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The observed Universe is made almost entirely of matter, with very little remaining anti-
matter. The Standard Model of particle physics does not contain enough C'P violation to explain
the observed matter—antimatter asymmetry of the Universe. This motivates searches for additional
sources of C'P violation beyond the Standard Model. A nonzero permanent electric dipole mo-
ment of the electron (eEDM) would violate time-reversal symmetry and would imply C'P violation,
assuming the C'PT theorem. The eEDM is a powerful low-energy observable for probing physics
beyond the Standard Model.

The JILA eEDM experiment searches for the eEDM using trapped molecular ions. Previous
generations of JILA eEDM experiments used HfF ™ and recently set a stringent upper bound on
the eEDM. The next-generation JILA experiment uses ThF™ and aims to improve the statistical
sensitivity by combining long coherence (interrogation) times with a multiplexed, high-throughput
experimental configuration.

This thesis presents work on the prototype apparatus of the next generation JILA eEDM
experiment using ThFT. The main focus is understanding and extending coherence time of the
eEDM-sensitive states within ThF™. I characterize several mechanisms that limit the experimen-
tal coherence time, including depopulation of internal states, trap loss of ions, motional heating
and collisions, and dephasing from field inhomogeneity. I also present proof-of-principle studies to-
ward continuous-mode operation, including Ramsey spectroscopy during ion translation. Together,
these studies demonstrate long-coherence Ramsey spectroscopy with ThF* and identify several key

requirements for the full next-generation experiment.
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Chapter 1

Introduction

The search for the electron electric dipole moment (eEDM) at JILA has developed over many
years, across multiple generations of experiments, molecules, and measurement techniques.

In this chapter, I begin with the “classic” motivation for eEDM experiments. After that,
I take a more personal approach—I will address several questions on the eEDM experiment, some
quite simple, others more subtle, that I encountered from my first year as a Ph.D student up to

now. Then, I finish the chapter with the outline of the rest of the thesis.

1.1 The Electron’s Electric Dipole Moment

Since the pioneering work of Purcell and Ramsey and the early EDM searches that followed,
the search for permanent eEDM became a wide experimental efforts around the world. There are
many efforts on measuring the eEDM using different experimental techniques and platforms [1H§].

In 2023, our group set a new upper bound limit on the eEDM of [§]
|de| < 4.1 x107% e cm.

What is the eEDM and why are so many groups interested in measuring this quantity? A permanent
electric dipole moment of a fundamental particle violates time 7" symmetry. This can be seen in
Fig. under time reversal, the spin changes sign whereas the EDM is unchanged. Time reversal

therefore maps a state with the EDM aligned with the spin to one with the EDM anti-aligned with



the spin. These two states are physically distinct, so a nonzero eEDM violates T symmetryﬂ By
the CPT theorem, T violation implies C'P violation. For this reason, a nonzero eEDM would be a

clear signal of C P-violating physics.

]
Q.l

A

Figure 1.1: Schematic illustration of time reversal acting on the electron with a permanent electric
dipole moment. Under T', the spin reverses while the EDM is unchanged. In other words, upon
T, the physical configurations of the electron are different. Therefore, a permanent EDM of an
electron violates time-reversal symmetry. Figure adapted from Ref [9].

This is what makes the eEDM so interesting. The observed matter—antimatter asymmetry
of the Universe suggests that additional sources of C'P violation may exist. This is because C'P
violation is present in the Standard Model, but the known contribution from the CKM (Cabibbo—
Kobayashi-Maskawa) phase is far too small to account for the observed baryon asymmetry in
conventional Standard Model scenarios [I0HI2]. In this context, the eEDM provides one of the
most sensitive probes of additional C'P-violating interactions beyond the Standard Model. Within
the Standard Model itself, the expected eEDM is extremely small, many orders of magnitude below
present experimental reach [12, I3]. For this reason, any observation at currently accessible scale
would be compelling evidence for new physics.

Experiments searching for the eEDM have steadily improved over many decades. Particu-

1 It is also not hard to see that it also violates P symmetry. In that case, the eEDM flips sign while the spin does
not.



larly, at JILA, there have been ten theses so far over the last two decades, spanning from early
experimental realizations to detailed spectroscopic studies of HfF™ and ThF* and to precision
eEDM measurements. Although the experimental platforms have evolved, all these efforts share
the same central motivation, so I keep this overview very brief in this thesis. From the experimental
side, the eEDM measurements are best understood as precision phase measurements. The rest of
this thesis is, in large part, about how such a measurement is made in practice.

