studied. This is followed by the characterization of the crystallization
process, starting from large ion clouds to reach the single-ion case. Finally, a
detailed study of axialization, used to efficiently cool the radial eigenmotions,
is presented, together with spectroscopy measurements to accurately define the
frequencies of the repumping transitions from the observation of dark resonances.
Most of the results presented in this chapter have been published in Ref. [77].

4.1 Ion injection in the magnetic field

4.1.1 Paul-trap ion source

The geometry and operational parameters of the Paul-trap ion source can be found
in Sec. 3.1.1. The ions were produced by two-step resonant photoionization [123,
124] of atoms evaporated from a metal vapour source that is heated by the Joule
effect. Typical currents of 5 - 6 A were used in this setup, which correspond to
temperatures of 850 - 900 K [125] and ion kinetic energies around 110-120 meV for
the calcium isotopes. The transition 4s% 1S, < 4s4p 'P; is resonantly addressed by
422-nm laser light, with a typical power of 12 mW is delivered over 500 pum at the

35
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trap centre, which implies a saturation parameter s~ 15 (see Eq. (2.25)). A
375-nm laser with a similar beam waist and delivering around 10 mW provides
the remaining energy to remove one electron. The ionization process has a cross-
section of 60 - 280 Mb [126], leading to an overall efficiency of ~ 1073.

The photoionization laser beams can be directed along the axial or radial direc-
tions of the Paul trap, as shown in Fig. 3.3. Photoionization in the axial direction
is approximately five times more efficient, but only the radial configuration allows
for the injection of ions produced by the ablation source (see Fig. 3.3). In the lat-
ter, the 422-nm laser frequency has to be detuned from resonance since the laser
beams propagate in opposite direction to the ions, shifting the resonant frequency
in the ion’s reference frame due to the Doppler effect [101]. A shift of 0.75 pm/A
was measured in the interval 5 - 6 A applied to the atom oven.

The trap saturates after ~ 3 s of continuous ion production. Assuming a spher-
ical potential shape, the maximum number of ions contained in a Paul trap can
be estimated as
47T€07’0

gD

Niax = (41)
where g¢ is the vacuum permittivity, ro is the trap’s characteristic dimension (see
Fig. 2.1), q is the ion’s charge, and D = (qVi2) / (4mriwiy) is the average potential
depth, with m the ions’ mass, and 1}y and wrr the voltage and frequency of the os-
cillating field, respectively [62]. Considering the trapping parameters V5 = 112.5 V
and wrp = 27 x 600 kHz, and the trap dimension ry = 12.5 mm (see Sec. 3.1.1),
Niax ~ 2.5 - 106,

The electrostatic voltages applied along the transfer section to guide and inject
the ions in the magnetic field are shown on the left side of Fig. 4.1. Ions were
typically created in the Paul-trap source during 1 s. Afterwards, a 575-V pulse
was applied to the middle electrode on the upstream side of the trap (for the
trap’s geometry, see Fig. 3.3). The extraction-pulse potential was chosen so that
the ions’ energy matches the voltages applied to the Penning-trap electrodes to be
in-flight captured. The voltages applied to the Einzel lenses in the transfer section
are detailed in Tab. 4.1. These values have been found experimentally. The time
sequence is shown on the right side of Fig. 4.1. The trapping voltage produced
by a non-resonant amplifier decays within one period of the signal; specifically, it
drops exponentially to half its maximum value within 735 ns. The details about
the phase locking of the trapping field during extraction are given in Sec. 3.5.

One of the most important features of an ion source is its energy spread. Sharp
energy distributions are beneficial to maximize the trapping efficiency and to have
well-defined initial conditions before any cooling method is applied. In the Paul-
trap ion source, the energy spread was strongly affected by the delay time tgeiay
between the oscillating trapping potential being switched off and the extraction
pulse being turned on. In the left side of Fig. 4.2, the time-of-flight (ToF') signals
of *°Ca™ ions extracted using different delay times are shown. The ions were sent
through the magnetic field in transmission and detected in MCP2 (z3 in Fig. 4.1).



4.1. Ton injection in the magnetic field Y

: 200 TTL RF | ———600

/1 DC ejection

MiF

| -7
= | 16
= | l 5 = —
E -1 3 Magnﬁtlc 4 b \: v C
g field 37 .= -
521 | : 2 ~100 " faclay 1—300
L‘ | : .
| : 11 RF trapping
-3 1 ‘ 1 0 —200 ‘ . s 1—600
0.0 0.5 1. 0 1 5 2. 0 257 -5 0 )
z (m) t (us)

Figure 4.1. Ion transport and injection in the magnetic field. Left: electric po-
tentials (left axis) and magnetic-field strength (right axis) along the Penning-trap
beamline. The positions of the Paul-trap ion source, z;, and the Penning trap,
29, are indicated by a green and a dashed red line, respectively. Right: Paul-trap
voltages during the extraction process. The trapping voltage of 225 V,, oscillates
at 600 kHz. The blue line represents the TTL pulse (in arbitrary units) controlling
the non-resonant amplifier switch (see Fig. 3.3). The solid red line is the ejection
pulse at 575 V.

For a short qelay, the Tol signal is wide due to the residual trapping voltage. For
a long tqelay, the ions start to disappear due to the absence of confinement force.
In these experiments, the delay time was fixed to fgelay = 2.8 s, resulting in an
energy spread of 22.3(25) eV (FWHM) for the measurements shown in Fig. 4.2.

The Paul-trap ion source can deliver several naturally abundant calcium iso-
topes. Figure 4.3 shows transmission ToF signals of 4Ca® for A = 40,42, 44, 48.
The optimal laser frequency for the resonant transition was chosen based on
isotope-shift measurements carried out with ions produced by the internal ion
source located inside the magnet (see Fig. 3.2) [65]. While a clean signal of each
isotope was obtained by applying dipolar excitations to remove other isotopes from
the trap, some of the ions of interest were also lost. This could be attributed to
the proximity of their motional frequencies compared with the frequency resolu-
tion in the Paul trap. Nevertheless, the isotopic separation can be accomplished
by properly tuning the transfer time to the Penning trap. In particular, transfer
times of 47/48.2/49.3/51.5 us have been used for A = 40/42/44/48.

The ions delivered by the Paul-trap source were captured in-flight by rapidly

Table 4.1. Voltages used in the transfer section. .10 to LL16 are consecutive Einzel
lens placed between the Paul-trap ion source and the magnet.

Lens Lo  Li1  L12 L13 L14 L15 L16
Potential (V) -1500 -1200 -2200 -300 -800 0 0
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Figure 4.2. Extraction process in the Paul-trap ion source. Left: ToF signal
of ions ejected from the Paul-trap source for different values of fgelay. Upper
right: standard deviation (grey circles) and total number of detected ions (blue
squares) of the ToF signals shown on the left side. Middle right: number of
detected ions in the MCP detector at the end of the beamline vs voltage applied
to EC2 (see Fig. 3.2) to create a potential barrier. The data are fitted to the
Gaussian cumulative distribution function. tgelay = 2.8 s for these measurements.
Lower right: energy spread of the ions produced in the Paul-trap source calculated
as the derivative of the data in the middle right panel. The data are fitted to a
Gaussian distribution.
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Figure 4.3. Production of calcium isotopes by the Paul-trap ion source. The
grey-shaded spectra are obtained when the resonant photoionization 422-nm laser
is detuned 390/790/1530 MHz for A = 42/44/48 from “°Ca® to produce more
efficiently the ion of interest. The coloured-shaded data are obtained when a
dipolar excitation at the axial motional frequency of **Ca® (and **Ca’ for the
yellow-shaded data in the **Ca™ spectrum) is superimposed to the trapping field
to remove unwanted isotopes.

switching (within 1 us) one of the Penning trap’s halves between two voltages. The
trapping voltages were Vge = 180 V, Vog = 168 V, and Vgg = 150 V (see Fig. 3.2
for the Penning trap’s geometry), while the lower voltage in all the electrodes
was 150 V for injection and extraction. The energy distribution has been studied
by scanning the lower voltage of the trap when extracting the ions. The injection
potentials and several extraction configurations used in this study are shown in the
upper-left panel of Fig. 4.4. The trapping efficiency is ~ 30 %, calculated as the
ratio between the number of ions ejected from the Penning trap and the detected
ions in transmission. The upper-right panel shows the number of ions vs voltage
applied to EC2. The ions’ energy spread is shown in the lower panels. The energy
distribution is asymmetric, and it is centred in 17.5 eV with FWHM = 1.75(15) eV.
The trap depth could not be decreased to 0 V by only scanning EC2. Only when
the trap was fully open (dash-dotted red line in the upper-right panel), the count
rate increased by 14(2) % due to low-energy ions.

4.1.2 Ablation ion source

The ablation ion source was tested using a dedicated setup with a one-meter ToF
section before it was coupled to the Penning-trap beamline. This setup was also
used to study the production of molecular ions [127]. As it is explained in Sec. 3.1.1,
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Figure 4.4. Energy characterization of ions produced by the Paul-trap source and
captured in the Penning trap. Upper left: potentials applied for injection (a)
and extraction (b) used for the energy characterization of the trapped ions. Only
a few cases are shown: (i) Vgc =170 V, (ii) Vrc = 160 V, (iii) Vgc = 150 V,
(IV) VEC = 140 V, (V) VEC =130 V, (Vl) VEC =100 V, (Vll) VEC =40 V, and
(vii) Vec = 0 V. The horizontal dashed blue line (a) represents the mean ions’
kinetic energy from the measurements presented in Fig. 4.2. The dash-dotted red
lines represent the potential configuration for injection (a) and the configuration
to extract all the ions from the trap (b). Upper right (c¢): number of detected
Ca™ ions for different values of Ve (some of them are shown in the upper left
part of this figure). The red line is the fit using a Gaussian cumulative distribu-
tion function. Lower left (d): number of detected ions vs the effective trap depth,
extracted from SIMION simulations. Lower right (d): negative derivative of the
number of detected ions vs their energy in the trap. The red line is the fit using
an exponentially modified Gaussian distribution.
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Figure 4.5. ToF spectra from the laser-ablation ion source using a dedicated setup.
Samples of gold (vi), rhenium (vii), and thorium (viii) were used. The four blue
vertical dashed lines in the thorium spectrum mark the expected mean ToF for
*2Th* and the oxides **?*ThO*, ***ThO,", and ***ThOs*. The peaks (i) - (v)
are contaminants. Based on the gold peak, their masses are estimated to be
(i) 23.6(33) u, (ii) 39.4(17) u, (iii) 46.9(16) u, (iv) 57.4(97) u, and (v) 95.3(60) u.
The targets are biased to 1000 V.

a rotary feedthrough swaps between different targets without the need to open the
vacuum system. Natural samples of gold, rhenium, and thorium were installed.
Gold was used for calibration since it has only one stable isotope, " Au. Rhenium
was installed because of the interest to complement studies of the f~ decay of
87Re in the context of neutrino mass determination [50]. The study of the natural
isotope 2*?Th is the first step in this laboratory towards the investigation of the
nuclear isomer ***™Th, the unique candidate to implement an optical clock based
on an isomeric nuclear transition [59].

Figure 4.5 shows the ToF spectra measured for gold, rhenium, and thorium at a
kinetic energy of 1000 eV. The mean ToFs for gold and rhenium are 46.0(15) us and
44.56(96) us, respectively. The uncertainty given is one standard deviation of the
ToF distribution. The two abundant and stable rhenium isotopes, "*Re™ (37.4 %)
and "™ Re" (62.6 %), are not resolved at 1000 eV, although the two peaks should be
distinguished at higher energies [50]. The thorium peak is compatible with ***Th*
and also with oxide compounds with up to three oxygen atoms (***ThO3") based
on the gold and rhenium reference measurements. Contaminant peaks labelled
(i) - (v) are of unknown origin and not relevant in the experiments.

The energy distribution of the ablation ion source was studied in the same
way as with the ions from the Paul-trap source. The Penning trap’s EC2 elec-
trode was used to create a potential barrier for the ions transmitted through the
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Figure 4.6. Characterization of the laser-ablation ion source in the Penning-trap
beamline. Upper left (a): number of detected ions as a function of the potential
applied to the EC2 electrode of the Penning trap. A Gaussian cumulative distribu-
tion function is used to fit the data. Lower left (b): ions’ energy spread, calculated
as the negative derivative of the data shown in the panel above. The data are fit-
ted to a Gaussian function. Right: ToF measurement of the ions delivered by the
ablation ion source when the targets are metallic calcium (c,d) and thorium (e,f).
In the trapping spectra (d,f), the ions are in-flight captured and trapped for 20 ms
before they are ejected from the Penning trap to the detector.

magnetic field so that the cumulative distribution function of the ions’ energy can
be obtained from the number of detected counts in MCP2. Figure 4.6 shows the
results. An energy spread of 21.1(38) eV (FWHM) is obtained. The distribu-
tion is centred in 152.0(14) eV (target plate biased to 150 V) to capture the ions
in the Penning trap using the voltage configuration employed for the Paul-trap
source (see Fig. 4.4).

The ions were in-flight captured in the Penning trap using the same scheme
shown in Fig. 4.4. The transfer times between the ablation source and the Pen-
ning trap for “°Ca™ and #**Th™ were 85 us and 205 us, respectively. The acqui-
sition system was locked to the ablation-laser repetition rate, as it is explained in
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Secs. 3.1.1 and 3.5. ToF spectra of calcium and thorium ions, both directly trans-
mitted through the magnetic field and trapped in the Penning trap for 20 ms, are
shown in Fig. 4.6. A laser fluence of 44(15) mJ/cm? and 50(17) mJ/cm? was used
in these measurements. Several peaks are visible in the thorium ToF transmission
spectrum, being the highest one compatible with the expected ToF for 2**ThO, ™.

4.2 Laser cooling of a single ion to the Doppler
limit
4.2.1 Cooling parameters

The laser setup is described in Sec. 3.3, and the *°Ca™ energy levels and relevant
transitions for Doppler cooling are shown in Fig. 2.4. A total of twelve laser
beams are used to cover the 397-nm (x4), 866-nm (x4), and 854-nm (x4) optical
transitions in the 7-T magnetic field. Figure 4.7 shows a pictorial representation
of the laser beams associated with transitions, including the specific nomenclature
used in this work. The power P delivered by each laser beam, the estimated spot
diameter at the trap centre w, and the saturation parameter s (Eq. (2.25)) are
given in Tab. 4.2. The 866-nm and 854-nm transitions are strongly addressed,
which assures a fast repumping from the metastable states and thus a high level of
fluorescence. The two cooling transitions are also addressed above saturation. It
has been checked that a higher saturation parameter could result in ion heating,
something detected from the widening of the ion image observed with the electron-
multiplying charge-coupled device (EMCCD). A lower value of s may lead to lower
temperatures but decreases the fluorescence signal. The spot diameter of the radial
laser beams at the ion location must fulfil Eq. (2.28) to perform cooling efficiently.
In the case of *°Ca™ oscillating at v, = 2.679 MHz and v_ = 10 kHz, the radial
spot diameter must lie within 1.7 and 460 pum. In general, the smaller the spot
size the more efficient the magnetron cooling. Although the spot diameter of B2 is
higher than 460 pm, this laser also contributes to cooling the ion when axialization
is applied (see Sec. 2.2.1).

As it is shown in Sec. 4.1.1, the mean initial energy of “*Ca™ ions in the
Penning trap is 17.5 eV. A cooling time of 165(64) s was observed in a series of
17 measurements with a single ion. According to Ref. [128], the time ¢ needed to
cool a single ion is related to its initial energy F as

4 E 3/2
t:§t0\/77 (E) : (4.2)

where tg = 2 (1 4 s) /sI" and T the cooling-transition linewith. r = (hk)* / (2mEj)
with A the reduced Planck’s constant, k the photon wave number, m the ion’s mass,
and Ey = (hl') /2¢/1 + s the recoil energy. The cooling lasers were detuned I'/2
from the resonance frequency. Taking the saturation parameters of Tab. 4.2, it is
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Figure 4.7. Laser-driven transitions to perform Doppler cooling of calcium ions
in 7 T [98]. The boxes gather the transitions according to the fine structure.
The cooling transitions are addressed both in the axial (parallel to the magnetic
field) and radial (dashed lines) directions. The repumping laser beams are directed
parallel to the magnetic field since their influence on the momentum transfer during
the cooling process is small compared to the 397-nm transition. The calculations
to address the four 854-nm transitions using two lasers and an electro-optical
modulator (EOM) can be found in Ref. [65].

possible to deduce a lower limit for E of 4.2(2.3) eV, which does not coincide with
the value of 17.5 eV obtained in Sec. 4.1.1. The energy difference was removed by
the interaction between the ions and the residual-gas atoms. To prove this, laser
cooling was switched on at time tg after ion capture. The subsequent time needed
for the ion to be laser-cooled to the Doppler limit was shorter for longer times ¢g.
For a total of 16 measurements with ¢g ranging from 0 to 200 s, it was possible
to extract a decay-time constant of about 225 s. The presence of this background
gas is beneficial to shorten the cooling time of an initially hot ion but prevents
a long coherence time in the motional-frequency measurement. To achieve faster
cooling without the need for gas cooling, the frequencies of the axial cooling lasers
B1 and B3a were scanned starting after loading the ion from 8 GHz to about
10 MHz below resonance, which is equivalent to a change in the kinetic energy of
the ions from 2 eV to 3 - 107% eV (Doppler limit). If the initial ion’s energy is below
2 eV, the cooling is boosted at the time the laser frequency matches the maximum
frequency shift, and the ion is progressively brought to the Doppler limit by the
frequency ramp.

Table 4.2. Power, spot diameter, and saturation parameter of the Doppler-cooling
laser beams. The saturation is determined using Eq. (2.25) and the values in
Tab. 2.1.

Laser Bl B2 B3a B3r R1 R2 R3 R4 R5 R6
P (mW) 052 034 028 14 075 14 040 032 23 22
w (mm) 050 085 050 022 16 16 16 16 16 1.6
S 11 70 6.1 29 230 420 120 100 710 680
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4.2.2 From ion Coulomb crystals to a single ion

Figure 4.8 shows a few examples of ion clouds ranging from several thousand to
one single ion. Spatially ordered structures known as ion Coulomb crystals (ICCs)
are observed. Note that these images were collected using the non-corrected op-
tical system, thus suffering from several optical aberrations that are explained in
Sec. 3.4. The number of ions Nj,, given in the caption of Fig. 4.8 is determined
based on the volume of an ellipsoid as

™

Nion =
6

N.N?, (4.3)
where N, and N, are the number of layers in the axial and radial directions,
respectively. The value obtained using Eq. (4.3) is compared with the ratio between
the fluorescence photons from the cloud and one ion, and the difference is used
to quote the uncertainty. The layers can be readily determined by taking the
projection across the axial and radial directions at the cloud centre, as shown in
the right side of Fig. 4.8. The number of registered photons at the centre position
is higher for the ICC than for a single ion due to the contribution of the other layers
of ions. In the case of the ICC, the peaks are likewise not fully resolved due to
the background fluorescence contribution from other layers. The ions’ equilibrium
positions are defined by the equilibrium between the repulsive Coulomb interaction
and the attractive force exerted by the trapping fields. In the case of a two-ion
crystal, their relative distance along the z axis dion.ion is given by Eq. (2.16). For
these measurements, dion.jon = 18.3 pum.

Although the ion cloud always exhibits a crystalline structure in the mea-
surements presented in Fig. 4.8 that can be considered as a solid structure, con-
figurations where the cloud behaves like a liquid or a gas have also been re-
ported [129-131]. The transition between these phases is governed by the Coulomb
correlation parameter I'¢, defined as the ratio between the electrostatic energy of
neighbouring charges and the thermal energy. It can be calculated as

2
FC’ = ! q—>
41 €0 aAws kBT

(4.4)

where aws is the Wigner-Seitz radius defined by (47/3) ngadys = 1, with ng the
particle density, kg is the Boltzmann’s constant, and 7" is the cloud tempera-
ture [132,133]. If I'c < 1, the system is said to be weakly correlated and the
ions move independently. Numerical simulations have shown that ordering char-
acteristics of liquids appear at I'c &~ 2 [134]. I'c > 1 denotes a strong coupling
among the ions, with a relevant correlation between the dynamic variables of the
particles. Crystallization occurs at I'c ~ 178 [135,136], and the ICC aspect ratio
r0/20 depends in a non-trivial way on the specific eigenfrequencies and the laser
cooling rate [137]. Using this lower limit for T'c, it is possible to find an upper
limit of 7"~ 5 mK for the ICC’s temperature.
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Figure 4.8. Ion Coulomb crystals. Left: EMCCD images of ICCs in the 7-T
Penning trap formed by different amount of ions Nig,. (&) Nien = 5000(400),
(b) Nion = 1200(100), (¢) Nion = 550(50), (d) Nion = 117(3), (€) Nion = 2, and
(f) Nion = 1. The exposure time is 1 s. The crystal structure becomes clearly
visible from (b). In these cases, the ions were created inside the trap using the
internal ion source. The Penning trap was operated with an axial oscillation fre-
quency for a single **Ca*t ion of v, = 170 kHz. Right: projections (sum of ten
pixels around the trap’s centre) along the magnetic field axis (top) and the radial
direction (bottom) of the crystal (d) and of the single ion (f) shown on the left
side.
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Figure 4.9. Characterization of the PMT signal. Left: PMT 397-nm detected
photons for a time window of 260 s and a gate of 5 ms when two ions are loaded
and sequentially cooled in the trap. Right: SNR from a single laser-cooled °Ca™
ion in the Penning trap as a function of the PMT gate.