In addition to the previous theses from our group, there are many excellent reviews of these
efforts. For a broad overview of EDM searches across many physical systems, see Ref. [12]. For a
review focused on T-reversal symmetry violation in atoms and molecules, see Ref. [9]. For a more
general discussion of precision AMO searches for physics beyond the Standard Model, Ref. [14] is
also very useful. I personally very much enjoyed Tanya Roussy’s section on how Eric got to start
the eEDM search with trapped ions in her thesis [15].

Finally, I want to emphasize that a single EDM measurement does not by itself identify the
underlying source of C'P violation. Different systems—electrons, atoms, molecules, and nuclei—are
sensitive to different combinations of C P-violating operators. As a result, a full particle-physics
interpretation of EDM results requires combining many EDM measurements in a global analysis.
This broader perspective has become increasingly important as experimental limits continue to

improve; for more discussion, see Ref. [16].

1.2 Some Questions Behind the Standard eEDM story

The standard motivation for the eEDM search in the previous section is concise and com-
pelling: a nonzero eEDM violates discrete symmetries, provides a sensitive probe for new CP-
violating physics, and can be experimentally accessed through precise phase measurements. How-
ever, learning this “polished” story is not quite the same as understanding it in detail. In practice,
this standard narrative hides many smaller conceptual questions. For example, even trying to un-
derstand the most basic motivation for the EDM experiment in detail turned out to be built on

many layers of subtle points.



In this section, I present some non-exhaustive list of questions on these “hidden” assumptions
or layers I had throughout my years working on the eEDM experiment. These are often not the
kinds of questions that arise in everyday discussion. I hope that these could be useful to future

students encountering the same questions.

1.2.1 T-reversal symmetry and electron’s EDM and MDM

At some point, I wondered why the electron’s electric dipole moment (EDM) d. violates T
reversal symmetry (or P symmetry) but its magnetic dipole moment (MDM) p. does not. After all,
both are tied to the angular momentum of the electron. This is a rather simple question to answer:
the electric and magnetic dipole moments transform differently under P and 7. The Hamiltonian
can be written as

Hypt x —pe-B —d. - E. (1.1)
For an electron, p. < S and d. « S, therefore
Hyipm < S - B, Hegpy xS - E.
Then, these vectors transform under time reversal
T:S— -8, B — —B, E - E, (1.2)

or under P,

P:S—8S, B — B, E — —E, (1.3)

Therefore, the term S - B does not violate T- or P-symmetry, while the term S - E does. That is

why the electron’s EDM violates T- and P-symmetry and its MDM does not.

1.2.2 Why must the EDM be aligned with the spin?

In the cartoon picture of the electron in Fig. the eEDM is drawn in to be pointing in the
same direction as the electron spin. In fact, the eEDM can point in the opposite direction as the

spin. However, if a permanent eEDM exists, it must be collinear with the spin [12].



The basic reason comes down to rotational symmetry. For an isolated electron, the spin is
the only available internal direction available. A permanent EDM is a vector quantity, but a free
electron has no preferred axis—it does not have any internal spatial direction, other than its spin
angular momentum. Therefore, the expectation value of any permanent vector observable must be
along the electron’s angular momentum.

A more rigorous and mathematical way to explain this is with the Wigner-Eckhart theorem.
For a vector operator V (or equivalently, a rank-1 spherical tensor V, with ¢ = —1,0,+1), the
Wigner-Eckhart theorem implies thatﬂ [17]

(ajl[Vllaj)

(a,jm/\V]a,jm> = . -
! (aj[|T]]aj)

<a7jml|‘]q|a7jm> . (14)

Here, o denotes any additional quantum numbers that are held fixed. This relation says that within
a fixed angular-momentum manifold J, the matrix elements of any vector operator are proportional

to those of J. In particular, the expectation value of V follows the relation of
(V) o< (J). (1.5)

Applying this to the eEDM operator gives thet result that a permanent eEDM must lie along the
electron angular momentum, i.e. the spin.

Another more intuitive way to think about this is that an electron does not come with any
other extra internal “direction” besides its spin. There are only two spin states of the electron:
spin up and spin down. This simple two-state structure of electrons is a basic principle of atoms
and the whole periodic table. If the electron had an additional internal spatial degree of freedom
that could define the direction of an eEDM independently of the spin, the electron would carry
more internal structure. Since no such additional direction is available, a permanent EDM must

be tied to the spin direction.

2 Technically, this form is Wigner-Eckhart with projection theorem



1.2.3 What is special about the EDM of an electron?

One thing that I was always curious about is why the electric dipole moment of an electron
is so special. Molecules often have ordinary electric dipole moments. Then, why do people not
say that because a molecule has a nonzero electric dipole moment, we have observed T-reversal
symmetry breaking and therefore discovered new physics?