4.2.3 PMT characterization

As described in Sec. 3.4, half of the fluorescence collected by the optical system
is directed towards the photomultiplier tube (PMT). A typical PMT signal where
two ions were sequentially cooled is shown on the left side of Fig. 4.9. The detection
of the first ion at ¢ =~ 115 s and the second at ¢t = 160 s gives rise to two discrete
levels in the fluorescence signal. The signal-to-noise ratio (SNR) can be calculated

as
S—-B

~ FWHMp’

where S and B are the signal and background noise height, respectively, and
FWHMp is the full width at half maximum of the noise distribution sample. In
the right side of Fig. 4.9, the SNR is studied as a function of the gate time.
The higher the gate time, the higher the SNR, but at the expense of a slower
performance.

The drops observed in the fluorescence signal (left side of Fig. 4.9) were due to
elastic collisions with the background gas molecules at room temperature. In these
collisions, the electric field created by the trapped ion polarizes the molecules, with
a collision cross section o, that depends on the molecule’s polarizability oo [138]
and velocity vy as

SNR (4.5)

Wpolq” 28
Oeol = T (1/3) | —2—— , 4.6

: (1/3) [165073%01} (4.6)
where IT" (a) is the gamma function with argument a [139]. The collision rate 7o
depends on the gas density ny and the collision cross section as el = 10 (T colUmol ),
where the average is over the thermal distribution. It can be calculated in in-

ternational units as ye, = 1.23 - 105045){)? (17)1/3, being v = (2]€]3T/u)1/2 the reduced
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Figure 4.10. Characterization of the axial trapping frequency. Evolution of the
measured common-mode axial frequency (grey squares) and optically-determined
ion-ion distance (blue circles) vs trap depth. The solid red lines fit the data points.
The fitting function for the frequency data is proportional to the square root of
the trap depth, while that for dion.ion is inversely proportional to the cube root.
The green-shaded area marks the limit to resolve two ions.

velocity and u the reduced mass of the two-particle system [139]. The background
pressure can be calculated from ng using the ideal-gas equation. The most abun-
dant molecules below 10~8 mbar are HO and Hs, due to the difficulty of pumping
them out. In this experiment, v., ~ 0.1 s~1, which means a background pressure
p ~ 3 - 107! mbar if the drops in the fluorescence signal were caused, as assumed,
by collisions with H,O or Hs.

4.2.4 Trap characterization

Figure 4.10 shows the distance dj,.ion in a two-ion crystal as a function of the trap
potential, covering a common-axial mode frequency from 170 kHz to 500 kHz. The
dependency of diopn_ion On the axial frequency is given by Eq. (2.16). If these results
are extrapolated to higher frequencies, even a two-ion crystal at the maximum
axial-mode frequency the trap can be operated, v, = 1.902 MHz, could be spatially
resolved by the optical system. For such a frequency, dion.ion = 3.65 pm.

4.2.5 Cooling of the radial modes. Axialization

As it was stated in Sec. 2.2, the modified-cyclotron and the unstable magnetron
motions can be cooled simultaneously by tuning the position of the laser beam in
addition to its frequency. Experimentally, this has been achieved by scanning the
beam position in small steps (20 um) around the trap centre. The final position was
a compromise between the maximum fluorescence signal observed from the trap
centre and the minimum width in the projection of the photon radial distribution.
However, this method presented several drawbacks. In the Penning-trap setup, the
outputs of the laser beams from fibre collimators are located 1.5 m away from the
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Figure 4.11. Axialization of a single ion. Left: evolution of the radial FWHM of
a single ion as a function of the axialization voltage. The axialization frequency
was always Vguaa = 2689365 Hz. The quadrupolar field was created by alternating
opposite polarity. Right: EMCCD images of a single ion for different axialization
voltages. These images are the average of ten consecutive measurements with 1-s
exposure time.

trap (see Fig. 3.8) on an optical table physically separated from the beamline struc-
ture. This made the final position of the radial laser-cooling beam very sensitive to
mechanical instabilities. With the cooling parameters given in Tab. 4.2, and using
Eq. (2.27), the ratio between the cooling rates for the oscillation-amplitude of the
modified-cyclotron and magnetron motions is (d <p2_> /dt) / (d <pi> /dt) ~ 0.025.
This means a much slower energy reduction in the magnetron mode. A quadrupo-
lar field at v = v, was applied simultaneously with the laser interaction to speed
up the cooling of the two radial motions. This field produces an energy exchange
between the two motions allowing to efficiently cool the magnetron through the
modified-cyclotron. This technique is normally called axialization since the ion’s
motion is squeezed into the axial axis. Its first experimental implementation is
reported in Ref. [140].

In Fig. 4.11, the axialization technique is studied for a single **Ca™ ion. The
minimum radial width obtained is FWHM, (100 mV,;,) = 1.87(9) pm, compared to
FWHM, (0 mV,,) = 2.25(17) pm when axialization is not applied. Once a steady
state has been reached for strong axialization (see Sec. 2.2.1), the phonon num-
bers n4 in the two radial motions become equal due to the energy exchange in-
duced by the interaction with the quadrupolar field [77]. Assuming this equilibrium
condition, upper values can be given for each of the amplitudes of the radial mo-
tions based on the EMCCD-image projections. Starting from the radial motional
equation, Eq. (2.7), the measured FWHM can be related with the ion’s motional
amplitudes p, and p_ as FWHM = 2v/In2/p2 + p2. Taking into account the
dependence of the ion’s energy on the motional amplitudes (Eq. (2.8)), py = p_
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Figure 4.12. Axialization of a two-ion crystal. Left: evolution of the radial FWHM
of a two-ion crystal as a function of the axialization voltage. Right: EMCCD
images of a two-ion crystal for different axialization voltages. The crystal was
stable along the axial direction in regions (I) and (III). In the region (II), the
crystal oriented most of the time in the radial plane.

in the steady state. Thus, each of the radial-motion amplitudes can be directly
calculated from the image width as

~ FWHM
P A

An amplitude py < 674(32) nm is estimated.

According to Ref. [13], the cooling rate achieved by axialization should increase
monotonically with the voltage and tend to a maximum value limited by the laser
cooling rate of the modified-cyclotron motion. However, an increase of the ion’s
amplitude is observed in Fig. 4.11 for high Va4, which could be attributed to a
residual dipolar field originated as a consequence of misalignments between the
electrodes.

(4.7)

Figure 4.12 shows a similar analysis to that presented in Fig. 4.11 but for
a 1Ca™ - *°Ca™ balanced crystal. The minimum radial amplitude for ion 1 is
FWHM, (25 mVp,,) = 2.09(16) pm, compared to FWHM, (0 mV,,) = 2.40(14) pum
when axialization is not applied, and for ion 2 FWHM, (25 mV,,;,) = 2.01(17) pm,
compared to FWHM, (0 mV,,) = 2.36(16) um obtained when axialization is not
applied. Using again the hypothesis that the number of phonons is shared for the
radial modes, an amplitude py < 753(36) nm is estimated.

Three regions can be identified in Fig. 4.12 depending on the crystal orientation.
In regions (I) and (III), the crystal is axially oriented as expected when it is cooled
to temperatures in the range of millikelvin. However, in region (II) the two-ion
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crystal is oriented radially in a much higher angular-momentum configuration. No
fundamental reason has been found that could explain this behaviour, which would
need further investigation.

4.2.6 Spectroscopy on the D3/, < P/, transition. Dark res-
onances

The atomic level scheme of °Ca™ in the 7-T magnetic field can be found in Fig. 2.4.
In the experiments presented in the following, one of the repumping 866-nm lasers
was scanned around resonance while the rest of the lasers used in Doppler-cooling
remained at a steady frequency. It was possible to observe dark resonances (drops
in the fluorescence level) superimposed to the Lorentzian profile of the cooling
transition when a A-type transition between the 866-nm laser and one of the
others was formed [141,142]. The left side of Fig. 4.13 shows a four-level model
representing the relevant states involved in the dark-resonance phenomenon. In the
cooling scheme used in this experiment, each of the Py, Zeeman sublevels (|2) in
Fig. 4.13) is connected to one of the S/ (|1)) and to two Dg/, Zeeman sublevels (|3)
and [4)). Therefore, two dark resonances are observed for each repumping-laser
frequency sweep (right side of Fig. 4.13).

The dynamics of the system is described by a Hamiltonian consisting of two
components,

H=Has+H;s. (4.8)
H 4 is the atomic Hamiltonian,
4
HA = Zhwa ’a> <&‘ ) (49)
a=1

where w, is the Bohr frequency of the state |a). H; accounts for the ion-laser
interaction,

1 . ,
Hi =5 (12) (1] e7™12* 4 |1) (2] e*12*) +
1 . .
571932 (12) (3] 52" +|3) (2] €™32") + (4.10)

1 . 4
570 ([2) (4] €7 4 [4) (2] )

where w,;, and €2, are the transition and Rabi frequencies of the lasers addressing
|a) < [b) [143]. Qg is defined in terms of the electric dipole moment Dy, and the
electric field amplitude Eab as hdy = l—jab . Eab. In the interaction picture [143],
and having established hws, as the zero point of energy, the total Hamiltonian
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Figure 4.13. Dark resonances in the 7-T magnetic field. Left: the four-level system
used to describe the observation of dark resonances. |1) represents one of the S/,
Zeeman sublevels connected to the corresponding Py, sublevel |2) by a 397-nm
laser field detuned Ajs from the resonance frequency. Levels |3) and |4) represent
D3/o Zeeman sublevels. |3) is connected to |2) by 866-nm light detuned Ay, from
the resonance frequency, while the laser frequency of the transition |3) < [2) is
scanned around resonance (vertical dashed line). Right: number of registered
photons from the S;/, < Py/p transition as a function of the frequency of one of
the D35 < Py /5 lasers. The inset zooms the region where the two dark resonances
appear. In this particular case, the scanning laser was RE2, according to the
nomenclature established in Fig. 4.7. See the text for more details about the
fitting.

matrix representation is

Ap 220 0

22 () Q2 2

— 2 2 2
H 0 22 Ay 0| (4.11)

0 22 0 Ap

where A, is the detuning of the lasers addressing the transitions |a) < |b). The
diagonal elements correspond to H 4 and the rest to H; [144].

To encompass the dissipative and incoherent processes originating from the
spontaneous emission and the laser finite linewidth, it is necessary to study the
interaction of the ion with the surrounding [145]. Since the complete quantum
system belongs to an infinite-dimension Hilbert space, as the radiation field has
infinite modes, the usual approach is to model the ion as an open quantum system.
Under these circumstances, a statistical description of the system, provided by the
density-matrix formalism, becomes necessary. The density matrix p is a general-
ization of the wave function to describe the state of the system. While the latter
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can only represent pure states, p can be used to describe a statistical ensemble con-
sisting of different pure states prepared with certain probabilities. The evolution
of a quantum open system is given by the Lindblad master equation [145],

dp 1

dt — h
where £ (p) is the Lindblad operator defined as

[H,pl+ L (D), (4.12)

Lp)=> {ciﬁci - % (CJ Cip+ pC} Ci)] , (4.13)
k

with the transition operators C; describing the different dissipative processes. The
spontaneous decay from |2) to |1), |3), and |4) is described by [146]

Cha = /Tha |a) (B], (4.14)

where b =2 and a = 1,3,4. The finite laser linewidths are also accounted as a
dissipative operator as [146]

Coa = V/Tia |a) (al , (4.15)

where a = 1, 3,4 and I';, = 270, with o, the linewidth of the laser addressing the
transition |a) < |2).

Equation (4.12) leads to a set of ten differential equations known as optical
Bloch equations [143]. The stationary state is found by imposing (dp) / (dt) = 0,
which implies finding the solution of a linear system comprising ten equations to
find the density matrix elements, for which Mathematica! was used. The number
of 397-nm photons detected in the experiment is proportional to the population
in the upper state pos.

In the right side of Fig. 4.13, a functional form proportional to pss is used to fit a
frequency scan of laser R2. Qualitatively, a dip in the fluorescence profile appears
when Aszs = Ay, Ayo, and its width and depth are governed by the operators
Cype and C,,, associated to the natural linewidth of the transition and the laser
linewidth, respectively. Three parameters of the laser beam are extracted from the
fit: detuning, saturation, and linewidth. While saturation and linewidth can be
experimentally estimated by optical power and wavelength meters, respectively,
this is the more reliable way to fix the detuning. In general, the cooling and
repumping lasers are set to 15 MHz and 20 MHz below resonance, respectively, in
order to achieve the lowest ion temperature [147]. For the particular case shown
in Fig. 4.13, Ajy = —27 x 14.48(50) MHz and Ay, = —27 x 23.1(11) MHz.

I'Wolfram Mathematica 12.2.0.0






Chapter 5

Cyclotron-frequency ratios of
42,4448 5+ and 40Ca+

The cyclotron-frequency ratios of the calcium isotopes ***+#8Ca™ - °Ca™ have
been precisely determined using the optical detection method for the first time.
Since all these isotopes can be laser cooled, the measurements have been performed
using one single ion at a time in the trap, alternating between one of the isotopes
and °Ca™. Most of the results presented in this chapter have been recently pub-
lished in Ref. [148]. The general case, i.e., measurements with a two-ion crystal,
is presented in Chapter 6.

The values obtained in this thesis work agree within 1o with the literature
values [149], although similar precision is only obtained in the case of **Ca™.
These results, however, constitute the first characterization of the sensor ion [35]
in the Penning trap before the implementation of the optical detection method
on an unbalanced crystal [37], and they have been used to estimate the ultimate
precision achievable with the existing apparatus.

The optical detection method is described in the first part of the chapter, pre-
senting the optimization of the experimental parameters. The full analysis process
of a complete mass-ratio measurement is shown, and the results obtained from
all the motional eigenfrequencies applying the invariance theorem are compared
with the case using only the radial ones. Afterwards, the analysis procedure of the
frequency ratios of the pairs *>48Ca™ - 1°Ca™ is presented, showing a direct mea-
surement of the ion position and amplitude for each measurement. The ultimate
precision limit is discussed, and the mutual dependence of the three eigenfrequen-
cies is studied through a correlation analysis. Finally, and beyond its application in
mass spectrometry, the potential exploitation of this technique in the fields of force
sensing [32,150] and to probe fundamental symmetries [83,151] are underlined.

75



76 Chapter 5. Cyclotron-frequency ratios of calcium isotopes

5.1 Motional frequency measurements on a laser-
cooled ion

The use of the fluorescence signal from a dipolar transition employed for Doppler
cooling in the field of Penning-trap mass spectrometry was proposed and first tried
in the 80s [152]. An approach of this idea has been exploited in Paul traps for
the identification of molecular ions, reaching a typical mass resolution of ~ 1074
[153-158]. In the Ions Traps and Lasers Laboratory at the University of Granada,
previous studies using that approach have been carried out with an open-ring
Paul trap with a single ion [159] and a two-ion balanced crystal [160]. In Penning
traps, it has been only tried with ion ensembles [161,162] with outcomes far away
from the level of precision reached using other techniques based on bolometric
detection [91]: ion-balance technique [20], pulse-and-phase (PnP) [163], or pulse-
and-amplify (PnA) [23]. In this thesis work, a suitable measurement protocol has
been developed for the determination of the three ion’s eigenfrequencies in the
Penning trap using the optical signal registered on a electron-multiplying charge-
coupled device (EMCCD) and a photomultiplier tube (PMT).

5.1.1 Measurement procedure

The measurement protocol is described in Fig. 5.1. A full measurement of any
mass ratio comprised the determination of the cyclotron frequency v, of both the
reference ion and the ion of interest, which play an analogous role to that of
the sensor and target ions in the Coulomb crystal. The value obtained from the
reference ion (whose mass is well known) was used to calibrate the magnetic field
so that the charge-to-mass ratio of the ion of interest can be directly calculated
from its cyclotron frequency according to Eq. (2.3).

In the experiment, the ion was loaded from the external Paul-trap source (see
Secs. 3.1.1 and 4.1.1) and cooled to the Doppler limit. During the in-flight trap-
ping sequence, the Penning trap was biased to 150 V, matching the ion’s kinetic
energy (see Fig. 4.2). After the capture, the trap potentials were adiabatically re-
duced to reach 0 V in the ring electrode. To achieve the Doppler limit within a few
seconds, the frequencies of the cooling lasers were ramped towards resonance to
match the ion’s Doppler shift due to its initial energy (see Sec. 4.2). The motional
frequency measurement was triggered once the ion’s fluorescence was observed
with the EMCCD.

The measurement sequence has been fully automated in ARTIQ and/or the
Master PC (see Sec. 3.5). Several measurements of each eigenfrequency were
carried out, as shown in the green box of Fig. 5.1, with 5/3/5 runs for v, /v_/v, in
this case. The relative number of measurements for each eigenfrequency depends
on its contribution to the overall uncertainty of the cyclotron frequency. The values
chosen are discussed in Sec. 5.1.3, where the dependence on the excitation time is
presented.
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Figure 5.1. Measurement protocol. A block diagram of a complete mass- or
cyclotron-frequency ratio measurement is presented in the upper part, including
the time sequence used for each individual cycle. All the information contained in
this box is scheduled in a Python script compiled and executed both in the Master
PC and ARTIQ’s FPGA. A detailed description of the experimental setup was
presented in Chapter 3.

The timing sequence for each measurement is depicted in the blue box of
Fig. 5.1. Each ion’s eigenfrequency was determined by scanning the frequency
of an external electric dipolar field applied to one of the segments of the trap’s
ring electrode RE2 (see Sec. 3.1) around the resonance value. Before probing the
ion, it was checked to be cold (orange box in Fig. 5.1). For that purpose, the
script states a minimum number of photons to be detected on a specific region of
the EMCCD before it launches the frequency scan. A quadrupolar field oscillating
at the cyclotron frequency was applied in the radial direction for axialization (see
Sec. 4.2.5). Once the three ion’s eigenmotions were cooled, the excitation was
turned on and laser cooling was switched off. To accomplish the latter in less than
1 ms, an acousto-optic modulator (AOM) was used on two of the four 866-nm
repumping lasers (see Sec. 3.3). After the dipolar excitation was turned off, the
cooling lasers were switched on again to observe the ion’s motional amplitude
through the scattered photons. The photons scattered by the ion show a widened
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fluorescence image in the EMCCD along the excitation direction and/or a drop
of the number of detected photons in the PMT. The first observation is a direct
consequence of the ion’s higher orbit and the second is due to Doppler broaden-
ing. If a collision with a background molecule occurred, the number of detected
photons decreased below a specific threshold, and the measurement was discarded
and repeated.

Since laser cooling was switched off while probing the eigenfrequency, the
linewidth is not broadened due to the damping force of the cooling laser. There-
fore, these experiments have yielded more precise measurements than previous
experiments with Penning traps [152, 161, 162], or other experiments carried out
in the laboratory with a Paul trap [159, 160], where the cooling laser was never
switched off.

5.1.2 Data analysis

As mentioned above, the oscillation amplitude of the ion after the excitation
was read out through the fluorescence photons scattered on the cooling transi-
tion (3p%4s2S;/e & 3p%4p 2P in the case of “****%®Ca™) and recorded by the
EMCCD and the PMT. The time evolution of the ion image in the EMCCD after
it was resonantly excited at the modified-cyclotron frequency is shown in Fig. 5.2.
At t = 0, the excitation amplitude is p, = 27(5) pum, while the photon signal in the
PMT remains constant all the time. It was necessary to excite the ion to higher
amplitudes (p, > 50 um) to observe a drop of counts in the PMT. This behaviour
can be explained based on two main points. First, the radial cooling rate was low
enough to observe a time evolution in the order of milliseconds, even when axial-
ization and the position of the radial beams were optimized. This allowed for the
observation with the EMCCD, impossible if the cooling dynamics had taken place
within microseconds. Second, the scattering rate was dominated by the interac-
tion with the axial beams (see Tab. 4.2). Thus, the level of fluorescence remained
basically unaltered for small radial excitations. For the magnetron motion, the
situation is equivalent.