One explanation that is often given is that molecules are composite objects, whereas the
electron is a fundamental particle. However, this explanation is not quite complete, since the
EDMs of protons and neutrons are also of great interest—protons and neutrons are also composite
objects!

The important difference is the kind of internal degrees of freedom that the dipole moment
is tied to. In a molecule, there is a natural direction: the molecular axis. For instance, in a polar
diatomic molecule, the molecular dipole moment is tied to the separation of positive and negative
charge along the internuclear axis. Then, the molecular dipole moment becomes a geometric prop-
erty of the charge distribution within the molecule. It does not need to be tied to the direction of
the spin or angular momentum. That’s why its existence does not imply T-violation.

One small thing worth noting here: a freely rotating molecule in a parity eigenstate does
not have a permanent lab-frame dipole expectation value. Usually, what is meant is that a polar
molecule has a permanent dipole moment in the molecular body frame. Only when the molecule is
oriented and polarized, for instance with an external electric field, does a lab-frame dipole appear.
But, this is again not new symmetry-violating physics.

The situation is different for an intrinsic EDM of an electron (or proton and neutron). In
the electron, there is no ordinary axis like the molecular axis or any other preferred axis for the
dipole to point along. As we just saw, rotational symmetry requires a permanent EDM to be
collinear with the total angular momentum J. It is this relation that the dipole is tied to the
intrinsic angular momentum, that violates time-reversal symmetry. This is why a nonzero EDM of

the electron, proton, or neutron would be evidence for new physics, whereas an ordinary molecular



dipole moment is not.

1.2.4 Where does the EDM figure of merit come from?

The statistical sensitivity of the eEDM is often written as [16]:

h

Ode ¢ ———
2CE.s7vV N

(1.6)

where C is the contrast, E.g is the effective electric ﬁeldﬁ , T is the coherent precession time, and
N is the total number of detected counts. Where did this figure-of-merit equation come from?

To tackle this question, we remind ourselves how the eEDM measurement is performed first.
An eEDM measurement is usually a Ramsey measurement, in which an energy splitting is inferred
from the phase accumulated between two coherent pulses [I8H2I]. In an eEDM experiment, the
quantity of interest is the the EDM-induced energy splitting between two spin states.

The EDM interaction energy is
Egpm = —dcEetr,

where Fog is the electric field experienced by the electron. The energy splitting between opposite

spin orientations corresponds to a frequency

AFgpM  2deEegr
h N h

WEDM =

During a Ramsey free evolution time 7, this frequency shift accumulates a phase

2d. EogT

- (1.7)

¢EDM = WEDMT =

Then, we just need to determine the phase uncertainty o4 in order to to translate it into an
uncertainty on d.
Here, it’s important to remember that we never measure this phase directly. We only measure

population. The Ramsey sequence converts this accumulated phase into a population difference

3 Here, E.g denotes the effective internal electric field experienced by the electron in an atom or molecule. This
quantity is discussed in more detail in the next chapter.



between two measured states. For N uncorrelated two-level systems, the ensemble can represented
by a collective Bloch vector [22]. The length of this vector then is approximately

s~
where C' is the Ramsey contrast. After the first 7/2 pulse, this collective spin lies in the equatorial
plane of the Bloch sphere. During the evolution time, it accumulates a phase ¢. The second /2
pulse maps this phase onto the population difference that is then measured as spin projection.
For the most sensitive point of a Ramsey fringe (near zero crossing where the slope is highest),

the measured spin projection changes as

N
08, ~ CT(qu (1.8)

The measured spin projection also has quantum projection noise AS,. For N uncorrelated spin-1/2

system in a coherent state pointing perpendicular to the measured projection axis,

AS, ~ \/QN (1.9)

This is the standard quantum noise limit for a Ramsey measurement [23, 24]E|
Then, the phase uncertainty is simply what phase shift would produce a signal comparable
to this projection noise

CN VN

DR

Finally, we get the corresponding statistical uncertainty in the EDM measurement to be

K h
= ThH Y ——,
2Eg7 © 2CE.g7VN

0d,

This is the origin of the eEDM statistical sensitivity scaling. To improve sensitivity, we want large

effective electric field, long coherence time, high contrast, and large detected signal.

4 This comes directly from the fact that for a single spin-1/2 particle in a equal superposition of |[1) and ||},

1
(s:) =0, (As.)? = =.
4
Then for N uncorrelated spins, the variances add [23] [24]

N

(AS.)* =) (As..)? =

=1

=



1.2.5 What would a nonzero eEDM measurement actually imply?

This question is still one of the questions I struggle with the most. In many older eEDM
theses from this group, the matter-antimatter asymmetry of the Universe appears as one of the
central motivations for the experiment. Here, I will refer to that problem as the baryon asymmetry
of the Universe (BAU).