The only limit in sensitivity for the radial eigenmotions was the resolution of
the optical system, which is 2.75(3) pm (see Tab. 3.4), and the time constant of
the evolution of the ion’s amplitude, shown on the right side of Fig. 5.2, equal
to 80(23) ms. The latter has been used to estimate the ion’s amplitude just
after the excitation is turned off. In the actual experiment, the minimum radial
amplitude that can be measured with reasonable statistics has been limited to
10 pm by the fluctuations in the scattering rate, which may arise from changes in
the cooling rate.

In order to extract the ion’s radial eigenfrequencies, the EMCCD images have
been automatically analysed using a Python script. The first image with 75-ms
accumulation time (upper left corner in Fig. 5.2) is used for the analysis. The
image has been rotated for the analysis, as shown in Fig. 5.3 (a,b). The most
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Figure 5.2. Time evolution of the EMCCD image after excitation. The exposure
time is 75 ms, and the start time for each frame is triggered every 100 ms. Left:
images and projections along the radial plane r (sum of 10 pixels along the axial
axis). Right: radial width as a function of time for several measurements on
resonance with the modified-cyclotron motion. The small blue solid circles are
individual measurements, and the big dark grey ones are their average. They are
fitted to an exponential decay function.

important parameter is the width of the radial distribution. Two ways have been
considered to determine the uncertainty: weighting the data points by the photon
count statistical uncertainty (square root of total number of registered photons,
according to Poisson distribution) or weighting the data points uniformly. In the
first case, Gaussian error propagation has been used to estimate the uncertainty
of the width from the photons’ projection in the radial direction. In the second
case, the necessary amount of error to obtain a good fit featuring x? = 1 has
been associated with the data points, and Gaussian error propagation is likewise
applied. The first method calculates the fitting internal uncertainty while the
second calculates the external uncertainty. The larger of these two values has
been used as the uncertainty associated with the extracted ion’s amplitude.

The resonance curve has been built by representing these amplitudes as a func-
tion of the excitation frequency, as shown in the right side (e) of Fig. 5.3, where
a Gaussian function is used to fit the data. The procedure using internal and
external fitting uncertainties discussed above has been applied to estimate the
uncertainty associated with the central frequency. The analysis has been carried
out both using Gaussian (like in Fig. 5.3) and sinc functions, obtaining equivalent
results in terms of the central frequency and its associated uncertainty.

In the case of the axial motion, the PMT was more sensitive to axial amplitude
variations than the EMCCD: the cooling rate in the axial motion, well below the
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Figure 5.3. Analysis of the EMCCD data. Left: analysis steps to extract the ion’s
radial width. The original tilted image (a) is rotated to the natural matrix axis
using interpolation methods (b). Gaussian and Lorentzian fittings are performed
to a ten-pixel wide projection along the radial plane (c,d). The ion’s amplitude
is estimated as half of the full width at half maximum (FWHM) from the fit.
Right (e): radial amplitude as a function of the excitation frequency. Each point
is obtained by performing the analysis described on the left side of the figure. The
excitation time was 1 s and the excitation voltage was 6 pVp.

75-ms EMCCD acquisition window, was much higher than in the radial ones.
It was also easier to see a drop in the number of fluorescence photons due to the
Doppler modulation since most of the scattered photons arose from the interaction
with the axial laser beams. To observe changes in the EMCCD image, either a
higher amplitude or a smaller cooling power would have been needed. In the first
situation, the systematic effects originated by the field imperfections would have
increased. In the second case, much higher statistics would have been necessary
to overcome the loss of signal-to-noise ratio (SNR) (Eq. (4.5)).

The analysis procedure has been automated by a Python script, like in the
case of the EMCCD images. The number of photons is registered within a time
window from the instant the lasers are switched on to a few milliseconds later. This
is indicated by the yellow dashed line on the left side of Fig. 5.4. The resulting
resonance curve has a dip around resonance, as shown in the right side of Fig. 5.4.
Equivalently to the analysis of the radial eigenmotions, both Gaussian and sinc
functions have been used to fit the resonances, obtaining analogous results.
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Figure 5.4. Analysis of the PMT data. Left: photon histograms for three different
excitation frequencies (the letters (a)-(c) indicate the correspondence with the
right side). If the excitation frequency coincides with the ion’s motional frequency,
the red line is obtained. The grey and blue lines represent the out-of-resonance
and intermediate cases, respectively. The binning is 1 ms. Right: number of
accumulated photons during a time delimited by the yellow dashed line (left side)
as a function of the excitation frequency. The excitation time is 100 ms.

5.1.3 Optimization of the excitation time and voltage

A higher excitation time implies a better frequency resolution, by the properties of
the Fourier transform. However, instabilities and drifts limit this time. Resonance
curves are shown on the left side of Fig. 5.5 for three different excitation times. The
excitation voltage was modified accordingly so that the product of the excitation
time and voltage, tf{ip . VdJ{p, was kept constant. In principle, the ion’s amplitude
p+ at the resonance frequency should be the same for all the excitation times, but
an increase in the data dispersion and a decrease of the mean value have been
observed for longer times, which is attributed to the above-mentioned frequency
instability.

To determine the optimum excitation time, a normalized time-independent
frequency uncertainty was calculated as

t N
AQ, = Avyy | 22" 1
v\l N (5.1)

where Av, is the uncertainty obtained in a measurement with excitation time
dip that is repeated N times, and ¢, and Ny are a reference time and number
of measurements, respectively. A2, represents the uncertainty that would be
obtained if scans using an excitation time ¢y ~were performed during the same
time it takes to complete Ny scans using an excitation time to. A2, is shown
on the right side of Fig. 5.5 for different excitation times, including those plotted
on the left side. t7 =1 s and Ny = 5 in this case. The normalization factor in
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Figure 5.5. Optimization of the excitation time. Left: modified-cyclotron reso-
nances for 100 ms, 500 ms, and 2 s excitation time. The longer the excitation
time, the smaller the resonance width. Five scans were taken for each excita-
tion time. The average data are plotted in grey and the solid lines represent the
Gaussian fits. Right: normalized uncertainty (Eq. (5.1)) obtained for the central
frequency and SNR for the different excitation times. For these measurements,
v, ~ 2685578 Hz.

Eq. (5.1) (root-squared term) has been applied according to the evolution of the
uncertainty of the mean value in a Gaussian distribution. The optimal excitation
times for v, /v_ /v, are 500-1000/100-200/50-100 ms.
The invariance theorem (Eq. (2.10)) has been used to determine the cyclotron
frequency r,, so the propagation of each eigenfrequency v, uncertainty goes as
oV, 1,

o=t (5.2)

The higher the frequency the more its contribution to the overall uncertainty of
the cyclotron frequency. The optimal excitation time for each eigenfrequency was
used, and the number of scans N performed was adjusted to reduce the statistical
uncertainty as needed.

The final value of the eigenfrequency has been calculated as the weighted mean
of the individual eigenfrequency measurements 1; obtained from the fit in each
scan,

5 — M’ (5.3)
DN Wi

where w; = 1/ (Ar;)? is the weighting factor. Two uncertainties can be associated
with the sample: internal and external [164]. The internal uncertainty, defined as

[ 1
AVil’lt = z W ) (54)
N Wi
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is calculated from Gaussian error propagation on the data sample. If the uncertain-
ties are well estimated for each v;, Avy, is a good estimate of the eigenfrequency
uncertainty. The external uncertainty Ave, defined as

Sy wi (v —v)?
AVpyt = \/ _1 ZN — (5.5)

accounts for the statistical dispersion of the sample v;. The eigenfrequency uncer-
tainty is chosen as Av = max (Aving, Alex)-

For low statistics, the probability of finding the ion’s frequency in the interval
[V — 04,V + 04], with o, the standard deviation of v, is lower than expected for a
Gaussian distribution centred in v and with standard deviation Av. In particular,
the random variable (v — ) /4/02/N has a Student’s t-distribution with N — 1
degrees of freedom [165,166]. Given the symmetry of this distribution, the proba-
bility of finding the frequency v within a certain interval around the average value
can be expressed in terms of the Student’s cumulative distribution as

V—U

g g
Pli—co—<v<ite—r)=1-2P ——=>c,|, 5.0
< VN \/N) <\/0§/N ) (5:6)

where ¢, is a coefficient that determines the interval size in units of o4/ V/N. For a
confidence level of 68.3 %, the coefficient ¢, corresponds to the 84.1'" percentile of
the Student’s ¢-distribution. The eigenfrequency uncertainty Av has consequently
been multiplied by ¢, to obtain a realistic estimate of the uncertainty even for a low
number of measurements N. ¢, is always higher than one, decreases monotonously
with IV, and tends to one for N — oo [166].

The other basic parameter that has been optimized is the excitation voltage.
For the detection of the radial eigenmotions using the EMCCD signal, a com-
promise has been found between a desirable small amplitude to attenuate the
systematic effects due to the field imperfections and a good SNR. In the left side
of Fig. 5.6, the FWHM of the ion image in the radial plane is plotted for different
excitation voltages maintaining the excitation time fixed. For low voltages, the
fluctuations in the fluorescence signal led to poor SNRs. This is pointed out by
the chi-squared test, where x? < 1 confirms that it is improperly fitting noise. On
the contrary, for high ion amplitudes, the signal became blurry, since the number
of photons registered in each individual pixel was very low. This translates into a
high value of y? which suggests that the uncertainties are being underestimated.
An optimal configuration was found for Vdfp ~ 4 — 8 pVpp in this case. A similar
compromise was obtained for the PMT detection in the axial eigenmotion.

As discussed in Sec. 2.1, the motional frequencies varies with the ion’s ampli-
tude as a consequence of the imperfections of the magnetic and electric field. To
quantify this deviation, the axial frequency was measured for different excitation
voltages. The results are shown on the right side of Fig. 5.6. The frequencies
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Figure 5.6. Optimization of the excitation voltage. The blue smaller solid circles
and the bigger grey ones represent the individual and average data, respectively.
Left: FWHM of the modified-cyclotron distribution as a function of the excitation
voltage. In the upper part, both the R? (coefficient of determination) and the
reduced chi-squared statistics are plotted. Right: axial frequency as a function of
the axial oscillation amplitude (bottom x axis) and dipolar excitation voltage (top
x axis). The data points are obtained from the fits of the resonance curves as
shown in Fig. 5.4. vy = 271 329.748 Hz.

have been corrected to take into account the drift of the electric field during the
measurement. The axial amplitude has been estimated as

z 4t z 4=
2 E” Ve ‘/d—fp tfiip ‘/::ljp tczlip

where E, . are the radial and axial components of the electric field in the trap
centre (calculated using SIMION'), v; = v, —v_, and p, _ are the modified-
cyclotron and magnetron amplitudes obtained from the EMCCD images. Vd;;_"z
are the excitation voltages and t;ri’p_’z the excitation times. Comparing the re-
sults from the fit in the right side of Fig. 5.6 with Eq. (2.13b), a coeflicient ratio

C,/Cy = 1.23(20) - 1072 is obtained.

5.1.4 Filtering of spurious data

Some of the experiments threw faulty data on the ion’s amplitude or the scattered
photons, mostly originating from the collisions with background particles during
the excitation time. These data needed to be deleted during the analysis. For this
purpose, each of the values obtained for the ion’s width (EMCCD) or the scattered

1SIMION Ion and Electron Optics Simulator v8.0
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Figure 5.7. Filtering of faulty measurements in a set of consecutive scans. The
points which deviate more than a fixed number of standard deviations (around
five) from the mean (green solid circles) are discarded. v, = 2675607.174(25) Hz.

photons (PMT) have been compared with the rest of the data taken under the same
circumstances in other frequency scans. A specific data point has been discarded
when it differs more than a number of standard deviations (around ten) from the
mean value of the rest of the experiments applying the same excitation frequency
and voltage. An example of this kind of filtering of faulty measurements is shown
in Fig. 5.7.

In addition to the filtering of individual erroneous experiments, full scans have
been also discarded when the expected fit using a sinc/Gaussian functional form is
not possible. In most of these cases, the ion was lost in the middle of a frequency
scan and the resonance curve was not fully completed. In other cases, some prepa-
ration steps in the experiment may have failed, such as the laser regulation, but it
was detected at the time.

5.1.5 Determination of the cyclotron frequency

The cyclotron frequency has been calculated from direct measurements of the three
eigenfrequencies by means of the invariance theorem (Eq. (2.10)) since this rela-
tionship is satisfied even for first-order misalignments between the trapping fields or
for a certain degree of trap ellipticity [167]. Nevertheless, the straightforward con-
nection between the cyclotron frequency and the radial eigenfrequencies (Eq. (2.9))
has also been explored. In that case, the modified-cyclotron frequency v, was also
measured directly, but the magnetron frequency v_ was determined through its
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Figure 5.8. Direct eigenfrequency measurements theorem and coupling of
the radial motions. Resonance curves for the three ion’s eigenmotions and
a measurement of the sidebands around the modified-cyclotron frequency.
The centre values for the direct measurements are v, = 2672839.214(37) Hz,
v_ =16524.82(22) Hz, and v, =297226.67(25) Hz.  For the double-peak
measurement, vgrs = 2672829.975(29) Hz, wvps=2672832.234(62) Hz, and
vy =2672830.772(41) Hz.  Using Eq. (5.8), the magnetron frequency is
v_ = 16533.563(80) Hz. The excitation times are t(—:{—ip =1s, g, =100 ms, and
3, = 100 ms, and the excitation voltages V;{p =6 1Vpp, Vg, =60 uVy,, and
Vip =100 puVpp.  In the double-peak measurement, vguaq = 2689365 Hz and
Vauaa = 25 mV,,.

coupling to v; by an external quadrupolar electric field oscillating at vguaa = ve.
The formalism used to describe this coupling between two of the Penning-trap
eigenmotions can be found in Ref. [70]. It can be shown that two sidebands at
frequencies vrg and vgg around v, appear as a consequence of this coupling. The
magnetron frequency can be calculated as

V_ = Uquad + V+ — VRS — VBs. (5.8)
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Table 5.1. Cyclotron frequency of “°Ca™ obtained by three different methods:
the invariance theorem (Eq. (2.10)), the sum of the radial eigenmotions measured
directly (Eq. (2.9)), and the same but determining the magnetron frequency from
the coupling of the radial motions (Eq. (5.8)).

Invariance Direct Double-peak
v. (Hz) 2689365.394(46) 2689364.03(22) 2689364.34(11)

The distance between the sidebands is controlled by the voltage of the external
quadrupolar field, while its frequency regulates the relative height of the two side-
band peaks.

Figure 5.8 shows an example of the determination of the three eigenfrequen-
cies both directly and through the double-peak signal obtained in the coupling
between radial motions. In this case, 5/3/5/5 frequency scans of the eigenmotions
vi/v,Jv_/ (vy <> v_) were performed. The cyclotron-frequency values obtained
are presented in Tab. 5.1. As it can be seen, the two methods using only the radial
modes agree, but they disagree with the invariance theorem results leading to a
systematic shift of 4 - 10=7. This can be used to estimate misalignment between
the magnetic and electric field 6., or a certain degree of trap ellipticity eyap (lack
of symmetry around the magnetic field). Following Ref. [168],

9 Ly,  2vv

Otrap — =€tran =
tra
4 P 2 trap

1 (5.9)

2
v

For all the measurements presented throughout this thesis, the cyclotron frequency
calculated using only the radial motions is lower than the value using the invariance
theorem, which means that the left side of Eq. (5.9) is negative. Therefore, elliptic-
ity is a predominant phenomenon here over misalignments. Assuming €ap >> Girap,
€trap = 0.7374(10)°. This value did not change over time (it only depends on the
mechanical structure of the apparatus), and it could be used to correct the double-
peak cyclotron-frequency value by v_ep,, /2 [168].

Since the use of the invariance theorem is more robust against systematic
effects for the determination of the cyclotron frequency, it has been employed
for all the measurements presented in the following. For the data presented in
Fig. 5.8, the contributions of each eigenfrequency to the cyclotron frequency un-
certainty, (Av.), = (0v.) / (Ovy) Avy, are (Av.), = 37 mHz, (Av.)_ = 1.3 mHz,
and (Av,), = 46 mHz. Since these quantities are quadratically added to calculate
the cyclotron-frequency uncertainty, the magnetron contribution is negligible. The
most relevant contributions come from v, and v,. They are usually of the same
order, so the same number of scans has been performed for the determination of
these two eigenfrequencies.
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5.1.6 Determination of the mass ratio

Cyclotron frequency measurements of two calcium isotopes were performed in an
alternating way to determine their frequency ratio. Figure 5.9 shows an example
of this. One of the isotopes was used as a reference so that the series begins
and ends with a measurement of it. In this way, the cyclotron frequency of the
reference ion can be precisely obtained at any time t; at which the ion of interest is
studied. Linear interpolation between the two nearest reference-ion measurements,
vt (1) and v2°f (¢;,1), has been used:

ti —tio r .
Vzef (tz> = l/Zef (ti—l) + —1 [Vcef (ti+1) — Vcef (tz—l)} . (510)
tiv1 —ti1

Using Gaussian error propagation, the uncertainty in the cyclotron frequency of
the reference ion at t; can be estimated as

ref tl — t7’ 1 f i t _ t i i
At (t) = 4 | | At () |+ [ (1 ) Avet ()|
t i+1 tl 1 t i+1 tz 1
(5.11)

A value of the frequency ratio R has been obtained for each measurement of
the ion of interest, v (;). It has been calculated as
Vref (tz)

vint (t;)’

(5.12)

with an uncertainty given by
B Aveet ()17 [Avint (1,)]°
AR (t;) = R(t;) \/{ ot (1) } + v (t) | (5.13)

The final value of the cyclotron-frequency ratio has been calculated as the weighted
mean of the individual ratios, R; = R (¢;):

5 iR
R= M’ (5.14)
DN Wi
with w; = 1/ (AR;)*. The uncertainty analysis is described in Sec. 5.1.3 for the
eigenfrequency determination. An internal (Eq. (5.4)) and external (Eq. (5.5))
uncertainty can be associated with the sample of frequency ratios:

[ 1 w; (R — R
A-Rmt Z W ) A-Z%ext \/ZN _ 1 Z w) : (515)
N 1 N Wi

The largest one has been taken as the statistical uncertainty ARg... The final
uncertainty associated with the cyclotron-frequency ratio is calculated by adding
quadratically the systematic uncertainty ARy,

AR = \/ARstat +AR? (5.16)

Sys*

A discussion about the different systematic effects and the associated uncertainties
can be found in Sec. 5.5.
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Figure 5.9. Determination of the frequency ratio. The cyclotron frequency of the
reference ion, “°Ca™ in this case, is plotted in the upper panel (solid circles). The
cyclotron frequency of the ion of interest, **Ca™ in this case, is plotted in the
middle panel. The cyclotron frequency of the reference ion at the time the ion of
interest is measured is determined from linear interpolation (blue solid triangles
in the upper panel). The frequency ratio is represented in the lower panel, where
Ry is the mean value.

5.2 Frequency ratio of ®*Ca™ and “°Ca™

Ca is a neutron-rich (0.187 % natural abundance) isotope of calcium which
contains 20 protons and 28 neutrons, which are both magic numbers and con-
tribute to an unusually high half-life of 6.4(14) - 10! years [169]. The only ob-
served disintegration pathway is the weak second-order process of double-beta
decay **Ca — **Ti+ 2e~ + 27, [55]. Two neutrons in the atomic nucleus decay
in two two protons emitting two electrons and two antineutrinos. This decay does
not violate lepton number conservation and is allowed in the Standard Model.
There is, however, another type of double-beta decay hypothesized, known as neu-
trinoless double-beta decay, emitting only electrons, which is only possible if the
neutrino is considered as a Majorana particle [170]. The detection of the neutri-
noless double-beta decay would be a remarkable discovery by itself, clarifying the
nature of the neutrino [171,172].

Ca is a particularly interesting nucleus since it has the highest Q-value
(4267.98(32) keV [173]) of any proposed double-beta decaying isotope. This Q-value
can be used in neutrinoless double-beta decay to precisely delimit the energy win-
dow in the search of events. Penning traps can provide a precise value of this
quantity by measuring the atomic mass of the mother and daughter nuclei, which
constitutes a relevant motivation for the implementation of the optical method [50].
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Figure 5.10. *®Ca™ - °Ca™ mass ratio, ion position, and motional amplitude.
The frequency ratios are plotted in the lower panel, where the weighted mean is
compared with the bibliography value [149]. The three ion’s motional amplitudes
after excitation are represented for the two ions in the middle panel. The average
position around the centre of the trap monitored in the radial direction is plotted
in the upper panel. The day number is marked on the top.

Figure 5.10 shows the cyclotron-frequency ratios measured in this work along
with the fluctuations of the position of the ion in the radial direction and the
motional amplitudes after excitation. It comprises a total of five days of measure-
ments taken in three different periods and using different trap configurations listed
in Tab. 5.2. The first day corresponds to data taken the 13" of July of 2022, using
trap configuration 1. A total of four ratios were obtained from these measure-
ments. The second and third days shown in Fig. 5.10 correspond to the 13" and
the 14" of September, using configuration 2. The trap configuration was changed
due to the appearance of unknown noise at the modified-cyclotron frequency that
heated the ion while laser cooling was switched off. The last two days of measure-
ments on *Ca’™ were the 19™ and the 20" of October. For these measurements,
a new trap configuration (number 3 in Tab. 5.2) was explored, trying to mitigate
the impact of the electric-field instability on the cyclotron-frequency uncertainty.

The final value of the cyclotron-frequency ratio is R = 1.199938 029(15). For
the different trap configurations 1, 2, and 3 listed in Tab. 5.2, the values obtained
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are R =1.199938011(20), 1.199 938 030(23), and 1.199 938 038(27). The literature
value Ry, is calculated from the atomic masses of the reference and interest ion,

Myef and Mint, as

Mint — Me + Eg)

Myef — Me + E(Bl) 7

Rbib =

(5.17)

where m, = 0.000548 579909 067(17) u [3] is the (atomic) mass of the electron
and Eg) = 6.11315547(25) eV [174] is the ionization energy of calcium. For
BCat - Ca’, Ry, = 1.199938 024 55(81) [149]. The literature value of the atomic
mass of **Ca was directly measured in the Penning-trap mass spectrometer SHIP-
TRAP by comparing the cyclotron frequency of **Ca™ with that of *C,™ using the
PI-ICR technique [175]. For “°Ca*, the ratio *°Ca'™* - Hy" was measured using
ToF-ICR in the Penning-trap mass spectrometer SMILETRAP [176]. For a brief
introduction to the techniques PI-ICR and ToF-ICR, see Sec. 2.3.

In addition to the central frequency, the ion’s motional amplitude and po-
sition have also been extracted from the analysis procedure. These values are
plotted in the upper panel of Fig. 5.10. The radial amplitudes for the modified-
cyclotron and magnetron motions after excitation can be extracted directly from
the EMCCD data used to obtain the ion’s radial eigenfrequencies. The initial
axial amplitude after excitation has been estimated from Eq. (5.7). The mean val-
ues of the amplitudes obtained for the three eigenmotions are (p;) = 30(20) pm,
(p—) =30(12) pm, and (p,) = 46(40) pm.

The mean radial position of the ion shown in the upper panel of Fig. 5.10
describes the spatial drift of the trap centre. It takes into account both modified-
cyclotron and magnetron data. During a whole day of measurements (around
8 hours), the mean value of the position changed 1 - 2 um. This is not a problem
since the time needed for one cyclotron measurement was around thirty minutes.
During such time intervals, only changes of tens of nanometers are observed.

Figure 5.11 shows the individual eigenfrequencies corresponding to the mea-
surements presented in Fig. 5.10. As can be observed, all the frequencies from
day two to five evolve every day following a capacitor charge curve. The relative
frequency shifts during a full day are quite high: 9.1(14) - 10~ for the modified-
cyclotron motion, 1.71(45) - 10~* for the magnetron motion, and 6.9(1.5) - 10~° for

Table 5.2. Motional frequencies and excitation times of *°Ca™ for the three trap
configurations.

Config. .+ - iy, Ve v_[ve v /v, Faip Laip bap

(MHz) (kHz) (kHz) ¢ © T (ms)  (ms)  (ms)
1 2.673 16.5 297 0.9939 0.0061 0.111 1000 100 100
2 2.676 138 271 0.9949 0.0051 0.101 1000 100 100

3 2.686 3.8 142 0.9985 0.0014 0.053 500 100 100
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Figure 5.11. Eigenfrequencies of **Ca* and *°Ca®. The three eigenfrequencies
used to compute the cyclotron frequency in Fig. 5.10 are plotted as a function of
the measurement time. The day number is marked on the top.

the axial motion. These shifts did not affect individual v, measurements due to
their shorter timescale. However, an additional uncertainty taking into account
this drift became necessary, especially for the measurements taken when it is more
pronounced (measurements in the morning). In that sense, the frequency variation
during the cyclotron-frequency measurement has been estimated for each of the
three eigenfrequencies by linear interpolation with the neighbouring values; ex-
trapolation has been used for the first and last measurements. This variation has
been added quadratically to the statistic uncertainty obtained from the analysis

procedure.

This drift seems originated from noise of an electrical nature since it is visible
in the axial motion, which only depends on the electric field. In addition, the
observed drift in the radial eigenfrequencies can be fully explained by the electric
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Figure 5.12. Correlation matrix of the *¥Ca™ - °Ca* eigenfrequency data. In the
off-diagonal plots, the mutual dependence between the different eigenfrequencies
of the same cyclotron-frequency measurement is studied. The fitting functions are
given by Eq. (2.6) (radial motions in terms of the axial eigenfrequency) and its in-
verse function. The diagonal plots show frequency histograms. The matrix on the
left side is built from the “°Ca™ data while the one on the right side is built from
®Cat. For *Ca’, st = v1f — 2675607.798 Hz, v = v™f — 13756.150 Hz,
and vt = pref — 271330.731 Hz. For **Ca’, dvitt = i —2227481.636 Hz,
St = pref — 13770.506 Hz, and 6vi" = vt — 247696.884 Hz.

field fluctuations manifested in the axial motion. In particular, the dependence of
v4 on the axial frequency is

B . 1
RS B— (5.18)

o, v, 2
1-2(3)

Assuming v, < v,, the relative fluctuations in the radial and axial eigenfrequencies
can be related as

A 2 Av,
o e 2 (5.19)
Vy Vel Vg,

which means the electric-field fluctuations affect the frequencies vy /v_ /v, in a pro-
portion 0.010/1.99/1. The difference between maximum and minimum frequency
observed in Fig. 5.11 are in proportion 0.0132(47)/2.5(1.2)/1. Another possible
source might be the collisions with the residual gas molecules, although this would
mean a dependence of the collision rate with the mean free path yielding a shorter
lifetime for the faster motion, opposite to the observations.

In order to gain insight into these drifts, a correlation matrix to study the
interdependence of the three eigenfrequencies has been built for both “°Ca™ and
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Figure 5.13. #Ca™ - °Ca™ mass ratio, ion position, and motional amplitude. The
panels show the same kind of results as in Fig. 5.10.

Ca™. The results are shown in Fig. 5.12. The Pearson correlation coefficients
for the pairs (vy,v_)/(vy,v,)/(v—,v,) are -0.96/-0.98/0.96 and -0.92/-0.98,/0.89 for
Ca™ and ®*Ca', respectively. The high anti-correlation (negative slope) between
v, and v, and the correlation between v, and v_, corroborate the hypothesis of
an electric noise source.

The magnetic field was more stable than the electric field: the relative variation
during an entire day of measurements has been AB/B = 1.47(80) - 10~7 (from v,
data) and AE/FE = 2.2(16) - 107* (from v, data). Equation (2.6) has been used
with v, as the only free parameter to fit the frequency correlations in Fig. 5.12.
A value of v, = 2689365.49(50) Hz is extracted from these fittings for *°Ca™,
which is compatible and has a comparable uncertainty to that obtained using the
interpolation method, v, = 2689 365.480(44) Hz.

5.3 Frequency ratio of **Ca™ and “°Ca™

#Ca™ is the second most abundant isotope (2.09 %) of calcium. Prior to this work,
its atomic mass had only been determined from nuclear reactions [177,178]. The
data shown in Fig. 5.13 correspond to the measurements carried out on the pair
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Figure 5.14. Eigenfrequencies of **Ca™ and *°Ca™. As in Fig. 5.11, the three
eigenfrequencies are plotted as a function of the measurement time, but now only
trap configuration 3 was used.

HCat - °Ca™ from the 21™ to the 24 of October 2022. A total of 18 individual
cyclotron-frequency ratio measurements have yielded R = 1.0999170772(89). The
relative uncertainty is 8.1 - 1072, better than the value obtained for **Ca™. The
literature value is Rpyp, = 1.0999170830(88) [149] (see Eq. (5.17)), in agreement
with the measured value in this work and with similar uncertainty.

For these measurements, the trap configuration 3 (see Tab. 5.2) was used. As
was already stated in the previous section, the aim of lowering the axial frequency
was to improve the cyclotron-frequency uncertainty. According to Eq. (2.10), a
smaller value of the axial frequency leads to a smaller impact of its uncertainty
on the cyclotron frequency. Although the ion of interest is different, a comparison
between the results on the pair “*Ca™ - °Ca™ (most of the data were measured
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Figure 5.15. Correlation matrix of the *Ca’ - °Ca™ eigenfrequency data.
The structure is the same as for Fig. 5.12. The fitting function is likewise
given by Eq. (2.6). For °Ca® (left panels), §v'f = v2¢f —2685578.023 Hz,
ovref = pret —3783.336 Hz, and it = vt —142624.313 Hz. For the
measurements of *'Ca®  (right panels), dvi = vrf —2441274.055 Hz,
Svint = prof — 3784.029 Hz, and dvi™* = v — 135991.971 Hz.

using v, > 270 kHz) and the pair **Ca® - **Ca® (v, = 142 kHz) data shows an
improvement in the cyclotron frequency uncertainty.

Figure 5.14 shows the measured eigenfrequencies, observing drifts with the
same trend as in Fig. 5.11. The correlation matrices have also been plotted in
Fig. 5.15 to certify the electric nature of the noise source. For these measure-

ments, the Pearson correlation coefficients for the pairs (v, v_)/(vy,v.)/(v_, 1)
are -0.84/-0.98/0.88 and -0.86/-0.99/0.86 for **Ca® and *'Ca™, respectively.

5.4 Frequency ratio of *?Ca* and “°Ca™

#2Ca" is the third most abundant calcium isotope (0.647 %). The measurements
presented in Fig. 5.16 were taken from the 25" to the 28" of October 2022. A
total of 11 individual measurements of the cyclotron-frequency ratio have yielded
R =1.049948070(11), with a relative uncertainty is 1.0 - 1078, compared to the lit-
erature value Ry, = 1.049948 0720(41) [149] obtained using Eq. (5.17). The mass
of Ca’ in Ref. [179] was not obtained from direct measurements but deduced
from spectroscopy data. For the experiments presented here, the trap configura-
tion 3 was also used. Although a worse relative uncertainty is obtained compared
to the pair “Ca™ - °Ca™, the dispersion of the data is of the same order: 5.4 - 1078
against 4.0 - 1078 for **Ca™. Similar results for the frequencies and correlations to
those already presented in Figs. 5.14 and 5.15 are obtained.
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Figure 5.16. Ca™ - °Ca™ mass ratio, ion position, and motional amplitude. The
structure is the same as for Figs. 5.10 and 5.13.

5.5 Evaluation of systematic uncertainties

The uncertainties presented in Figs. 5.10, 5.13, and 5.16 are statistical, and thus
can be reduced with the number of measurements. They are related to the concept
of precision, and in case the cyclotron-frequency ratio R has a Gaussian distribu-
tion, AR ~ 1/ V'N, being N the number of measurements. In addition, there are
always sources of systematic uncertainties that cannot be avoided and limit the
final accuracy of the measurement. In motional-frequency measurements with Pen-
ning traps, there are several sources of systematic effects inducing frequency shifts,
mostly arising from the simplifications assumed when modelling mathematically
the trapped ion and its environment.

One source of systematic frequency shifts is the finite amplitude of the ion
during its excitation in the measurement cycle. A spatially homogeneous mag-
netic field and a perfect harmonic electric potential are assumed when obtaining
the motional equations of the ion. However, it is necessary to quantify how much
these hypotheses are satisfied in the real Penning trap. To do that, the electric and
magnetic fields are expanded in a power series, and perturbation theory is applied
to quantify how much the eigenfrequencies are shifted by higher-order compo-
nents [68]. The expressions for the frequency shifts caused by the quadrupolar
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and dipolar components of the electric potential and magnetic field, respectively,
can be found in Sec. 2.1.1.

Taking into account that in a single eigenfrequency measurement the two eigen-
motions that were not probed had negligible oscillation amplitudes compared to
the one that is excited, the shifts due to the electric field imperfections can be

calculated as
04 3 vV_

Avy =4+ ————
= C’gngl—y_/y+p

: (5.20)

for the radial eigenfrequencies and

A zZ — N a0 z
YT 0y a2l

(5.21)

for the axial one (see Eq. (2.13)). Cy and C} are dimensionless coefficients account-
ing for the harmonic and quadratic components of the potential, respectively, and
do is a characteristic dimension of the trap (see Eq. (2.4)).

The eigenfrequency shifts propagate into the cyclotron frequency as

Av, = \/(1/+ AV + (v + AV )+ (v, + Av)? — V2 12 2

Avy +v_Av_ + A
v, <\/1+2”+ i Mt ”Z—1> (5.22)

2
Ve

Q

viAv, +v_Av_ + v, Av,

I

Q

Ve

where Ay, < v, has been used in the last step.
Combining Egs. (5.22), (5.20), and (5.21), the frequency shift on the cyclotron
frequency due to the imperfections of the electric field can be quantified as

G 31

Avy= A2 2
YT oy,

(pimry — P22+ %pﬁyf) ) (5.23)
The amplitudes of the radial eigenmotions have been directly determined from
the EMCCD images. The amplitude of the axial eigenmotion has been calculated
using Eq. (5.7). Figure 5.17 shows a histogram of the relative cyclotron frequency
shift in the measurements presented in the previous sections. The comparison
with other experiments shows that the optical method outperforms the electronic
detection technique for an equivalent mass-to-charge ratio even when there is still
room for improvement, as shown in the figure. The current limitation arises from
the measurement of the axial eigenfrequency since this motion had to be excited
to p, > 100 pm in some cases. A way to diminish this systematic shift would be to
decrease the ion’s motional amplitude during the eigenfrequency measurements.
In this respect, Fig. 5.23 shows the best situation that can be achieved by the
technique developed during this work (UGR at Doppler limit) and the shifts that
would be obtained for an ion excited at 1 mK (in all modes). Another possible
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Figure 5.17. Systematic frequency shifts due to electric field imperfections. His-
tograms of the cyclotron frequency shift caused by the imperfections of the electric
field according to Eq. (5.23). The empty bars correspond to Ca™ and the ones
filled with the blue pattern to the ion of interest. The amplitude data presented in
Figs. 5.10, 5.13, and 5.16 are used. The shifts are expressed in terms of Cy/C5 units,
according to Sec. 2.1.1 and Ref. [68]. The green dashed-dotted line indicates the
best possible performance of the technique, assuming the ion is excited to a min-
imum detectable initial oscillation amplitude of pi ~ 4.2 pum, while for the red
dashed-dotted line p, corresponds to 1 mK in all the eigenmotions. The yellow
dashed-double-dotted line estimates the shift in the Penning trap spectrometer
PENTATRAP at the Max-Planck Institute for Nuclear Physics in Heidelberg for
m/q =~ 40 u/C, according to the frequency and amplitude data in Ref. [180]. The
purple dashed line indicates the frequency shift in the experiment at Florida State
University [181].

strategy would be to compensate the amplitudes of the different eigenmotions to
minimize the term between parenthesis in Eq. (5.23).

The systematic shifts due to imperfections in the magnetic field can be quan-

tified as
1 By
Avy = —=—vip] 5.24
Ve = TR, (5.24)
for the radial eigenmotions while Av, = 0 for the axial one, where Eq. (2.14) (based
on Ref. [68]) has been followed and a non-negligible amplitude has only been con-
sidered for the eigenmotion that was probed in that specific measurement. Com-
bining Eq. (5.24) with Eq. (5.22), the systematic shift on the cyclotron frequency
due to magnetic field imperfections is

1B, 1 2.2 2.2
Av, = 3 Bo (=pvi —p21?). (5.25)
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Figure 5.18. Systematic frequency shifts due to magnetic field imperfections. His-
tograms of the cyclotron frequency shift due to imperfections of the magnetic field
according to Eq. (5.25). The bar style and the vertical lines are analogous to
Fig. 5.17. The shifts are expressed in terms of By/By, according to Sec. 2.1.1 and
Ref. [68].

Figure 5.18 shows the systematic shifts due to the imperfections of the magnetic
field for the measurements presented in the previous sections. Under similar condi-
tions of mass-to-charge ratio, the shifts obtained are about one order of magnitude
lower than for other techniques, mainly due to the lack of contribution of the axial-
motion amplitude.

The shifts on the cyclotron frequencies v™f and /" propagate to the frequency
ratio R as

Vref + Ayref Vref

AR — C C _ C
int int int
vt 4+ Ayt 1z
ref ref int
= it - int (Aljecf B Alijxft > (5'26)
vt + Ayt vt 1z

22

ref ref int
(Ay Ay )
int ref int :
Ve Ve Ve

R 1 1
T o ()

If Avief = Avint = Ay,

int ref (527)
v, — v,
= Av—-——= o Am,
Véc Vént

which constitutes the so-called mass-dependent shift [182]. Using the value of the
ratio Cy/Cy estimated in Sec. 5.1.3 (see Fig. 5.6), a relative systematic shift in the
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ratio of 4.3 1079, 2.3-107%, and 1.7 - 10~ has been estimated for **Ca’t, *Ca™,
and *?Ca™, respectively. Considering a spatial homogeneity of 0.1 ppm over 1 cm?
in the Penning trap, a ratio By /By ~ 0.2 m~2 has been estimated, which translates
into a relative systematic shift in the ratio of 8.0 - 1071%, 2.6 - 107!, and 8.2 - 10712
for ¥Cat’, Ca™, and *>Ca’, respectively.

Two more sources of systematic uncertainties must be quantified: relativis-
tic and image-charge frequency shifts. The fact of considering a non-relativistic
model for the description of the ion’s motion can also lead to the appearance of
a systematic shift. The mass of the ion at rest increases due to its velocity v

as My = m/y/1 — (v/e)?. Since vy > v, v_, the modified-cyclotron motion con-
tributes dominantly to this shift. The relative shift in the cyclotron frequency can

be calculated as
A 2
e . 0 —1:,/1—<”+p+> ~1. (5.28)
Ve Myrel C

Considering that v, = 2.7 MHz and that the maximum value of the amplitude is
p+ ~ 69 pm, a relative systematic shift in the cyclotron frequency of the calcium
isotopes of 1.3 - 10713 is estimated.

The image charge the ion induces on the electrodes alters the total electric
potential, causing a shift in the ion’s eigenfrequencies. Following Ref. [183], the
relative shift in the cyclotron frequency is given by

Av,
Ve (5.29)

Ve dreq By’

where ¢y is the vacuum permittivity and r( is the trap radius. Substituting the
parameters of this experiment, a relative systematic shift in the cyclotron frequency
and in the ratio of 9- 107! and 2 - 107! are obtained, respectively.

In the experiments presented in this chapter, two 866-nm repumping lasers
were switched off while applying the external excitation. Since the 397-nm cooling
lasers were not switched off, the ion was not in the ground state, but in some of
the D3/;-manifold states. In terms of energy, this means a difference of 1.69 eV,
which represents a relative change of 4.5 - 10~'! in the mass of **Ca™. This is not
critical for the precision achieved in this work. If better precision is envisaged, this
shift can be removed by preparing the ion in the ground state before the excitation
and switching off all the cooling lasers during this period.

5.6 Other studies

The values of the atomic mass extracted from isotope ratios measured in this thesis
can be calculated using Eq. (5.17) and are compared with the literature values in
Tab. 5.3. The final uncertainty is dominated by the statistical contribution. As
shown in Sec. 5.5, the main source of systematic frequency shifts, which limit the
attainable accuracy, are the imperfections of the electric field, in the order of 10~
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Table 5.3. Atomic mass of the calcium isotopes. The bibliography data are ex-
tracted from the 2020 Atomic Mass Evaluation [149].

This work Bibliography
ISOtOpe Mint (U) ATnint/Tnint Mint (u) A"TLil'lts/rrnin‘c
BCa  47.95252282(60) 1.3-107%  47.952522654(19) 4.0-1071°
MCa  43.95548131(36) 8.1-107°  43.9554815(3) 6.8-107°

2Ca  41.95861774(44) 1.0-107%  41.95861778(16)  3.8-107°

and mainly due to the axial oscillation amplitude. Nevertheless, this value could be
reduced in the future by properly tuning the trapping potentials to make the trap
more harmonic and choosing a convenient ratio of the ions’ amplitude according
to Eqgs. (5.23) and (5.26). Moreover, this systematic shift could be treated as
a correction shift since the ion’s amplitude can be directly determined for each
individual cyclotron-frequency measurement.

The statistical uncertainty could be reduced either by performing more mea-
surements or by increasing the excitation time. The first strategy scales as 1/+/t
and the second as 1/t. However, larger measurement times are also more affected
by the system instabilities, leading to lower SNRs. As it was previously inves-
tigated by the correlation analysis (see Secs. 5.2 and 5.3), the main source of
statistical noise comes from the electric field.