The basic story is familiar: the fact that we exist is because the Universe contains more
matter than antimatter. Sakharov pointed out that to explain such an asymmetry, there needs to
be violation of C' and C'P symmetry, among other ingredients [10]. The hypothesized process that
produced the asymmetry is called baryogenesis.

There are many proposed baryogenesis mechanisms. Among them, electroweak baryogenesis
(EWBG) has been especially appealing because in principle it could be tested experimentally in
lab because it involves physics at the electroweak scale. In EWBG, the basic idea is that during
the electroweak phase transition in the early Universe, new CP-violating interactions could cause
matter and antimatter to evolve slightly differently, and this difference would eventually turn into
the observed baryon asymmetryl’| [25, 26].

In simple realizations of EWBG, the same new C'P violation also induces a nonzero electron
EDM, which is why the eEDM was often viewed as a direct (or near direct) probe of the problem
of baryogenesis. Even during this era of simple EWBG models, the connection between the baryo-
genesis and EDM had loopholes; in Ref. [27], it was already pointed out that if there exists some
additional C'P-violating effects, the direct correlation between the BAU and EDM signal can be
weakened.

Over roughly the last decade, this optimistic picture turned into a more pessimistic one. The

% In slightly more detail, the Higgs field had to go through some phase transition, from its high-temperature state
in the early Universe to the state we know today. In EWBG, the way this happened was through “bubbles” that
formed during this phase transition—inside the bubble, the new phase of the Higgs field appeared, whereas outside the
bubbles, it was still the old phase [25] [26]. Then, these bubbles expanded and eventually the whole Universe phase
transitioned into the phase of the Higgs field we see today. During the phase transition, these bubble walls can bias
matter and antimatter differently, if there is C' P-violating interactions present at the electroweak scale at the wall.
Then another electroweak processes (called electroweak sphaleron) further convert this bias into a real net baryon
asymmetry. This is about the limit of my knowledge in particle physics.
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first reason was experimental: EDM searches improved dramatically and the present bound on the
eEDM is far more stringent than the bounds that were available when many earlier EWBG review
were written. For instance, the most recent HfF+ result of |d.| < 4.1 x 10730 e - cm from our group
is roughly 250 times stronger than the eEDM limits available during the time of earlier reviews
I8, 26]E| As a result, some of the simple EWBG models have become severely constrained. In
many minimal EWBG models, the same new C P-violating interactions must be large enough to
produce the observed baryon asymmetry and these interactions also tend to generate an EDM.
Therefore, these improved null EDM measurements force them to be small.

Most recently however, the story has become more subtle again. The reason is that the
mapping between a specific model and how it produces the baryon asymmetry and the EDM
signal is being refined. Recent work suggests that some older approximation schemes in these
calculations may have been too simplistic and improved treatment and calculations can relax this
conflict between the EDM bounds and certain EWBG models [28]. Therefore, now it seems only
the minimal and “vanilla” versions of EWBG models appear to be in troublem , but broader classes
of EWBG models remain viable at the moment.

So is measuring the eEDM still useful? Yes, absolutely. First of all, the existing null results
already have reshaped the viable model for EWBG. Secondly, a nonzero eEDM would still be
extremely important because it would be clear evidence for new C'P violation beyond the Standard
Model, which is exactly one of the ingredients still needed for baryogensis. What it would not do
is prove that the observed BAU was generated by that same source of C'P violation.

To really understand the origin of the BAU, EDM measurement must be combined with other
complementary probes of electroweak-scale new physics, such as collider searches or gravitational
wave signatures of the phase transition from the early Universe [25, 26]. A future nonzero eEDM

measurement would therefore not be a complete answer to the baryogenesis problem, but it would

6 Technically, the JILA HfF* result improved on the previous best upper bound by about a factor of 2.4, relative
to the ACME II ThO result of Ref. [I], but about a factor of 250 stronger compared to when these older reviews were
written.

" The title of Ref. [26] is literally “Bubble Trouble”, how cute.
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be a significant clue.

So, returning to my original naive question: what would a nonzero eEDM measurement
actually mean? Well, it turns out it’s a loaded question, I cannot provide a simple answer. This
is partly because my own understanding of particle physics is limited, but also partly because the
field itself does not yet have a solid interpretation ready and waiting—it’s constantly changing and
updating as both the experimental and theoretical methods are improving. However, it’s robust
to say that a nonzero eEDM would be very compelling evidence for new C'P violation beyond
the Standard Model, and in many motivated models that CP violation is associated with the

electroweak and/or TeV-scale new physics.