The DC power supply was measured to feature long-term relative stability of
4.5-107°. For this, the magnetron frequency was monitored, since its relative
fluctuation is a direct measurement of the electric-field fluctuation (Eq. (5.19)). In
this sense, the reduction of the axial frequency, which implies a lower dependence
of the cyclotron frequency on the electric field, led to an increase in precision. For
HCa™ and ?Ca™, the dispersion of the cyclotron-frequency ratios are 4.0 - 108
and 5.4 - 1078, respectively, lower than 8.8 - 10~% for **Ca™.

Fundamental studies with calcium isotopes

The precise knowledge of the masses of the stable calcium isotopes has a spe-
cial interest in the field of isotope-shift spectroscopy for King-plot analysis. In
particular, the dependence between the isotope shift of two internal transitions
is studied. The observation of a non-linear relation between these frequencies
could be interpreted as an indication of the existence of new physics beyond
the Standard Model [184]. Besides calcium, with five stable isotopes featuring
zero nuclear spin (A = 40,42, 44,46,48), Sr™, Ba®, and Yb" are also promis-
ing candidates, with three (A = 84,86, 88), five (A = 130, 132,134, 136, 138), and
five (A = 168,170,172,174,176) available isotopes, respectively [184,185].

The isotope frequency shift 5VZ-A A" of a transition 7 in the isotope A with respect
to the isotope A’ can be divided into a component due to the nuclear mass, 51/Z1 I(/fg ,
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Figure 5.19. King plot of the calcium isotopes. The dark-grey solid circles are
obtained using literature values [151]. The results using the mass values of this
thesis are represented by the red solid circles.

and another due to the nuclear charge radius, 51/;4 I}‘gl. It can be written as

/ / / 1 1 AN
st = s 4 s = K — + B (P2 5.30
i i,MS i,F'S t M A e A e z < c> < )
where K; and F; are the so-called mass and field shift constants, respectively, and
§ (i = (k) — ()Y is the difference of the mean squared nuclear-charge
radii. my and m 4 are the nuclear masses of the two isotopes, calculated as

MA e =Ma — Zm. + Ep, (5.31)

where Z is the atomic number, and Ep is the total binding energy, which is
18510(4) eV for calcium [186]. Although the isotope masses and certain internal
transitions can be determined to a high level of precision, the nuclear-charge radii
are currently determined with an uncertainty of 107 - 1073 [83,187]. Therefore,
two internal transitions are measured so that the nuclear charge radii term can
be left out. A relation between the isotope shifts of the two transitions 7,7 and
masses of the ions can be deduced [188]:

o = ,u(SUJA’A, + (K — Kj), (5.32)
where finue = (MA e A’ nue) / (MA7 nue — Mane) is the relative mass change. This
relationship constitutes the King plot, and it is represented in Fig. 5.19. In the case
of calcium the best results are obtained for the two electric quadrupole transitions
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3p%4s2S1 /2 < 3p®3d*Djs)s and 3p°4s2S; /s < 3p°3d*Dy/2, measured in Refs. [151,
189] by means of the electron shelving technique [190] and direct frequency-comb
Raman spectroscopy [191]. As expected, the results coincide with those using the
literature values, but the level of uncertainty is not improved. In any case, the
mass appears linearly in the two axes of Fig. 5.19, which attenuates its impact on
the deviations from linearity of the King plot.

Force sensing

In the experiments presented in this chapter, the ion can be considered an ex-
tremely sensitive radiofrequency fluorescence detector. The sensitivity is com-
monly used to quantify the detector performance, and it is defined as the mini-
mum discernible force that can be measured per frequency bandwidth. The force
exerted by the external field on the ion to increase the phonon number in the

mode u, Fj ), is directly calculated from the measured motional amplitudes as

u 2mwpy
Faip = —p— (5.33)
dip

where w = w, for the axial motion and w = w; for the radial ones. The force
detection sensitivity is calculated as
Fg,

Sa /B’ (5.34)
where F dip is the detected force in the mode v and B = (tﬁip + tdet)_l is the mea-
surement bandwidth, with t4.; the detection time. The sensitivity is usually nor-
malized to the signal-to-noise ratio as S; = S /SNR.

From the measurements presented in this thesis, a minimum normalized sen-
sitivity of Sy = 7.4(35) yN/vHz and Sy = 24.9(99) yN/vHz is reported in the
modified-cyclotron and axial motion, respectively. For the modified-cyclotron mo-
tion, Sy = 50(14) yN/v/Hz is obtained with SNR = 6.8(13). For the axial motion,
Sq = 97(26) yN/+/Hz and SNR = 3.9(5). The excitation times are typ = 1 s and
tqip = 100 ms, and the detection time is tqe = 75 ms. This is the best value re-
ported to date for an experiment in the classical regime. As a comparison, the
Penning-trap experiment at NIST reported in 2010 a value of 390(150) yN/v/Hz
at 867 kHz from an experiment realized in the classical regime using the axial
mode of a &~ 100-ion two-dimensional planar array [150]. In 2021, the same group
reported a value of 5.76(24) yN/v/Hz at 1.59 MHz using again the axial mode of
a two-dimensional Coulomb crystal but now cooled to the ground-state and ap-
plying quantum-based schemes [32]. These results could be improved by orders of
magnitude by a single ion cooled to the ground state of motion. The equivalent
classical force to prompt a change of a single quantum might be calculated by
using the classical motional amplitudes corresponding to n =0 and n = 1, with
n the phonon number, in Eq. (5.33). Assuming v, = v,, forces in the order of
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3-107% yN could be detected with a singly-charged particle in a 7-T magnetic
field. As an example, one-quantum modified-cyclotron jumps of an electron os-
cillating at 150 GHz are measured within cycles of 5 s in the g-factor experiment
presented in Ref. [192], which implies a force detection sensitivity in the order of

7-107% yN/vHz.






Chapter 6

A test over the generalized
invariance theorem

The use of a two-ion crystal in a Penning trap as a platform to perform high-
precision mass measurements was first proposed in Ref. [37]. This method is a
particularization of the general idea presented in Ref. [35], where the ions are
located in different traps. As it was stated in Sec. 2.4, the two main advantages
of this method are its sensitivity and universality: it only requires one target ion
to determine the frequency ratio and it can be implemented for any ion species.

The link between the six modes’ eigenfrequencies and the cyclotron frequen-
cies of the two individual ions is provided by the generalized invariance theo-
rem (Eq. (2.20)), theoretically proposed for Penning traps [41] but not yet ex-
perimentally demonstrated. This relationship is strictly correct only for infinitesi-
mal ion amplitudes since the Coulomb interaction introduces amplitude-dependent
shifts in the motional frequencies.

In this chapter, motional frequency measurements of the six eigenmodes of a
balanced (**Cat - “°Ca™) crystal are presented. The level of accuracy reached
by the generalized invariance theorem is evaluated by comparing with single-
ion cyclotron-frequency measurements of “°Ca’ using the technique developed in
Chapter 5. The anharmonicities arising from the Coulomb potential are clearly
visible when probing the eigenmodes in the case of the unbalanced crystal. They
are treated as a perturbation to the harmonic potential, and the method of multi-
ple scales is used to calculate the dynamics of the system (see Appendix C). The
first measurements on an unbalanced crystal (**Ca’ - 40Ca+) are also presented,
underlining the differences in the analysis procedure with respect to the balanced
crystal. The results are subject to improvement, issues that are also discussed.

6.1 Preparation of the two-ion crystal

The two constituents of the crystal can be produced separately by the two dedi-
cated ion sources (see Sec. 3.1.1). The Paul-trap ion source, located closer to the

107
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Figure 6.1. Injection scheme to form a two-ion crystal in the Penning trap. Left:
time sequence showing the steps to load the two ions in the Penning trap. Right:
pictorial description showing the sequential production using the two ion sources
and the Penning-trap voltage adjustment. “X represents any ion species that is
produced with the ablation laser source, particularly in this chapter 1*%2Ca™. A
crystal *°Ca*t - **ThO," is shown in the outlook (Chapter 7).

magnet, was used to produce the “°Ca™ sensor ion and other calcium isotopes,
while the ablation source supplied the target ion (see Fig. 3.1 for a general view of
the beamline). Figure 6.1 shows the injection scheme. The simultaneous in-flight
trapping was not possible since the sensor ion was lighter. The coolant sensor ion
was trapped first, and the Penning trap was later partially opened for 2 us to cap-
ture the target ion. The lower voltage was 2 V above the trap’s bottom potential
so that laser-cooled ions remained in the trap. The trap was set to 180/168/150 V
in EC/CE/RE (see Sec. 3.1) to match the kinetic energy of the incoming ions.
Afterwards, the potentials were lowered to 7/4.2/0 V, which corresponds to an
axial frequency of 143 kHz for a single *°Ca™ ion.

The target ion was sympathetically cooled through the Coulomb interaction
with the laser-cooled “°Ca™. Sympathetic cooling was first demonstrated in a
Penning trap [29], although it has been more widely used in Paul traps with a
high number of coolant ions [193] for spectroscopic studies on molecular ions [194]
or highly-charged ions [195], and in a more particular way in the preparation of
a two-ion crystal for quantum logic spectroscopy [196]. In Penning traps, it has
only been previously used for spectroscopy studies [197] and with prospects to cool
highly-charged ions [198]. While cooling times of about 90 s were obtained for the
0Ca™ - *°Ca™ balanced crystal (E, = 17.5(1.8) eV, see Sec. 4.1.1), in agreement
with the studies carried out in Ref. [199], much higher and impracticable values
are predicted for the sympathetic cooling of one arbitrary ion by a single °Ca™.

Figure 6.2 shows the fluorescence detection of a **Ca™ - °Ca™ crystal. The
two constituents were individually laser-cooled, which could be quickly done by
software commands since the isotope shift was smaller than the diode-lasers mode
hop-free range. Figure 6.2 also shows a ToF spectrum of simultaneously trapped
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Figure 6.2. Identification of the ion crystals. Left: balanced crystal, clearly ob-
served from the fluorescence of the two ions. Middle: fluorescence image of an
unbalanced *?Ca™ - °°Ca™ crystal. The distance between the two ions does not
depend on the mass since only electrostatic forces are involved at rest. In this case,
the identification was possible without probing any mode, by tuning the cooling
lasers first for °°Cat and later for “Ca’. Right: ToF distributions resulting from
1000 measurements of simultaneously trapped **Ca™ and ***Th* (an/or oxide com-
pounds), delivered by the Paul-trap and the ablation source, respectively. This
detection is useful when no fluorescence from the target ion can be observed under
any circumstances.

Ca’ and ***Th™ jons. Sympathetic cooling of ***Th™ and its oxide compounds
has also been accomplished (see Chapter 7), requiring times in the order of minutes
to reach the Doppler limit.

6.2 Measurement scheme

The measurement protocol used to determine the crystal’s eigenfrequencies is gen-
erally analogous to the one developed in Chapter 5 for the single-ion measure-
ments: for each mode, the frequency of an external electric field was scanned
around the resonance value so that the eigenmode’s amplitude was consequently
excited. However, there are two distinctive features of the two-ion crystal: the
charge distribution in the stretch modes and the anharmonicities arising from the
Coulomb interaction. Figure 6.3 depicts these two features for the axial mode.

In the common mode, the two ions carry out in-phase small displacements from
the equilibrium positions. Therefore, a spatially homogeneous (or dipolar) electric
field, such that E, ~ E, at the two equilibrium positions, increases the oscillation
amplitude of both ions when driven around the mode resonance frequency. In the
stretch mode, the ions move in opposite phases, so an optimal coupling is achieved
if El R —EQ, which is accomplished by a quadrupolar field.

The dynamics of the two-ion crystal when the Coulomb interaction is approxi-
mated by a linear restoring force is studied in Ref. [37]. This model was developed
in M. J. Gutiérrez’s thesis [65], and a brief summary can be found in Sec. 2.1.2.
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Figure 6.3. Measurement of the axial eigenmodes of an unbalanced crystal. Left:
common mode. Right: stretch mode. The grey lines represent the trap and the to-
tal potential. Dashed lines are used when the dipolar/quadrupolar excitation field
is added for the common/stretch mode. Laser cooling is applied if the amplitude-
dependent frequency shift is much larger than the resonance width. A Duffing-type
resonance is obtained for the bright-ion oscillation amplitude. There is a region
with three possible oscillation amplitudes for the same frequency. Only the maxi-
mum and minimum amplitudes are observed depending on the scanning direction,
which is indicated by the arrows.

Although it is only strictly valid for infinitesimal oscillation amplitudes, it can be
used as an approximation if they are much smaller than the equilibrium distance
between the ions, dionion (Eq. (2.16)). For the measurements presented in this
chapter, dionion = 20.5(2) pm (see Sec. 4.2.4 for the characterization of the trap’s
frequencies), while the ions had to be excited to several micrometres to detect a
peak/dip signal in the EMCCD/PMT. With these values, frequency shifts have
been already observed, especially in the stretch modes. A new model including
the third- and fourth-order terms in the Taylor series expansion of the Coulomb
potential has been developed to describe these deviations from the harmonic ap-

proximation.
The Lagrangian of the two-ion crystal can be written as
1 .. 1 2 2 _ Z - .
Lcrystal :Emspsps - stwzs (22’5 - psps) + stwcs (psps - psps) + (61)
1 1

L. _ i L
§mtptpt - Z_lmtwgt (2%2 - ptpt) + thwct (pepe — Pepe) =V, (6.2)

where s and t stand for sensor and target, respectively. m is the mass, p = x + iy,
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and V' is the Coulomb potential. The crystal motional equations are presented
in Sec. 2.1.2. Within the harmonic approximation, the axial direction and the
radial plane are decoupled (see Eq. (2.17)). Moreover, the axial modes can be
diagonalized so that the differential equations obtained for the common and stretch
modes are decoupled. The motional equation for any of the axial eigenmodes 7
with eigenvalue 2\ becomes

19 3V
INADBI+ 5D

2Pl UUsU
207 - 2~ Duduuy |, ORIV

eq

i,5,k

(6.3)
eselel e UUsU,Us | = 0,

%l ou; Qujﬁukﬁul
where e represents the change-of-basis matrix from the spatial coordinates {u;}
to the eigenvectors {U,}. The radial eigenmodes are not decoupled in the har-
monic approximation. If the radial eigenmode P, is expressed in terms of ps; as
P\ = 65ps + 04pi, where 0 represents the change-of-basis matrix from the radial
spatial coordinates {ps;, ps:} to the eigenvectors {F;}, the motional equation for
P, can be written as

M) 3" 8P+ med) > OF Py
k k

+z’mswcs§;\ Z 5fpk + imtwct(st’\ Z 5fpk
k

—mw?, 62 Z 68 B, — myw?,6) Z 5k B,

——mswzs(S;\ Z 6k P, — TnthtéA Z 5k B, (6.4)
1 0 o*Vv 5 &7
- ——F| eie e UUgU,
2 0P ; 8u18uj8uk Uyt
oV e
— e} U U U,Us| = 0.
b 8u1-8uj8uk8ul i e A o

Equations (6.3) and (6.4) couple in principle all the six eigenmodes. How-
ever, taking into account that the amplitude of the frequency-scanned mode u €
{Z\, P,} is much higher than that of any of the other eigenmodes, the motional
equation of the axial modes can be reduced to one of the type

il + wiu + agu® + azu® =0 (6.5a)
while for the radial modes

il — fwel — wiu + agu® + azu® = 0. (6.5b)
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The parameters oy and ag, derived from the Coulomb-potential Taylor series,
quantify the non-linearity. Since the second-order frequency shifts average zero
over the whole oscillation period due to its even parity, the third order is also
included. Multiple-scale analysis [200] is used to solve Egs. (6.5) in Appendix C.
This method is a generalization of the standard perturbation theory where several
independent time variables are included in the hypothetical solution to describe
dynamics at disparate time scales.

In the cases where amplitude-dependent frequency shifts were discernible, the
laser was left on during the excitation period. This made possible to detect lower
amplitudes but increased the linewidth of the resonance. The mode amplitude u
obeys the implicit equation

2
£

2 )
4wg

[~ w0) — F (02, 00) 03] 12} 03 = (6.6)

where F'(ag, a3) is a real number that depends on the coefficients ay and a3, Vaser
quantifies the laser-cooling damping, and Ej accounts for the external-field am-
plitude oscillating at frequency v = w/2r. Equation (6.6) predicts the frequency
spectra depicted in Fig. 6.3, which is the characteristic resonance of a Duffing
oscillator. This kind of system has already been studied in Paul traps [201,202].
There is a region where three values of the motional amplitude coexist, and the
observation of two of them (maximum and minimum) depends on the scanning
direction, which can be considered as a hysteresis behaviour. A positive F' (ag, a3)
describes a hardening oscillator, in which the frequency increases with the am-
plitude, and gives rise to a rightward-tilted curve. F (ag,a3) < 0 corresponds to
a softening oscillator. Equation (6.6) has been solved numerically using fsolve
from the Python’s package scipy.optimize.

6.3 The balanced *°Ca™ - °Ca™ crystal: a test
over the generalized invariance theorem

The balanced *°Ca™ - “°Ca™ crystal was chosen for the first experimental tests
in which all the eigenfrequencies of a two-ion crystal are measured in a Penning
trap. The production and injection of *°Ca™ into the Penning trap was well con-
trolled (see Chapter 4 and Ref. [77]) and the cooling time was much shorter than
for an unbalanced crystal. The results have been used for the first tests of the
generalized invariance theorem.

A total of three measurements were carried out in November 2022. All the
resonances of one of these measurements are shown in Fig. 6.4. Analogously to
the measurements presented in Chapter 5, several frequency sweeps (5-10) were
performed to determine each eigenfrequency. The fluorescence signal of both ions
has been analysed, and the mean value of the number of photons and the ions’
width has been used to build the resonance curves. The study of the individual
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Figure 6.4. Eigenfrequency measurements of a balanced “°Ca™ - “°Ca™ crystal.
The common and stretch modes are shown in the upper and lower rows, re-
spectively. From left to right: modified-cyclotron, magnetron, and axial modes.
The excitation voltages were Vg, = 80/400/180 uVp, for v$o™/weom™ /veo™ and
Vauaa = 250/100/100 mVy,, for v /v*" /™. The excitation time in the common
modes was t4i, = 100 ms. The stretch modes were measured in the steady state
with laser cooling on. The data has been fitted to Gaussian/sync functions for
the common modes and to Eq. (6.6) for the stretch modes. The centre values
correspond to the first experiment listed in Tab. 6.1.

scans or the average data has led to equivalent results. The uncertainty treatment
procedure discussed in Secs. 5.1.2 and 5.1.3 has been also applied here. Note that
the modified-cyclotron modes are sometimes referred to as simply cyclotron modes
throughout this chapter for clarity.

The laser-pulsed measurement technique presented in Chapter 5 was used for
the common modes, extracting the ions” motional amplitudes from the EMCCD
images for the radial modes and from the PMT counts for the axial mode. In the
common modes, the ions move in phase and with the same amplitude due to sym-
metry. The equations of motion are fully solvable and the three eigenfrequencies
are those of a single ion, not observing any amplitude-dependent shift due to the
Coulomb interaction [37,65].

For the stretch modes, the steady-state measurement scheme was used, ap-
plying laser cooling while the ion was excited. Analogously to the pulsed mea-
surements, 75-ms accumulation-time images were taken by the EMCCD for each
excitation frequency. It was not possible to locate the resonance peak using the
laser-pulsed technique. Taking as a reference the measurements in Chapter 5,
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Table 6.1. Eigenfrequencies of the balanced °Ca™ - °°Ca™ crystal. v®™ and v*
stand for the common and stretch eigenfrequencies, respectively. Av®™ and AvS™
are the frequency shifts with respect to the zero-amplitude value predicted based on
the single-ion measurements. (Vc)single is the single-*’Ca™-ion cyclotron frequency
used as calibration. The common-mode frequencies calibration values are not
affected by the motional amplitude and are exactly those of a single ion. The
stretch axial eigenfrequency is v/3 times the common-mode one, and the radial

frequencies can be calculated using the single-ion relationship (Eq. (2.6)). (V) ytal

is the “°Ca™ cyclotron-frequency value calculated using the generalized invariance
theorem. The frequency shift with respect to the single-ion calibration value is
also shown.

pcom (HZ) str (HZ) Aycom (HZ) Aystr ( )
v, 2685576.13(24) 2677 947.0(95) 0.00(26)  -19.6(95)
v_ 3785.53(49)  11493.1(70) 0. 20(50) 94.9(70)
v, 142651.74(67)  247030(190) 0.9(13)  -040(190)
(V) singte 2689 364.75(10)
Ve) erystal 2689 353(20) -12(20)
peom ( ) str (HZ) Aycom ( ) Aystr (HZ)
v, 2685577.144(53) 2677 935.1(98) 0.27(17) -34.0(98)
v_ 3783.30(68)  11448.4(72) 0.35(71)  52.3(72)
v, 142638.3(31)  247050(150) -6.5(35)  000(150)
(Ve) singte 2689 365.36(74)
Ve) erystal 2689 348(17) -17(17)
peom ( ) str ( ) Aycom (HZ) Aystr (HZ)
vy 2685576.719(72) 2677937(15) 0.00(11) -31(15)
v_ 3783.72(48) 11444(37) 0.08(63) 47(37)
v, 142642.43(98)  247042(190) -1.6(20)  -025(190)
(Ve) singte 2689 364.98(41)
Ve) erystal 2689 349(23) -16(23)

the stretch mode needs to be excited to tens of micrometres. The corresponding
amplitude-dependent frequency shifts have been calculated using the formalism
employed in Ref. [37], where the cross-coupling matrix that connects the frequency
shift on a specific mode with the phonon number of the rest of the modes is pre-
sented [203]. For the stretch axial mode of *°Ca™ - **Ca*, a frequency shift above
2 kHz is already predicted for p5* =1 pm.