1.3 Thesis outline

The work presented in this thesis was carried out as part of the JILA ThF™ eEDM experiment.
This experiment is the third-generation of the JILA eEDM experiment, designed to improve the
statistical sensitivity.

The main work of this thesis has two broad goals. The first is to understand and extend the
coherence time in ThFT. The second is develop some of the basic experimental ingredients needed
to move toward a continuous, high-throughput precision measurement.

Chapter 2 introduces some basic principles of the JILA eEDM experiment. I also discuss
the motivation for the Generation III (Gen. III) experiment and describes the Gen. III prototype
apparatus used in this thesis.

Chapters 3-7 focus on efforts to achieve long coherence times. Chapter 3 lays out the different
classes of mechanisms that can limit the coherence time. Chapter 4 investigates the lifetime of the
relevant quantum manifold. Chapter 5 studies the trap lifetime and examines several possible
heating mechanisms in the system. Chapter 6 introduces new trapping configurations that we
implemented in an attempt to improve the trap lifetime in the prototype apparatus. Finally,
Chapter 7 investigates decoherence mechanisms that directly limit the measured coherence time.

Chapter 8 discusses several key ingredients and proof-of-principle experiments needed for a



12

future continuous, high-throughput precision measurement. Chapter 9 introduces a systematics
notation that will be used for the Gen. III experiment and gives a crude estimate of the Gen. III
prototype apparatus sensitivity to d.. Finally Chapter 10 summarizes the thesis and discusses

future directions.



Chapter 2

How the JILA eEDM experiment works

In this chapter, I first review the basic experimental approach of the JILA eEDM experiment.
Then I motivate and introduce the Gen. III prototype apparatus, which is the main focus of this

thesis.

2.1 Overview of the JILA eEDM experiment

The JILA eEDM experiment uses trapped polar molecular ions [3| 8 29 [30]. At its core,
the JILA eEDM experiment is a Ramsey spin-precession measurement: the two spin quantum
states are prepared into a coherent superposition, allowed to evolve for some interrogation time
and then read out by measuring the accumulated relative phase. This accumulated phase contains

the contribution from the eEDM.

2.1.1 How to measure e EDM

For a bare electron in external electric and magnetic fields, the interaction Hamiltonian is
given by

Ho=-pu-B-d.-E (2.1)

Since both the magnetic dipole moment and the electric dipole moment must be collinear with the

spin, this can be written as:

gsUB de
H, = — S-B——S-E. 2.2
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The basic idea of an eEDM is a spin experiment. In a magnetic field, opposite spin projections
are split by the Zeeman interaction. If the electron also has a nonzero electric dipole moment, then
there is an additional spin-dependent shift in the presence of an electric field. Reversing this electric
field reverses the sign of the eEDM contribution, as can be seen in Eq. . By perfoming a
differential measurement between opposite orientations of the electric field, the dominant magnetic
contribution cancels to first order, leaving a signal directly proportional to the eEDM. Figure [2.1

shows this basic experimental procesure schematically.

P P P 2d:€
N— IH—- 1) ——
3 i B|é B|é
) —— ; f y— 1) ;
nsB ! psB f BB f
AE = ppB AE = ppB +d,& AE = upB —d,&

Figure 2.1: Schematic illustration of the basic eEDM measurement. Reversing the orientation of
the electric field reverses the eEDM-induced energy shift while leaving the leading the magnetic
contribution unchanged to first order.

In a real experiment, however, a free electron is not directly probed. Instead, the electron
is bound inside an atom or molecule. In particular, in polar molecules, the relevant interaction
is greatly enhanced because the valence electrons experience a very large effective electric field
[31] [32]. This is one of the main reasons that molecules are such powerful platforms for eEDM

searches/[1]

2.1.2 eEDM measurement sensitivity figure of merit

The eEDM measurement is performed using Ramsey spectroscopy. As discussed in Chapter []

the statistical sensitivity scales approximately as [12]

h
x — v
2CE.g7VvV N

e

! For similar reasons, molecules are attractive platform for other types of EDM searches.
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where C is the Ramsey fringe contrast, F.g is the effective electric field experienced by the electron,
T is the interrogation time, and N is the total number of detected ions or counts. At the most basic

level, this figure of merit tells us that the statistical sensitivity improves when the experiment has

(1) a larger effective electric field,
(2) more detected signal

(3) a longer interrogation (coherence) time.