Note the difference of several orders of magnitudes between the excitation volt-
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ages applied for dipolar and quadrupolar excitations used for the common and
stretch modes, respectively. On the one hand, the stretch-mode excitation needs
to overcome the laser damping while no resistance is found in the pulsed scheme
used in the common modes. On the other hand, the dipolar coupling in the com-
mon modes is stronger than the quadrupolar interaction in the stretch modes.

Table 6.1 shows the measured eigenfrequencies for the three experiments carried
out with °Ca™ - °Ca™. The first group of data corresponds to the measurements
presented in Fig. 6.4. It took typically one hour to perform each eigenfrequency
measurement, spending most of the time on the loading and formation of the
two-ion crystal. Cyclotron-frequency measurements of single *°Ca* ions were per-
formed before and after each of the crystal series, and linear interpolation has
been used to estimate the single-ion calibration frequency at the time the crystal
was measured. The cyclotron frequency calculated using the generalized invari-
ance theorem agrees in all three cases with the single-ion value with a relative
uncertainty of 7- 1076,

The uncertainties obtained in the common mode are comparable to those
obtained in the single-ion measurements presented in Chapter 5, of the order
of 4.5-107%/1.5-107°/1.1- 1075 for v /v /v, The frequencies agree with
those of a single ion (Ar®™ column in Tab. 6.1), and a relative uncertainty in the
cyclotron frequency of 4.7 - 107% is obtained.

The uncertainty of the stretch modes clearly prevails over those of the com-
mon modes in the final value obtained through the generalized invariance theo-
rem. The relative values for v5 /1" /U are 4.3-1079/1.5-1073/7.2-10~%. The
main reason is the damping effect of laser cooling, leading to a linewidth of
201(12)/87.6(75)/2530(870) and a linear damping coefficient (see Eq. (C.1)) of
70(30)/21.8(61)/1440(210) Hz for v /v*" /v, From these values, it can be seen
that the axial mode was the most efficiently cooled, and that, even using axial-
ization, the modified-cyclotron mode was still cooled faster than the magnetron
one. Although the highest relative uncertainty is obtained in the magnetron mode,
the major contribution to the final uncertainty through the generalized invariance
theorem comes from the axial and modified-cyclotron modes. The uncertainties
of these would need to be reduced by about an order of magnitude to gain an
equivalent factor in the cyclotron frequency determination.

A negative frequency shift of 6-107% is always observed in the cyclotron fre-
quency, which suggests a systematic shift that could have been better discernible

Table 6.2. Mean phonon number for each eigenmode of the crystal *°Ca™ - °Ca*
in the Doppler limit. The magnetron modes are assumed to be cooled by axializa-
tion.

com str com str com str
n+ n+ n_ n— 'I’LZ nz

34 36 34 36 73 42
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with higher statistics. This is clearly visible for the values of Ayitf_ in the last col-

umn of Tab. 6.1. In fact, none of these values agrees with the prediction based on
the one-ion or the common-mode measurements, but the final cyclotron frequency
uncertainty is increased by the stretch-mode uncertainty so that it does agree with
the calibration measurement. Stretch cyclotron and magnetron eigenfrequencies
were measured for different excitation voltages, but an amplitude-dependent shift
has not been observed within the uncertainty obtained. The frequency shift ob-
served in a given mode can also be caused by a finite amplitude of any of the
others. The mean phonon number for each eigenmode when the crystal is cooled
to the Doppler limit is shown in Tab. 6.2. For the case of *°Ca™ - °Ca™, the
cross-coupling matrix [37,203] reads

Avsem 0 0 0 0 0 0 my
Avst 0 0.0050 0 48503 0 —0.1062 | [ n3"
Avem [ 1o 0 0 0 0 0 nem
At | T 0 48503 0 —24049 0 25519 || w12 (6T
Apom 0o 0 0 0 0 0 ngem
At 0 —0.1062 0 25519 0 0.1987 / \ n3

The common modes do not suffer from any amplitude-dependent frequency shift
since the distance between the ions is constant (see Eq. (2.15) for mgs = m,). The
negative frequency shift observed in the stretch cyclotron, Avs" = —28.2(62), can
be explained considering, e.g., n5 = 420(59), and assuming that the stretch mag-
netron mode was cooled to the Doppler limit (see Tab. 6.2), which is equivalent to
75" =10.0(14) mK. Av®™ =~ 1 kHz is predicted after all the eigenmodes are cooled
to the Doppler limit mostly due to the contribution of n3", much smaller than the
values of Tab. 6.1, Av®™ = 65(21) kHz. An amplitude of the stretch magnetron
mode p* > 140 nm, compatible with the observations with the EMCCD, could
explain this frequency shift.

The stretch axial mode clearly features a dependency of the frequency on the
mode amplitude. The ions explore closer relative distances for higher motional
amplitudes, which translates into a positive frequency shift and a hardening non-
linear response (see Fig. 6.3). Figure 6.5 shows the resonance curves obtained
for several excitation voltages. For values higher than 200 mV,, there is a region
where the resolution of the implicit relation used for fitting the data, Eq. (6.6), pre-
dicts three possible motional amplitudes. Since the scanning direction in Fig. 6.5
is towards higher frequencies, the highest amplitude was observed in the three-
solution region (see Fig. 6.3). A sudden amplitude drop takes place at the point
where Eq. (6.6) predicts only one solution again. In the case of scanning the
excitation frequency in the opposite direction, the low-amplitude solution would
be experimentally observed until a break would happen likewise to go over the
one-solution region of lower frequencies.

The upper-right panel of Fig. 6.5 shows the magnitude of the sinusoidal force
applied to obtain the resonance curves on the left side. The lower-right panel shows



6.4. The unbalanced “*Ca™ - *°Ca™ crystal 117

10
5 = 8000 r | -
° . } — y \b [ [
107 400 mv,, T & 4000 - .
5k N L
o 1 : " } i O I . I . | . I . I
2100 300 my,, f 100 200 300 400 500
- 5l i Vauaa (mVipp)
UJQN | } . : ‘ | ‘ ‘ ‘ ‘
10 200 mVy, ] 2000 * -
51 - — + —
107 100 mv,, 13
sl ) —2000 .
E ? st d - 4 = I . I . I . I . I
240000 250000 260000 100 200 300 400 500
Vquad (HZ) unad (mvpp)

Figure 6.5. Studies of the amplitude-dependent frequency shift in the stretch axial
mode of *°Ca™ - °Ca™. Left: resonance curves for different excitation voltages.
Right: force applied over the two-ion system and resonance frequency, both ex-
tracted from the fit to the amplitude deduced in Eq. (6.6). The reference stretch
axial frequency in the lower-right plot is 247 068 Hz.

the zero-amplitude frequency obtained from the fitting routine. It agrees with the
single-ion calibration value for low voltages (Vjuaa < 200 mV,,). However, the
uncertainty obtained is generally higher if the excitation voltage is increased.

6.4 The unbalanced **Ca™ - “°Ca™ crystal

2Ca™ - Ca™ is the first two-ion unbalanced crystal for which all the six eigenfre-
quencies have been directly probed in a Penning trap. It was the easiest crystal to
prepare in the experiment since the lasers could be tuned to cool °Ca™ or *?Ca™
by a simple software instruction in the control system. In the loading procedure,
the *2Ca’ ion was cooled first to avoid heating of “°Ca™ when tuning the lasers
since the cooling frequencies are higher for the latter. *°Ca™ and **Ca™ single-
ion cyclotron-frequency measurements were performed before and after the crystal
studies. “°Ca’ has been used as the sensor ion, while the *Ca™ data has been
used to check the validity of the crystal measurements.

Two complete measurements of the six eigenfrequencies were performed in
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Figure 6.6. Eigenfrequency measurements of an unbalanced **Ca™ - °Ca™ crys-
tal. The same arrangement as in Fig. 6.4 is used. The excitation voltages were
Vaip = 3000/200/300 1V, for vo™ /v /v and Vyyaa = 30/100/200 mVy, for

VS JuS™ Just . The excitation time in the common magnetron and axial modes was
taip = 100 ms. Unlike the usual motional amplitude or number of detected pho-
tons, the axial distance to the trap centre is monitored for the stretch cyclotron
mode. More details can be found in the text. The centre values correspond to the

second experiment listed in Tab. 6.3.

November 2022. Figure 6.6 shows the resonances from one of them. For these
experiments, the laser-pulsed measurement scheme used in Chapter 5 could only
be used for the common axial and magnetron modes. The steady-state measure-
ment scheme keeping laser cooling on had to be used for the common cyclotron
mode, where non-linearities were observed. The stretch axial mode presents a
clearly tilted resonance, while the stretch magnetron spectrum anharmonicity is
not discernible at these amplitudes.

The stretch cyclotron is a singular case. It has been found that *°Ca™, bright
and lighter ion in this case, moved towards the trap centre as the resonance fre-
quency was approached. According to the simulations presented in Ref. [37], the
oscillation amplitude of **Ca™ in the stretch cyclotron mode is around 20 times
higher than that of the **Ca™ ion. Therefore, the low-amplitude hypothesis was
not valid any more when this mode was driven by an electric field to detect the os-
cillation amplitude of the *°Ca’ ion with the EMCCD. During the frequency scan,
the crystal was generally not aligned along the axial axis defined by the magnetic
field even for a small “°Ca™ oscillation amplitude. This would have needed to be
well below one micrometre to satisfy the hypothesis aforementioned. Assuming the
Ca™ amplitude was negligible compared to the one of **Ca™, the force balance
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Table 6.3. Eigenfrequencies of the unbalanced **Ca’ - “°Ca™’ crystal. The same
nomenclature as in Tab. 6.1 is used here.

v°m (Hz) ST (Hz)  Ave™ (Hz) Avs™ (Hz)
v, 2681340(150) 2553568(87)  -540(140)  -156(87)
v 3785.98(36)  11474(17)  -1.01(36) 80(17)
v, 140898.0(13) 243 800(980) 32.0(13)  -370(980)
(Ves) single 2689 364.867(60)
(Vet) singte 2561426.552(90)
(Vet) exysta 2560 670(140) ~750(140)

pcom ( ) str (HZ) Aycom (HZ) Aystr ( )
vy 2681447(76) 2553686(30) -441(76) -38(30)
v_ 3784.80(40) 11433(87) -2.20(40) 39(87)

140889.0(11) 244 850(870) 23.0(11) 720(870)

(Vcs)smgle 2689 364.87(22)
(Vet) sngle 2561 426.55(20)
(Vet) cxystat 2561 002(82) ~425(82)

between the trap confinement and the Coulomb interaction for the first is

2 str
str)2 str __ q 22+

(6.8)
2297 + (72

where 25" is the axial distance of any of the ions to the trap centre (*'Ca’™ is

monitored here) and 75" is the radial distance of the 2Cat to the trap centre.

Resolving for the axial position of the bright ion,

A = S B — () (6.9)

where diop_ion is the two-ion equilibrium distance defined by Eq. (2.16). Analogously
to the motional amplitudes of other modes, 75" is assumed to follow the non-linear
oscillator model, Eq. (6.6). The resonance described by Eq. (6.9) is an asymmetric
dip, as can be seen in the lower-left plot of Fig. 6.6.

Table 6.3 shows the resonance frequencies obtained from the fits for the two
complete measurements. The cyclotron frequency presents a statistical relative
uncertainty of 4 - 10~°, mainly dominated by the stretch axial and common cy-
clotron frequencies, determined with 3.8 - 1072 and 4.2 - 10~° relative uncertainty,
respectively. However, the value of v. determined through the generalized invari-
ance theorem from the crystal six-eigenmode measurements is negatively shifted
several hundreds of hertz in both measurements, giving rise to a systematic relative
uncertainty in the order of 2 - 1074
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Systematic shifts are perceptible in all the eigenmodes, as can be observed in the
two rightmost columns of Tab. 6.3. Analogously to the case of the “°Ca™ - *°Ca™
crystal, these frequency shifts can be explained by a non-zero population of other
modes. The cross-coupling matrix [37,203] for the crystal *Ca™ - *°Ca™ reads

Apeom 0.001 —0.002 0 2229 —0.000 —0.053 pcom
Apstr —0.002  0.001 0 2512 —0.000 —0.052 nstr
Avem | 0 0 -0 -0 0 0 nem |
At | T 2229 2512 —0 —2347 0033 2453 nstr ’
Apom —0.000 —0.000 0 0.033 —0.000  0.000 pcom
ApST —0.053 —0.052 0 2453 0.000 0.194 nstr
(6.10)

where the arrangement is identical to Eq. (6.7). The matrix elements associated
to Av®™ are null up to the third digit. The mean phonon number in the Doppler
limit is the same as listed in Tab. 6.2 for “°Ca™ - °Ca™. In the following, the
population of the modes originating the cross-coupling terms is estimated from
the observed systematic frequency shifts.

The common and stretch cyclotron eigenfrequencies tend to increase with the
amplitude, as can be seen from the two first on-diagonal terms in the matrix of
Eq. (6.10). The frequency shifts Av{™™ = —491(50) Hz and Av$" = —97(59) Hz
observed from the measurements presented in Tab. 6.3 might be explained con-
sidering, e.g., T5 ~ 200 mK and 75" ~ 50 mK, respectively, assuming the rest of
the modes were cooled to the Doppler limit.

The stretch magnetron eigenfrequency tends to decrease when the oscillation
amplitude increases, as can be seen from the fourth on-diagonal term in the matrix
of Eq. (6.10). A frequency shift Av*" = 940 Hz is predicted when the ion crystal
is cooled to the Doppler limit against the observed value of Av*" = 60(21) Hz.
This can be explained by p = 2.0 pum, which is compatible with the oscillation
amplitude observed with the EMCCD.

The frequency shift in the stretch axial mode due to its own amplitude is pos-
itive since the relative distance between the ions decreases with the amplitude, as
can be confirmed from the last on-diagonal element in the matrix of Eq. (6.10).
The statistical uncertainty of 4 - 107, does not allow, however, to draw any conclu-
sion. In the common mode, the positive frequency shift Ave™ = 27.5(4.5) Hz can
be explained from the mean number of phonons either in the stretch magnetron
mode or in the stretch axial mode or a combination of both. A thorough quan-
tification of this could be carried out after cooling the crystal to the ground state
and using quantum-based protocols with a number of phonons as low as possible.

6.5 Prospects for first precision frequency ratios

The generalized invariance theorem has been tested to a relative uncertainty
of 7-107% using a “°Ca™ - *°Ca™ balanced crystal. The current limitation is set
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by systematic shifts coming from cross-coupling between different modes. In these
experiments, one-dimensional frequency scans were performed. Thus, the model
presented in Sec. 6.2 was only able to correct for frequency shifts due to the am-
plitude associated to the excited eigenmotion. These shifts are more remarkable
for the **Ca’ - °Ca™ unbalanced crystal. From the two experiments carried out
so far, the generalized invariance theorem only holds up to 4 - 107°.

The technique and analysis procedure presented in this chapter could still pro-
vide better results if the eigenfrequencies are determined using the lowest field am-
plitudes. Assuming all the eigenfrequencies were measured at the Doppler limit, a
relative uncertainty of 3.7 - 1075 would be obtained, improving the current results
by an order of magnitude. Nevertheless, it will be necessary to cool the crystal to
the ground state to perform competitive measurements. In that scenario, by ap-
plying resonant fields at each of the crystal’s eigenfrequencies, one can see changes
in the sideband spectrum due to the increase in the number of phonons. By con-
trolling this quantity, it will be possible to obtain the systematic shift as a function
of the phonon number of the rest of the modes, yielding a precise quantification
of the systematic shift. Another variant of this approach consists in applying sep-
arated fields with opposite phases after the crystal is cooled to the ground state,
as proposed in Ref. [38], or after preparing it in a Fock state, a method devel-
oped in RF traps [204]. To illustrate this method, the very first candidate will be
2Ca™ - Ca™ since both ions can be laser-cooled. The extension of the technique
to a crystal with a target ion non-laser coolable will require further investigations
to characterize sympathetic cooling.






Chapter 7

Summary and outlook

This thesis presents the first measurements of cyclotron-frequency ratios using
optical detection in a Penning trap. The technique has been implemented on
single calcium isotopes and two-ion Coulomb crystals. The first scenario has served
for the characterization of the sensor ion, and it has rendered the first mass ratios
using this technique. The experiments with balanced and unbalanced crystals have
yielded useful data to test the validity of the generalized invariance theorem, and
they constitute the first universal implementation of the method. In addition to
these results, this manuscript details technical improvements implemented in the
Penning-trap setup and the characterization of ion production and laser cooling. In
the following, the main results and conclusions of this thesis work are summarized,
discussing at the end the perspectives of the experiment in the short-term future.

Technical developments

The Penning-trap experiment in the lon Traps and Lasers Laboratory at the Uni-
versity of Granada [98] was built in the course of previous theses [64,65]. Part
of the work presented here has been devoted to the design and commissioning of
technical improvements which enabled the implementation the optical method.

Two new external sources to deliver ions to the Penning trap have been installed
and characterized. The first one is a ring Paul trap used to deliver calcium isotopes
created by photoionization with high reproducibility. The second one is a laser-
ablation source which has been tested with gold, rhenium, and thorium, among
other species. These external sources can create and inject two different species to
generate any unbalanced crystal in the Penning trap. Before this thesis work, the
calcium ions were generated inside the Penning trap, preventing reaching better
vacuum conditions in the trapping region.

Further improvements of the vacuum in the Penning trap have been accom-
plished by installing a customized cryogenic pump, increasing the ion lifetime up
to tens of minutes, which agrees with the expected background pressure in the
order of 107 mbar obtained from simulations using Molflow+ [103].

The new (in-vacuum) optical system has been an important breakthrough. It
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has been designed for collecting the ions’ fluorescence and projecting the image on
the PMT and EMCCD. Simulations of the performance have been carried out with
Zemax. Out-of-vacuum measurements of the modulation transfer function and the
contrast transfer function using square impulses have shown the near-diffraction-
limited performance of the system on the optical axis. For the in-vacuum charac-
terization, a single ion has been used as a point-like source to measure the point
spread function of the system. Wave-aberration retrieval techniques have been em-
ployed to quantify the weight of each type of aberration on the Zernike polynomial
basis. The strong astigmatism aberration initially observed has been corrected by
adding a suitable cylindrical lens. The final resolutions in the axial and radial
directions are 3.69(3) pum and 2.75(3) pm, respectively.

The acquisition and control system based on ARTIQ has been completed for the
envisaged experiments in the Doppler limit. Most of the measurement protocols
have been automated: in-flight ion trapping has been synchronized with the ion-
sources ejection phase to improve reproducibility; the lasers’ frequencies and the
AOM’s output can be tuned from the measurement scripts; the readouts of the
PMT and MCP have been implemented directly through ARTIQ’s hardware, which
adds to the already-included EMCCD and AWGs [65].

Detection and characterization of laser-cooled ions

The implementation of the above-mentioned technical developments has made
laser-cooling and detection of ions at the Doppler limit possible [77]. The creation
of large ion Coulomb crystals, small chains, and single ions has been demonstrated
in the experiment. In particular, the observation of crystallization in ensembles of
up to thousands of ions implies temperatures below 5 mK.

The Penning trap has been characterized in terms of its axial frequency for a
broad range of trapping voltages by optically measuring the distance between the
two ions of a balanced *°Ca™ crystal. The photon detection sensitivity has been
pushed to its limit, obtaining signal-to-noise ratios above the unity for readout
times of milliseconds. The collision rate in fluorescence measurements suggests
an actual pressure in the trapping region around 3 - 1071 mbar, improving the
expected gain from the customized cryopump.

Laser cooling of the radial modes of a single ion and a two-ion crystal has been
studied in detail. The axialization technique [140] has been applied to circumvent
the unstable magnetron mode and cool both radial modes simultaneously. The op-
timum conditions have been searched by monitoring the ions’ motional amplitude,
measured optically from the ion image provided by the EMCCD, as a function
of the axialization voltage. An upper limit of 753(36) nm is estimated for the
modified-cyclotron and the magnetron modes of a two-ion balanced *°Ca™ crystal,
respectively.
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Results: frequency ratios of single calcium isotopes

The optical method has been utilized to measure the mass ratio of several calcium
isotopes (A = 42,44,48) and *°Ca™ [148]. Single ions of each isotope have been
sequentially loaded in the trap and their three eigenfrequencies have been measured
to determine their cyclotron frequencies.