Many beam-based EDM experiments primarily take advantage of the large number of molecules.
At JILA, by contrast, the main strategy is to gain sensitivity through long interrogation time [8}, 33].
For that reason, the JILA eEDM experiment utilizes molecular ions, which can be easily trapped
for a very long time. In the next section, I review several features of our experiment that enable

us to perform such a precise measurement of the eEDM.

2.2 Why the JILA eEDM approach is powerful

There are two central experimental challenges for eEDM measurements. First, since the
eEDM is such a tiny effect, one must maximize the size of this phase shift coming from the eEDM.
Second, one must also suppress and/or reject technical systematic shifts that can mimic such a
signal. To tackle these two challenges, at JILA, our strategies include: the use of polar molec-
ular ions, use of the quantum 3A; manifold in the molecule, differential measurements enabled
by €-doublets, long interrogation times made possible by ion trapping, and the use of multiple
experimental switches to diagnose systematic effects.

In this section, I summarize the basic measurement principle and main features of the JILA

eEDM experiment.

2.2.1 Feature 1: molecules

To measure the EDM of the electron, you might naively want to use bare electrons. In

practice, however, eEDM experiments are almost always performed using electrons bound in atoms
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or molecules. This immediately gives us one practical advantage: the electron is naturally confined
as part of the atomic or molecular system. At the same time, it turns out the internal structure of
the atom or molecule can enhance the energy shift from the eEDM contribution [31 32].

At JILA, we use polar molecules rather than atoms. The most important advantage of using
polar molecules is that a polarized molecule provides a very large effective electric field experienced
by the unpaired electron [31), B2, 34]. This effective field is often many orders of magnitude larger
than any static electric field that can be applied in the lab; therefore it strongly amplifies the energy
shift produced by an eEDM.

A second more subtle advantage is that molecules can often be polarized with comparatively
modest laboratory electric fields. In an atom, polarization requires mixing opposite-parity electronic
states, which are typically separate by optical-scale energies. In a molecule, by contrast, the
relevant opposite-parity states are often separated by much smaller energies, because they arise
from rotational structure or even closely spaced parity doublets in some special molecules [32]. As
a result, a smaller laboratory electric field can already mix these states much more efficiently and
produce a polarized molecule.

However, there are disadvantages of using molecules. Mainly, the level structure of molecules
is far more complicated than that of atoms. In addition to electronic structure, molecules have
rotational and vibrational structure, producing a much richer level diagram than atoms. This
complexity must be first understood and exploited carefully before the molecule can be used for an

eEDM measurement.

2.2.2 Brief background on molecular structure

Before continuing the features of the JILA eEDM experiment, I want to take a quick moment
and introduce some basic information on molecular structure.
For a linear molecule, the electronic orbital angular momentum and electronic spin angular

momentum projected onto the internuclear axis are denoted by A and X, respectively. Their sum,

Q =A+3%,
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is the projection of the total electronic angular momentum projected onto the internuclear axis.
The total angular moment excluding nuclear spin is denoted by J. Then, with a nuclear spin I, the
total angular momentum is

F=J+1,

and its projection onto the laboratory fmmeﬂ is labeled by mpg. Then, the molecular term symbol
is given by [35]

25’-1—1]\6/*7 (24)

where A is written with a capital Greek letter as 3, II, A, ® - - - for the corresponding A =0,1,2,3,---.
The 25 + 1 term denotes the spin multiplicity, and +/— indicates the reflection symmetry along
an arbitrary plane [35].

For the case relevant here, the 3A; state within ThF* is well approximated by Hund’s case
(a) [33, 85, B36]. In Hund’s case (a), the electronic orbital angular momentum L is strongly coupled
to the internuclear axis, and spin-orbit coupling couples the spin to that axis as well, such that 2
is a good quantum number. This state has S = 1, A = 2, and = 1. For ThFT, the F atom has
I = 1/2, therefore the J = 1 manifold used for the eEDM measurement as two hyperfine manifolds,
F=1/2and F = 3/2.

For more information on general molecular structure, see Ref. [35]. For the structure specific

for HfF ™ and ThF™, see Refs. [37, 138].

2.2.3 Feature 2: ions

Unlike many other eEDM experiments, the JILA experiment uses ions. The main advantage
of ions is that they are relatively easy to trap. This trapping capability allows long interrogation
times, which is very valuable for precision measurements based on coherent phase accumulation.
In addition, it also allows us to actually vary the interrogation time , which is one of the central

strengths of the JILA approach. In contrast to beam experiments where the interaction time is

2 This is an important distinction, that mg is the projection onto the lab frame, whereas ¥, A, and Q are all
projections within the molecular frame.



18

often set by the beam-line geometry and beam velocity, trapped ions allow flexible control over the
Ramsey evolution time.