A readout protocol has been devised to determine the ion’s amplitude after
exciting each eigenmotion by a dipolar field during a time interval in which laser
cooling is switched off. The oscillation amplitude after excitation is reconstructed
by applying laser cooling again and observing the time evolution of the spatial dis-
tribution and the number of photons, recorded with the EMCCD and the PMT,
respectively. Each eigenfrequency has been directly determined by performing a
frequency sweep on the external dipolar field and monitoring the ion’s amplitude.
The resultant peak (EMCCD) or dip (PMT) is centred at the ion’s motional fre-
quency. The invariance theorem is used to obtain the cyclotron frequency from
vy, v_, and v,.

The three measured cyclotron-frequency ratios agree within 1o with the liter-
ature values [149]. In the case of **Ca*, the 18 ratio measurements yield a value
of 1.099917 0772(89), which matches the current literature uncertainty of 8.1-1077.
For **Ca™, a value of 1.199938029(15) is calculated from 26 ratios, with a relative
uncertainty of 1.3 - 1078, This isotope has been measured in different Penning-
trap experiments, and the current and high-precision value (a factor of 20 better)
is quoted using the PI-ICR technique [175]. The 11 frequency measurements of
2Ca™ deliver a ratio of 1.049948070(11), with an uncertainty of 1.0 - 10~ which
is 2.5 times higher than the literature value.

The unique feature of the optical method of direct monitoring of the ion’s
amplitude allows for a direct estimation of the systematic uncertainty arising from
high multipolar components of the trapping fields. Furthermore, for equivalent
mass-to-charge ratios, the optical method exhibits a better performance than those
based on bolometric detection. The minimum detectable amplitude, estimated to
be around 4 pm, is only limited by the resolution of the optical imaging system
and the cooling rate, against the 10 pm needed using induced currents [205].

The current limiting factor in precision is the stability of the electric field. The
long-term stability deduced from the evolution of any of the eigenfrequencies is in
the order of 4.5-1075. This value could be improved provided more stable voltage
sources are available and presumably by better isolation from external noise.

Results: test of the generalized invariance theorem and first implemen-
tation on an unbalanced crystal

The optical method has been implemented in the Coulomb crystals °°Ca™ - 1°Ca™
and **Ca’ - *°Ca™. The measurement protocol differs from that on a single ion in
applying laser cooling during the excitation for those modes where the Coulomb
force leads to large amplitude-dependent frequency shifts. In these cases, the
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system may be described in equilibrium by a non-harmonic damped and forced
oscillator and the eigenmode amplitude can be extracted directly from the ions’
image. A new model that contains second- and third-order terms of the Coulomb
force expanded in the Taylor series has been developed to fit the measured asym-
metric spectra. The corresponding differential equation has been solved using the
method of multiple scales. In addition, a quadrupolar field must be used for the
excitation of the stretch modes to achieve an effective coupling with the crystal
eigenmode.

Three complete measurements of the six eigenfrequencies of *°Ca™ - °Ca™ have
been collected and analysed. In this balanced crystal, amplitude-dependent shifts
have only been observed for the stretch axial mode. Duffing hardening resonances
are observed for this particular eigenmode. A frequency region where three dif-
ferent values of amplitude are the solution of the differential equation leads to a
hysteresis effect. The measurements on this balanced crystal certify the validity
of the generalized invariance theorem [41] up to 7-1075.

First measurements of the eigenfrequencies of the unbalanced **Ca’t - 19Ca™
crystal in which “°Ca™ plays the role of sensor ion have been presented. The asym-
metries arising from the amplitude-dependent shifts are more pronounced than for
the balanced crystal. The modified-cyclotron stretch mode must be analysed dif-
ferently due to the factor-of-20 larger amplitude of the heavier (blind) **Ca™ ion
which breaks the low-amplitude approximation in which the crystal aligns along
the axial axis. These first measurements are subject to further improvements,
although they have yielded the cyclotron frequency of **Ca™ calculated via the
generalized invariance theorem with a relative uncertainty of 4 - 1075,

Perspectives

The mass-ratio values of the calcium isotopes could be improved by using an
ultra-stable voltage source. The precision can be increased by exciting the ion for
a longer period provided a good signal-to-noise ratio is maintained. The systematic
shifts associated with the field imperfections can be attenuated by minimizing and
adjusting the relative amplitudes of the eigenmodes.

Mass values are a necessary input for the construction of the so-called King
plot, which studies the linearity of the isotopic shift between two internal transi-
tions. Combining high-precision mass measurements of several isotopes that can
be cooled by laser could be used to unveil deviations from the predicted linear be-
haviour that would be evidence of new physics beyond the Standard Model [184].
Two quadrupolar transitions have been recently measured with an accuracy of
20 Hz [151,189] to build a King plot using the calcium isotopic chain. Further
improvements in the uncertainty of these spectroscopic values may require more
precise mass values.

The next step in the implementation of the optical method will be accessing the
quantum regime by further cooling the unbalanced ion crystal to the ground state
of motion. The lower motional amplitudes will translate into smaller frequency
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Figure 7.1. Detection of the unbalanced crystal ***ThO,™ - *°Ca™. Left: common
mode. Right: stretch mode. The frequencies extracted from the fitting procedure
are 66 241(30) Hz and 205 600(400) Hz.

shifts. Nonetheless, it will be necessary to measure all the cross-coupling terms and
actively correct the frequency shifts at the phonon level. This can be accomplished
using well-established procedures in quantum optics experiments in RF traps [38].

Trapping and sympathetic cooling of **ThO," via “°Ca™ was demonstrated at
the end of this thesis work. Figure 7.1 shows the scan of the axial eigenfrequencies
of a #2ThO," - *°Ca™ crystal in the Penning trap. In this case, anharmonicity is
observed, with a softening and hardening behaviour for the common and stretch
modes, respectively. 2*Th™ is an interesting ion to test the optical method due to
its high mass compared to calcium, which will allow for a comprehensive evalua-
tion of the technique. Furthermore, the measurements envisaged can be extended
to ***Th, which is under study by an international collaboration aiming at im-
plementing a nuclear clock in an RF trap [59]. In our setup, the advantages of
the Penning trap can be exploited, i.e., the stability for a broad range of mass-to-
charge ratios, the absence of micromotion, and the low heating rates in the ground
state of motion.






Appendix A

The new cryogenic trap

A new cryogenic Penning trap has been designed during thesis work. This system
is intended to improve the background pressure in the trapping region so that it
will not be a limiting factor in long, precise motional frequency measurements. In
addition, the operation at cryogenic temperatures will also improve the ion heating
rate at the ground state of motion and open the possibility of using quartz crystals
at low temperatures.

In the design of the new cryogenic trap, the aim has been to modify the pre-
vious structure (see Fig. 3.2) as little as possible. Figure A.1 shows the new
system integrated into the Penning-trap tower. It consists of the new Penning
trap (upgrade of MT in Fig. 3.2), which conserves the electrode geometry but
has been redesigned to improve the mechanical stability, and two surrounding
cans thermally connected to the corresponding stages of a cryocooler. The trap
is thermally anchored to the inner can, which is connected to the 4-K (second)
stage by a 1/2-inch bar. The parts at 4 K are surrounded by a structure at 45 K
consisting of the outer can and a piping system around the thermal-connection
bar which provides thermal-radiation shielding from the room-temperature com-
ponents. The lens ToF-1 has been thinned to accommodate a double-bend piece
used for the pipe-can junction. The thermal connection to the cryocooler, the
trap cans, and the trap electrodes are machined from oxygen-free high conductiv-
ity (OFHC) copper (conductivity of 640 W/(m-K) at 4.2 K and 1210 W/(m-K)
conductivity at 45 K [206] for RRR = 100), and the latter are also silver- and
gold-plated to prevent oxidation (silver avoids gold to diffuse). The trap insula-
tors are machined from sapphire (a-Al;O3), which features a good thermal con-
ductivity (42 W/(m-K) at 4.2 K [207]). The interfaces between pieces at different
temperature (room at 297 K, first stage at 45 K, and second stage at 4.2 K) are
machined from G-10 (conductivity of 0.073 W/(m-K) at 4.2 K and 0.29 W/(m-K)
conductivity at 45 K [206]). All these materials present sufficiently low values of
magnetic susceptibility and magnetization.

The trap can constitute a vacuum subsystem inside which the pressure drops
due to cryopumping (see Sec. 3.2.1). The two cans are open on both sides along
the beamline so that the ions created at the upstream-located ion sources out-
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Figure A.1. The new cryogenic Penning trap. Upper left: three-dimensional tech-
nical drawing. Upper right: longitudinal cut. Lower: right-angle cut of the Mea-
surement Trap and the radiation shieldings.
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Figure A.2. Vacuum simulations of the new cryogenic trap. The plot arrangement
is identical to Fig. 3.5.

side the magnet can be in-flight trapped and time-of-flight measurements can be
performed using the MCP downstream. Radial lasers enter the trapping region
through a fused-silica optical window, and the optical system’s objective (at room
temperature) fits into an orifice in the outer can. A drawback of an open cryogenic
system is the pumping saturation for the background-gas species that cannot be
removed by cryocondensation (see Sec. 3.2.3 for details). In hermetically-sealed
systems, the volume is previously evacuated by mechanical pumps and the vac-
uum chamber is pinched afterwards so that everything but helium and hydrogen
is removed by cryocondensation. The number of remaining molecules of these two
species is so small that they can be pumped out by cryoadsorption.

Figure A.2 shows the outcome of the vacuum simulations of the new cryogenic
system carried out using Molflow+ [103]. The parts thermally anchored to the
cryocooler’s first and second stages are set to 45 K and 4 K, respectively, and the
sticking factor is 0.1 in both cases. The outgassing rate of the room-temperature
components was detailed in Sec. 3.2.2. The pressure p in the trapping region is
now lower than in the surroundings due to the cryopumping effect. The simulation
estimates p < 107! mbar, which according to the model employed in Sec. 4.2.3
would imply an average time between collisions higher than 300 s.






Appendix B

Brief description of diffraction
theory

From Maxwell’s equations and assuming a dielectric, non-magnetic, homogeneous,
and isotropic medium, any of the components of the electric and magnetic field
u (7, t) obeys the scalar wave equation,

V? - ———] u (7, t) =0, (B.1)

where V2 is the Laplace operator, cis the speed of light in vacuum, & is the vacuum
permittivity, and ¢ is the medium (constant) permittivity. For a monochromatic
wave u (7, 1) = ug (') cos (kct + 0 (7)), the phasor U () = ug (7) e follows the
Helmholtz equation,

[V2+ kU =0, (B.2)

where k = 27w/ is the wavenumber, with A the wavelength.
The Green theorem states that, for two complex-valued functions U () and
G (), and being Sy a surface surrounding the volume Vj,

/// [UV?G — GV?U] dv = //SO [Uﬁ_rn —GZ—Z} ds (B.3)

where 0/0r, is the partial derivative with respect to the outward normal direc-
tion 7, on Sp. If U fulfils Eq. (B.2) and G = ¢ /rq;, with rq; the distance from
the observation point Fy within Sy to the point P; on the surface, the scalar field U
at Py can be calculated as

1 8U oG

which is known as the Kirchhoff-Helmholtz integral theorem. This result is of great
importance as it allows the scalar field at any point F, to be calculated from its
boundary values on any closed surface Sy surrounding that point.
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Figure B.1. Kirchhoff diffraction by a finite aperture on a planar screen. Fy is
the observation point and P; can be any point on the surface Sy =51 + S + X
surrounding Fy. Y is the finite-aperture surface, S is the spherical cap of radius R,
and S is the surface on the solid screen. Py and Py are symmetric respect to the
screen. Adapted from Ref. [109].

The particular case of diffraction by a finite aperture on an infinite opaque
screen serves as a basis for modelling the effect an optical system has over a wave-
front. Figure B.1 illustrates the situation. Sj is conveniently divided into three
parts, So = S1 + Sy + 2. The value of the Kirchhoff-Helmholtz integral on S; can
be made zero if the Green’s function G is chosen to be G = €701 /rg; 4 e*o1 /7y, (if
G = e“‘"m/rm, both U and OU/0r,, must be zero on S; to cancel the integral, which
are known as Kirchhoff boundary conditions, inconsistent since they imply U to
vanish all around [108]), where 7, is the distance from a second reference point P,
which is the mirror image of Py respect to the planar screen (see Fig. B.1). The
Kirchhoff-Helmholtz integral is also zero on Sy provided that the wave is travel-
ling from left to right, which is known as the Sommerfeld radiation condition (U
vanishes at least as fast as a diverging spherical wave) [109]. Substituting G_ in
Eq. (B.3) leads to what is known as the first solution of the Rayleigh-Sommerfeld
formulation of diffraction,

U(PO)—%//EU(H)

where it has been assumed that r9; > \. G leads to equivalent results [109].
Equation (B.5) is identical to the Huygens-Fresnel principle, which states that
every point on a wavefront may be regarded as the source of new wavelets.

eikrm
o8 (T, T01) ds, (B.5)
To1



Appendix C

Method of multiple scales

Equations (6.3) and (6.4) are used to model the anharmonicities arising from
the non-negligible amplitude of the frequency-scanning mode. These equations
are particular cases of a single-degree-of-freedom non-linear oscillator. Since the
ions perform small oscillations around the equilibrium positions, it is reasonable
to suppose that the motional equation deviates only slightly from the harmonic
solution. Therefore, perturbation theory can be used to resolve the problem. This
appendix encloses the mathematical derivation of Eq. (6.6) by means of the method
of multiple scales, for which Ref. [200] is followed.

Axial modes

All the measurements presented in Chapter 6 in which frequency shifts are de-
tected have been frequency-scanned maintaining laser cooling activated while the
excitation is applied, analogously as it is done in Refs. [159,160]. The motional
equation which describes the system dynamics is that of a driven damped har-
monic oscillator. For the ion’s amplitudes presented in this chapter, the Doppler
broadening is still much lower than the natural linewidth of the cooling transition,
so the laser resistive force can be considered to depend linearly on the ion’s velocity
and is quantified by the parameter . Including the dimensionless parameter € as
a crutch to obtain the approximate solution, Eq. (6.3) becomes

il + wiu = —2*y1 — eanu® — asu® + 2 E cos (wt), (C.1)

where E quantifies the external excitation voltage. If perturbation theory to or-
der n is applied in a straightforward way, the solution obtained is invalid when
t becomes larger than O (¢™™). The cubic perturbation asu?® already introduces
terms that grow rapidly with the time variable, called secular terms. A generaliza-
tion of the perturbation theory called the method of multiple scales can be used
to obtain solutions of Eq. (C.1) that are bounded in time. This method takes into
account that the system exhibits characteristic physical behaviours at several time
scales through a series of new independent time variables

T, = €'t, for n=0,1,2,... (C.2)
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The proposed solution is assumed to depend not only on the time scale t = Tj but
also on 11,15, .. .,

u (t, 6) = Ug (T(),Tl,TQ, .. ) + €U (T[),T17T2, .. )

C.3
+€2U2(T0,T1,T2,...)+... ( )

To solve the second-order perturbation problem of Eq. (C.1), two extra time scales
are necessary, so u (t;€) = u (7o, 11, Ty;€). In general, N independent time scales
are necessary to solve a perturbation problem of order O (EN ) . The time derivatives
become now expansions in terms of the partial derivatives with respect to T,,,

i 9 9 L0 ,

= an an a0 (A
£ o o2 o2

— =42 2 2 3. 4
a2~ otz omor, * {an * 8T28TJ +O() (C-4b)

Applying Egs. (C.4) to the proposed solution, Eq. (C.3),

du . Jug Jug oy 9 Oug Ouy Oy ;
& an ¢ L‘)T1 T aTJ [3T2 o, @TJ +0 (), (C.5a)
v ug 0%u, 82uq
T € + 2
dt* 01§ o1 ' TOT0T,
Puy  0u 02 9%u
2 2 0 0 1 5
2 2 . 5h
e [8%2 - oT? Y onon T aTlaTJ +0(¢) (C.5b)

Introducing Egs. (C.5) in the eigenmode motional Equation (C.1), three relation-
ships are obtained for the different orders in e,

82U0
60 . 6_1—'02 + MSUO :O, (C6a)
0*u 0*u
1 1 2 0 2
: —_—9 -9 _ C.6b
€ T2 + Wy OTLOT, QaUy), ( )
2 82u2 2 . 82u0 62u0 82’&1
€ = twur = — 5 — —
0
— 200UgU; — agug — 278—;2
+ E cos (woTp + 013) , (C.6c)

where the excitation frequency w has been expressed in terms of the detuning o
respect to the natural frequency wy as w = wy + €20. The general solution of
Eq. (C.6a) is

ug = A (Ty, Ty) €00 + A (T, Ty) e~ 00, (C.7)
Substituting ug into Eq. (C.6b) yields
d%u . 0A . _
87021 + wiuy = —2zw08—Tle’“°T° — ap [A%*0T0 + AA] + cc. (C.8)
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where c.c. stands for complex conjugate. The factor 00 constitutes a secular
term since it represents a resonant excitation that gives rise to a term increasing
linearly with ¢. To eliminate this secular term, (0A) /(911) = 0, so A = A (T3).
The solution of Eq. (C.8) is

Q2 1 1 W 1< — 21w,
Uy = W_(Q) |:—2AA + 514262 0Tb + §A2€ 2 0TO‘| . (Cg)

Substituting Eqgs. (C.7) and (C.9) into Eq. (C.6¢) leads to

0*us 9 dA 1003 -
— = —[2iwy | == +7A 3az — ——= | A%A
T2 + wius [2iwy iR +9A ) + | 3as 302
o lEe’iaTg eiono - 20&_% T A3e3iWQTo Tec (C 10)
2 3w3 3 L. .
Secular terms are avoided only if
dA 1002 -1
2iwp | ——= +7A 3az — —== | A2A — —Ee 2 = 0. C.11
R e R = R )
The unknown variable A is expressed in polar coordinates, A = %aew for

convenience. A set of two equations, for the real and imaginary parts, are obtained
by substituting in Eq. (C.11):

9azwid — 1003 , F
o C.12
20 a’ + e cos 9, ( a)

ad = ao —

E

4= —vya+ —sind. (C.12b)
2&)0

The new variable 6 = 075 — 3 has been introduced to omit the explicit dependence

on Ty. In the steady state, @ = 6 = 0. An implicit equation in the amplitude a

can be obtained if the trigonometric identity sin®§ 4 cos? § = 0 is used,

2
2 _ 1002 2 E2
{ {(w —wp) — Maﬂ + 72} a®=-—. (C.13)

24w 4w

Radial modes

The motional equation for the radial modes including the crutch parameter € and
the external-driven and damping terms is

L 1 .
U — Wl — Ewgu = 2%yl — € (oéu2 + asuil + oz%uQ)

(C.14)

—€ (agu® + aju’t + ajui® + a3u’) + € E cos (wt)
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where the constants o’ and a4 account for the second and third-order non-linearities,
respectively. Following the same procedure as for the axial modes, the three dif-
ferential equations equivalent to Eq. (C.6) obtained for the different orders in the
parameter € are

0%u ou 1
0. 0 . 0 2 -
€ 8_7_'02 — cha_Tb — §UJ0U0 —O, (Cl5a)
1 82u1 ’iu_) 8%1 1w2u 2 82u0 + iw (9u0
€ Ty —Werms — 3 = =257 v
Ty or, 2 T OT, T,
— [aéug + a%uoﬂo + agﬂg} , (C.15b)
e, T g 0m 1, Ouw , Tw O
- 0T} ‘or, 27° or?  ToT0T, ~OTdT,
i, | 20 O
‘o1,  OTy

- [Qc)zéuoul + O_/% (Uofl,l + ﬂoul) + 2()1;@0@1}

1.3 2-2 3 —2 4-3
— [odug + a3ugue + ajuotiy + a5ig)

0
- QVE + E cos (woTp + oT3) . (C.15¢)
Ty
The general solution of Eq. (C.15a) is
Uy = A+ (Tl, Tz) ei“’+TO + A_ (Tl, Tz) e_iwaO. (C16)

To avoid secular terms in Eq. (C.15b), (0A4)/ (011) = 0, analogously as it ap-
peared in the axial modes. The general solution of Eq. (C.15b) is

Uy = coas (A+/_1+ + A_/_l_) + claéAie%‘”To + cpay A2 e To
tezas Ay AT 4o ca2 A4, A elrmw-)To csas A% e 2o (C1T)

tepas A2 e 20T 02 AL A_em MWt )T g2 AL A e W) To
where ¢; are real numbers depending on the frequencies w., wg and the eigen-
values w. Introducing Egs. (C.16) and (C.17) in Eq. (C.15¢) yields again new

secular terms. If the external excitation is close to the eigenfrequency w,, it can
be written as w = w, + €20. The secular term at w, is removed if

dA
7 (2CL)+ — Wc) d_j_;_ -+ 2ZW+A+”}/

120 [coag (AJFJZLF + A_f_l_) Ay + c4a§A+f_l_A_}
+a3 [cooy (A AL+ AA ) AL+ csongJFfl_A_} (C.18)

+a3 [cragAT AL + czag AL A_A

+203 [csa3 A2 AL + cra3 Ay ACA ]

+aj [ATAL +2A,A A ] — E€ = 0.
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If the amplitude of the mode oscillating at w_, A_, is considered negligible com-
pared to A, , Eq. (C.18) becomes a differential equation with terms proportional
to A, and Aifl of the same type as Eq. (C.11). Therefore, the mode amplitude
follows likewise an implicit equation of the type

E2

{[(w — wO) — F(O@,Ozg) A2]2 —l—fyz}QAQ = m

(C.19)






Resumen extenso en espanol

En esta tesis doctoral se presentan las primeras medidas de ratios de frecuencia
ciclotrénica utilizando deteccién Optica en una trampa Penning. La técnica se ha
implementado en iones individuales de is6topos de calcio y en cristales de Coulomb
de dos iones. A continuacion, se exponen las partes mas relevantes del contenido de
este manuscrito, incluyendo la motivacién y los objetivos de la tesis, los principales
progresos técnicos llevados a cabo en el experimento, los resultados obtenidos y
las conclusiones que se derivan de este trabajo.