However, ions also introduce an important complication. In order to perform the eEDM
measurement, the molecules must first be polarized by an external electric field. Because the
molecules are charged, a static polarizing electric field would exert a large force on the ions and
eject them from the trap. The solution used at JILA is to apply a rotating electric bias field,

instead of a static oneP|

L <.

~~~~~~~~~~

Figure 2.2: Schematic illustration of the rotating electric bias field used to polarize trapped ThF™
ions. At several times during one rotation cycle, the molecular axis follows the instantaneous
direction of the applied &, adiabatically, while the ion undergoes circular motion in the radial
plane, with orbit radius r.¢. In this way, the molecular ion remains polarized without being
expelled from the trap.

This rotating field polarizes the molecule, so that the molecular quantization axis follows the
instantaneous field direction. As the field rotates slowly compared to the relevant molecular level
splittings so that the molecule’s polarization follows the field adiabatically [29] 30]. However, the
field rotates fast compared to the ions’ motion, so the ions don’t get driven out of the trap. The
rotating field drives the ion into a well-defined circular orbit in the radial plane, while allowing the
ions to remain trapped as shown in Fig. This feature will come in handy as a way to produce

an effective Zeeman shift in the rotating frame, as will be discussed later.

3 When my advisor Eric Cornell came up with the rotating electric field idea for precision measurement, apparently,
a lot of people in the field thought this idea was crazy and never going to work. But now, several groups have proposed
of using rotating electric field.
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2.2.4 Feature 3: 3A; manifold

The specific electronic manifold used in the eEDM experiment is the 3A; manifold. This
manifold has several properties that make it especially attractive for eEDM measurement. One of
them is that this state has unusually small magnetic sensitivity [32} [33].

In a 3A; state, the spin and orbital angular momentum contributions to the magnetic moment
largely cancel. This leads to a magnetic moment that is anomalously small [32]. This suppression
of the magnetic moment is a major advantage because it reduces sensitivity to magnetic field noise
and magnetic systematic effects, which are often the largest contribution to systematics budget in
most EDM experiments.

In earlier HfF ™ experiments at JILA, the A; manifold was a low-lying metastable state [38].
For the Gen. III, the molecule is changed to ThFT, in which the 3A; state is the true electronic
ground state [33], [36]. This is a major reason for the change of the molecular species, so that the

spontaneous decay no longer sets the coherence time in ThF™, in the same way as in HfF .

2.2.5 Feature 4: 2 doubling for differential measurement

Another very powerful feature of some molecules is the presence of very closely spaced op-
posite parity levels, often referred to as Q-doublet states [35, 39, [40]. These states are a pair of
opposite parity eigenstates, usually labeled e and f, formed from the nearly degenerate 2 = +1

components [35]

(2= +1) -2 =-1)

(1Q=+1))+[Q=-1)
7 , .

le) = 7

1f) =

In a linear molecule with nonzero electronic angular momentum along the internuclear axis,
the states with projections €2 and —{) are nearly degenerate. Weak rotational and electronic
couplings lift this degeneracy and produce the small 2-doublet splitting, wey.

Therefore, within the 3A; manifold, the hyperfine structures ' = 3/2 and F = 1/2 are
further divided into |e) and |f) states, as shown in Fig.

In zero electric field, these are states of good parity. In an applied external electric field,
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Figure 2.3: Qualitative level structure of A1, J = 1 with the Q-doublet. In zero electric field, the
eigenstates are opposite-parity states e and f, separated by w.s. Figure adopted and modified from

Ref. [33].
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however, the opposite-parity states mix and become states of good orientation: aligned or anti-
aligned with the external field, as shown in Fig.

This makes the Q2-doublet structure ideal for differential measurements. By comparing sig-
nals from the two opposite-oriented states, one effectively reverses the sign of the eEDM-sensitive
interaction without physically reversing any applied fields as shown in Fig. This built-in re-
versal is the basis of the internal comagnetometry used in many molecular eEDM experiments and
was first developed by Prof. Dave DeMille [40].

This feature is especially powerful in our experiment because the apparatus uses many pulsed
lasers for ion production and readout, and they introduce significant technical noise in the total
signal. If both doublets can be detected simultaneously, much of this common-mode noise cancels

while preserving sensitivity to the eEDM [8, [41].

2.2.6 Feature 5: REMPAD

How do we actually detect both doublets at the same time? We use resonantly enhanced
multiphoton asymmetric dissociation (REMPAD) protocol [41H43]. In this method, the first photon
drives a state-selective bound-to-bound transition, to an intermediate state. The second photon
excites the molecule above the dissociation threshold. For a particular combinations of the inter-