Introduccién

Desde que fuera ideada por Hans G. Dehmelt para medir el momento magnético
del electrén de forma directa [1], la trampa Penning ha sido ampliamente utilizada
para determinar propiedades fundamentales de las particulas confinadas con una
alta precision. Una de estas propiedades es la masa, que en el caso de un atomo
estd directamente relacionada con la energia de enlace y, por tanto, contiene infor-
macién sobre su estructura interna y la interaccién entre los constituyentes [10].
La masa se extrae de una medida de la frecuencia ciclotrénica, que a su vez esta
relacionada con las frecuencias de movimiento del ion en la trampa.

Las técnicas existentes en la actualidad se pueden clasificar en dos grupos, de-
pendiendo del método de deteccion: técnicas destructivas, en las que el propio ion
genera un pulso eléctrico al impactar en un detector [11], y técnicas basadas en la
deteccion de la corriente inducida en un electrodo de la trampa [12]. Las técnicas
destructivas se han utilizado ampliamente en instalaciones radiactivas para medir
la masa de elementos de vida media corta. La técnica PI-ICR (phase-imaging
ion-cyclotron-resonance) [14], que determina la fase de movimiento de los iones
para extraer su frecuencia, es la mas avanzada de este tipo en la actualidad, lo-
grando alcanzar incertidumbres relativas del orden de 1071Y. Las técnicas basadas
en la deteccion de corrientes inducidas han sido empleadas mayoritariamente en
elementos estables. Aunque existen multiples variantes, la técnica PnP (pulse-and-
phase) [16] ha sido aplicada con éxito en diferentes situaciones llegando a alcanzar
incertumbres relativas por debajo de 107! [20-23].

El principal objetivo del experimento de trampas Penning en la Universidad
de Granada es el desarrollo una nueva técnica de medida de masas en la que un
ion sensor enfriado por laser [24,25] se utiliza para recabar informacién sobre la
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amplitud de movimiento del sistema que forma junto con el ion de interés [35].
La primera implementacion esté siendo desarrollada en el cristal de Coulomb for-
mado por los dos iones cuando estos son enfriados por laser [37]. En comparacién
con otras técnicas, este planteamiento ofrece universalidad, ya que es aplicable
a iones de cualquier relacion carga-masa, y basta con un solo ion para alcanzar
una precision arbitraria. Ademads, el uso del enfriamiento por laser en la etapa
preparatoria, idealmente hasta el estado fundamental de movimiento, reduce la
amplitud de oscilacién requerida, lo que se traduce en incertidumbres sistematicas
més bajas [38].

Una de las motivaciones para el desarrollo de la técnica de deteccién Optica
es la determinacién de la masa de elementos siper-pesados (SHE, por sus siglas
en inglés). En la actualidad, el experimento SHIPTRAP, en el GSI, es el tnico
espectrometro de masas basado en trampas Penning acoplado a una instalacién
capaz de producir este tipo de elementos [42]. La determinacién de la energia
de enlace de los SHE proporciona informacién ttil sobre su estructura nuclear
interna, aportando en ocasiones nuevas pistas sobre los efectos de capa necesarios
para explicar su existencia [43]. Las bajas tasas de produccién, menores cuanto
mayor es la masa, hacen cada vez mas dificil la implementacion de la técnica PI-
ICR [46], y al mismo tiempo las técnicas basadas en corrientes inducidas no han
alcanzado hasta la fecha relaciones masa-carga superiores a 65 u/e [18].

El método éptico también también encuentra una importante aplicacion en la
determinacion del valor () de procesos de desintegracion 5~ y captura electrénica
que son de interés en el campo de la fisica de neutrinos [50]. La comparacién del
valor () y del punto final del espectro en estos procesos proporciona un valor de
la masa absoluta del neutrino. En este sentido,'%*Ho es una especie de interés,
ya que experimentos como ECHo [52] o HOLMES [53] persiguen el estudio de su
espectro de desexcitacién atomica tras el proceso de captura electrénica. Aparte
de los procesos [ estandar mencionados anteriormente, también es posible observar
doble desintegracién beta para algunas especies como **Ca [55]. La bisqueda de
este tipo de proceso, en su version sin emision de neutrinos, intenta desentranar si
esta particula tiene naturaleza de Dirac o Majorana [56].

Finalmente, la combinacién de trampa Penning y deteccion optica también
tiene el potencial de ser utilizada para experimentos de espectroscopia optica que
normalmente se llevan a cabo en trampas Paul. Las principales ventajas de una
trampa Penning son la ausencia de micromovimiento en todo el volumen de atra-
pamiento, una menor tasa de calentamiento en el estado cero de energia y la
posibilidad de albergar particulas con relaciones carga-masa muy diferentes. Una
aplicacion de la espectroscopia en trampas de iones con particular interés es la
nueva generacion de relojes basados en transiciones nucleares que se encuentran
dentro del espectro 6ptico [59]. La principal ventaja con respecto a las transiciones
atémicas es la insensibilidad frente a ruido procedente de campos electromagnéticos
externos. El candidato mejor posicionado en la actualidad es *Th, que tiene un
isémero nuclear de baja energfa, ***"Th, a s6lo 8,338(24) eV (150 nm) [60].
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Desarrollos técnicos

La trampa Penning del Laboratorio de Trampas de Iones de la Universidad de
Granada [98] se puso en marcha a lo largo de dos tesis anteriores [64,65]. Durante
esta tesis doctoral, se han llevado a cabo varias mejoras técnicas que han permitido
implementar con éxito el método optico.

Se han instalado dos nuevas fuentes de iones externas: una trampa Paul de
anillos que se utiliza para producir isétopos de calcio y una fuente de ablacién laser
que permite crear cualquier especie. Ambas han sido caracterizadas en términos de
la distribucién de energia del pulso de iones que generan. La primera se ha utilizado
de forma rutinaria para inyectar iones de calcio que son enfriados por laser en la
trampa Penning, mientras que la segunda se ha empleado para producir torio,
renio y oro, entre otros elementos. El enfriamiento por laser se ha extendido al
plano radial, algo esencial para enfriar iones individuales y pequenias estructuras
cristalinas hasta el limite Doppler [77]. Se han mejorado las condiciones de vacio
en la zona de la trampa Penning mediante la instalacién de una bomba criogénica a
medida, cuyo impacto en la linea se ha simulado utilizando el paquete informatico
Molflow+ [103].

El diseno e implementacion del nuevo sistema 6ptico ha sido el avance técnico
mas importante llevado a cabo durante este trabajo. Las simulaciones del sistema
optico anterior utilizando el paquete informatico Zemax mostraron que carecia de
la suficiente resolucion espacial para discernir la posicion del ion en un cristal de
Coulomb. El nuevo sistema, que opera en su mayor parte en condiciones de vacio,
se compone exclusivamente de elementos comerciales, su diseno se ha adaptado
a la geometria impuesta por el sistema de trampas Penning, y consigue generar
imégenes carentes de aberraciones para objetos situados en el eje dptico. Ha sido
caraterizado antes de su instalacion en vacio midiendo la funcién de transferen-
cia de modulacion y la funcion de transferencia de contraste utilizando impulsos
cuadrados. En su caracterizacion en vacio, se ha utilizado un ion como fuente
puntual para medir la funcién de dispersién de punto. El analisis de esta funcién
ha permitido cuantificar el peso de cada tipo de aberracion en la base de poli-
nomios de Zernike. En un principio, el sistema presentaba un fuerte astigmatismo,
posiblemente por no estar perfectamente alineado con el centro de la trampa, que
se ha corregido mediante la inclusién de una lente cilindrica apropiada.

A lo largo de este trabajo también se han desarrollado los programas necesar-
ios para controlar el experimento y adquirir datos mediante un sistema basado
en ARTIQ. La mayoria de los protocolos de medida han sido automatizados: la
captura de iones por tiempo de vuelo se ha sincronizado con la fase de extraccién
de las fuentes de iones para mejorar su reproducibilidad; la frecuencia de emisién
de los laseres y los parametros de los AOM se pueden controlar desde los propios
programas; la lectura del PMT (siglas en inglés de tubo fotomultiplicador) se ha
implementado directamente a través del hardware de ARTIQ, lo que se suma a la
camara EMCCD (siglas en inglés de dispositivo de carga acoplada con multipli-
cacién de electrones) y los generadores de funciones [65]; y la sefial del detector
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MCP (siglas en inglés de detector de microcanales) ahora también se puede leer a
través del hardware de ARTIQ.

Caracterizacion del enfriamiento por laser

La implementaciéon de los avances técnicos mencionados anteriormente ha hecho
posible el enfriamiento por laser y la deteccion de iones individuales y cristales de
Coulomb en el limite Doppler [77]. En particular, la cristalizacién de conjuntos
de hasta miles de iones implica que se han alcanzado temperaturas por debajo
de 5 mK. La distancia relativa entre los dos iones de un cristal de *°Ca™ se ha
utilizado para caracterizar la trampa Penning en términos de su frecuencia axial
en un amplio rango de voltajes de atrapamiento. También se ha explorado la
sensibilidad de deteccion del PMT, obteniéndose relaciones senal-ruido superiores
a la unidad para tiempos de lectura del orden de milisegundos.

Se ha estudiado en detalle el enfriamiento por laser de los modos radiales de
un solo ion y de un cristal de dos iones mediante axializacién [140]. Esta técnica
utiliza un campo cuadripolar para intercambiar energia entre los modos radiales, de
forma que el modo magnetron se enfria indirectamente por laser a través del modo
ciclotrén reducido. Se han encontrado las condiciones 6ptimas de operacion, para
lo cual se ha monitorizando la temperatura de los iones a partir de la anchura de la
imagen del ion. Se estima un limite superior de 753(36) nm para los modos radiales
en el cristal de dos iones de “°Ca’. También se ha caracterizado el fenémeno de
resonancia oscura en los sistemas de cuatro niveles que aparecen en el esquema de
bombeo laser del enfriamiento Doppler en el campo magnético de 7 T.

Medida de los ratios de frecuencia de los is6topos de calcio

El método optico se ha aplicado en primer lugar en iones de calcio individuales.
Cada uno de los modos propios de un tnico ion de *°Ca™ ha sido excitado por
campos eléctricos dipolares externos durante un intervalo de tiempo en el que se
desactiva el enfriamiento por laser. La amplitud de oscilacion final se ha deducido
a partir de la evolucién temporal y la distribucién espacial de los fotones emi-
tidos mientras el ion se enfriaba de nuevo hasta el limite Doppler, para lo cual
se ha utilizado la cdmara EMCCD y el PMT. Para las condiciones especificas de
enfriamiento de este experimento, la amplitud de los modos radiales ha podido
detectarse con una sensibilidad mayor que la del modo axial. Esto se explica por
la menor tasa de enfriamiento en el plano radial, con una constante de decaimiento
de la amplitud de 80(23) ms, que ha permitido la medida directa de la evolucién
de la amplitud radial con la cdmara EMCCD.

Cada una de las frecuencias propias se ha determinado a través del estudio de
la amplitud del ion cuando se realiza un barrido de la frecuencia del campo dipolar
externo. En el caso de los modos radiales, el pico resultante esta centrado en la
frecuencia de movimiento del ion, mientras que para el modo axial se obtiene una
disminucién en el ntimero de fotones detectados. Se han explorado dos métodos
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diferentes para determinar la frecuencia ciclotrénica: el teorema de invariancia
y la determinacion directa a través de las frecuencias radiales. En este tltimo
caso, la frecuencia magnetrén se ha medido indirectamente a partir de las bandas
laterales detectadas en torno a la frecuencia del modo ciclotréon reducido cuando
se aplica un campo cuadripolar que acopla los modos radiales. Ambo métodos
alcanzan incertidumbres relativas del orden de 10~ para tiempos de excitacién de
500 ms en los modos ciclotrén reducido y axial. El teorema de invariancia necesita
determinar la frecuencia axial pero es mas robusto frente a desalineamientos o falta
de simetria en los campos de atrapamiento.

El método 6ptico ha sido utilizado para determinar el ratio de masas de varios
isétopos de calcio (A = 42,44, 48) frente a “°Ca™ [148]. Los iones indiviuales de
cada isotopo se han cargado de forma secuencial en la trampa y se han realizado
varios barridos de frecuencia para cada uno de los modos propios. El ion “°Ca™ se
ha utilizado como referencia, y su frecuencia ciclotrénica en el momento en que se
mide el ion de interés se ha calculado mediante interpolacion lineal. Los tres ratios
de frecuencia ciclotronica medidos experimentalmente coinciden con la bibliografia
dentro de 1o [149]. Para **Ca*, se obtiene un valor de 1,199938029(15) a partir
de 26 medidas, con una incertidumbre relativa de 1,3 - 10~% que es un factor 20
superior al valor de la bibliografia medido utilizando PI-ICR [175]. En el caso
de **Ca™, los 18 datos recabados dan lugar a un valor de 1,099 9170772(89), que
coincide con la incertidumbre actual de la bibliografia, 8,1-107Y. Las 11 medidas
de **Ca* arrojan un valor de 1,049 948 070(11), con una incertidumbre de 1,0-107%
que es 2,5 veces mayor que el valor de la bibliografia.

La monitorizacion de la amplitud del ion en todo momento ha permitido esti-
mar de forma directa la incertidumbre sistematica debida a las imperfecciones de
los campos de atrapamiento. Para relaciones masa-carga equivalentes, el método
optico presenta incertidumbres sistematicas mas bajos que la deteccion por corri-
entes inducidas. Por su parte, la monitorizacion de las frecuencias propias ha per-
mitido encontrar que fuertes correlaciones en su evolucién temporal que apuntan
a posibles inestabilidades del campo eléctrico como factor limitante de la precisién
en estos momentos. La estabilidad para tiempos largo deducida a partir de los
valores de cualquiera de las frecuencias propias es 4,5 - 107°.

Primeras medidas con cristales de dos iones

El método éptico se ha implementado en los cristales de Coulomb °Ca™ - 4°Ca™
y 2Ca™ - *%Ca™. El protocolo de medida es equivalente al empleado para iones
individuales. Sin embargo, en los casos en los que la fuerza de Coulomb da lugar
a desplazamientos en frecuencia [37] mucho mayores que la anchura de linea se ha
aplicado enfriamiento laser de forma continua. Para estos casos, se ha desarrollado
un modelo de oscilador no lineal que contiene los términos de segundo y tercer
orden de la fuerza de Coulomb, de cara a realizar ajustes de los datos de amplitud
de movimiento del cristal en funcién de la frecuencia de excitacién. Ademaés,
el campo eléctrico de excitacién debe presentar una geometria cuadripolar para
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lograr un acoplamiento efectivo a los modos diferenciales (los dos iones se mueven
en oposicién de fases).

Se han llevado a cabo tres medidas completas de las seis frecuencias propias
del cristal °Ca™ - *°Ca™. En este caso, sélo se ha observado dependencia de la
frecuencia con la amplitud para el modo diferencial axial. En el estado estacionario
del sistema no lineal forzado (campo dipolar eléctrico) y amortiguado (enfriamiento
laser), se observa una regién de frecuencia en la que tres valores diferentes de
amplitud son solucion de la ecuacion diferencial, lo cual se puede interpretar como
un efecto de histéresis. Estas medidas sirven para validar el teorema de invariancia
generalizado [41] a un nivel de 7 - 107°.

En el caso del cristal Ca™ - °Ca’, se han realizado dos medidas completas.
Los desplazamientos de frecuencia son mas evidentes que para el cristal simétrico,
apareciendo incluso para el modo ciclotrén reducido comin. En el caso del modo
ciclotréon reducido diferencial, la discrepancia en la masa de los constituyentes im-
plica una amplitud de movimiento 20 veces mayor para el ion més pesado (**Ca’t).
Por lo tanto, la excitacién minima de varios micrometros necesaria para detectar
un cambio en la amplitud de movimiento del ion brillante (més ligero) *°Ca™ no
cumple la aproximacién de baja amplitud en la que el cristal se alinea a lo largo
del eje axial. En este caso, se ha monitorizado la distancia axial del ion brillante al
centro de la trampa, que disminuye para una excitacién resonante. La frecuencia
ciclotrénica de iones individuales de °Ca™ y *?Ca™ se ha determinado antes y de-
spués de cada medida del cristal de cara a la calibracion. La frecuencia ciclotrénica
de *Ca™ calculada mediante el teorema de invariancia generalizado se ha derivado
con una incertidumbre relativa de 4 - 107°.

Conclusiones

En la primera parte de esta tesis doctoral se han llevado a cabo desarrollos técnicos
que han resultado fundamentales para la primera implementacion del método
optico. Las nuevas fuentes externas de iones permiten crear cualquier tipo de cristal
asimétrico y han contribuido a la mejora del nivel de vacio en comparacion con la
fuente interna localizada en la propia trampa. Por su parte, la bomba criogénica a
medida ha permitido alcanzar un nivel de vacio estimado en 3-107!? mbar en base a
la frecuencia de colisién con el gas residual de un ion enfriado por laser. Como se ha
comentado anteriormente, el nuevo sistema 6ptico ha sido un elemento clave para
poder detectar iones individuales y estructuras cristalinas en la trampa Penning.
Su resolucién, medida utilizando un ion en el limite Doppler, es de 3,69(3) pm y
2,75(3) pm en las direcciones axial y radial, respectivamente. La integracién de
varios elementos en ARTIQ, como el PMT, el MCP o el control de los laseres, ha
permitido automatizar y centralizar de forma completa el experimento en un solo
sistema de control y adquisicién de datos.

Los valores de ratios de masas de los isétopos de calcio podrian mejorarse
facilmente utilizando una fuente de tensién mas estable y, presumiblemente, medi-
ante un mejor aislamiento frente al ruido externo. La precisién puede aumentarse
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excitando el ion durante un periodo mas largo, siempre que se mantenga la relacién
senal-ruido. Una ventaja del método 6ptico respecto a la detecciéon de corrientes
inducidas es la posibilidad de detectar amplitudes de movimiento mas pequenas.
Por ejemplo, utilizando el protocolo de medida desarrollado en este trabajo, la am-
plitud minima detectable se estima en torno a 4 um, sélo limitada por la resolucién
del sistema 6ptico y la tasa de enfriamiento. Las incertidumbres sistematicas aso-
ciadas a las imperfecciones de los campos de atrapamiento se ven atenuadas para
menores amplitudes, e incluso podrian minimizarse ajustando adecuadamente las
amplitudes relativas en cada modo o tratarse como una correcciéon a la medida
experimental.

La aplicacion del método éptico en el cristal de dos iones esta limitada actual-
mente por la dependencia de las frecuencias propias con la amplitud de movimiento.
El modelo no lineal desarrollado es capaz de corregir los desplazamientos en fre-
cuencia debidos a la amplitud del modo analizado, pero no tiene en cuenta los de-
splazamientos sisteméticos consecuencia de los términos cruzados y ademas propor-
ciona una menor precisiéon en comparaciéon con el protocolo de medida pulsando el
laser. El siguiente paso en la aplicacién del método optico sera el acceso al régimen
cuantico enfriando el cristal hasta el estado fundamental de movimiento. La menor
amplitud de movimiento se traducird en menores desplazamientos de frecuencia,
y sera necesario medir todos los términos de acoplamiento cruzado y corregir ac-
tivamente los desplazamientos de frecuencia al nivel de un solo fonén. [38].
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