mediate state, final state, and the laser polarization, the molecule breaks apart in an anisotropic
pattern, such that the heavy fragment ion acquires recoil whose direction depends on the initial
quantum state [42, [43].

The detailed physics that determines the angular distribution of the photofragments is some-
what involved and will not be reviewed here; for broader discussions, see Refs. [38] [44-46]. Instead,
I summarize only the aspects most relevant for the experiments in this thesis. Because of the
Stark-doublet structure, ThF+ can be instantaneously aligned or anti-aligned with respect to the
rotating bias electric field. Semiclassically, the photofragments are then ejected preferentially along
the molecular axis. The resulting Th™ fragments are extracted onto an imaging microchannel-plate

(MCP) detector in a direction orthogonal to the recoil axis. As a result, ions ejected with opposite
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Figure 2.4: Schematic illustration of the electronic structure of the Ay, J = 1, F = 3/2 manifold
in a presence of an external electric field, here denoted as £.t. The external electric field mixes the
parity states, to produce states of good eigenstate. These states are split by the external electric
field and the molecular-frame dipole moment, giving rise to Stark upper and lower doublets. In
the upper doublet, the internuclear axis 7 is anti-aligned with the external electric field, and in the
lower doublet, it is aligned. Figure adopted and modified from Ref. [29].
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3gp,uBBH —2d C(:eff“ ------------ T ‘ ‘
-------- hf!

Figure 2.5: Schematic energy-level diagram showing the eEDM-sensitive spin precession frequencies
in the two oriented Stark doublets. The magnetic interaction contributes to (almost) the same
Zeeman shift, proportional to gpppBj|, in both cases. The eEDM contribution changes sign between
the two doublets because the effective internal electric field &£, is parallel to &.4¢ in one oriented
state and antiparallel in the other. As a result, the measured transition frequencies f* and f!
acquire opposite eEDM shifts, enabling differential measurement and internal comagnetometry.
Figure adopted and modified from Ref. [29].
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recoil land on opposite halves of the detector, as Fig. [2.6]shows. In this way, the two oriented states,
and therefore the two Stark doublets, can be distinguished from each other in a single measurement

138, A1, 43).

(d) Ton detector.

y y 3’ (¢) Ejection of photofragments.
[ N
L ': \\ . |
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/ . /
/ /
"f‘ ,/ (a) Plane of rotation. \
\ 4 oo PY
v x

(b) Dissociation laser enters along y direction.

z

Figure 2.6: Geometry of the two-state REMPAD readout used for simultaneous detection of the two
oriented states in ThF™. The rotating electric field defines the instantaneous molecular orientation,
and the REMPAD lasers dissociate the molecules into Th™ and F fragments. The Th™ fragments
are then extracted onto an imaging MCP. Depending on which Stark doublet the ThF' was in
at the moment of dissociation, the Th™ ions land on opposite sides of the detector. Figure from
Ref. [43].

Quantum mechanically, the fragment angular distribution depends on both the initial molec-
ular state and the polarization of the dissociation photons [44H46]. To maximize the directional
asymmetry between the two orientation states, it is generally advantageous to dissociate from a
state with quantum numbers satisfying J = || = |ms|. In our case, we begin in the 3A;(v =
0,J = 1,m ; = £1) manifold. This motivates driving an R(1) transition with a circularly polarized
first REMPAD photon to an intermediate state with J = |Q] = |mj| = 2, followed by a second
circularly polarized photon that excites the molecule above the threshold to a continuum state with
|2| = 3 character. In practice, this leads us to search for || = 2 intermediate states that combine
high dissociation efficiency with sufficiently large photofragment kinetic energyﬁ .

This readout method is particularly powerful because it combines state selectivity with spa-

4 The photofragment kinetic energy is determined by how much of the excess energy appears as translation kinetic
energy after accounting for internal excitation of the atomic fragments. In a heavy species such as Th, the large
number of low-lying excited atomic states often makes this determination challenging, since much of the excess
energy may instead go into atomic excitation.
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tially resolved detection of the dissociation recoil. In recent work on ThFT, a dissociation survey
identified significantly more efficient transitions than were previously available, improving the dis-
sociation efficiency from the few-percent level to the tens-of-percent level [43]. This transition also

gave us a good spatial separation between the two doublets, as shown in Fig. (c)

2.2.7 Feature 6: experimental switches

To diagnose and suppress systematic effects in our system, we use experimental switches.
These switches are deliberate reversals of some of the key experimental parameters that change the
sign of some contributions to the signal, while keep others unchanged.

For instance, the most obvious example is the reversal of the effective electric-field orientation
relative to the spin quantization axis. This reverses the sign of the eEDM-induced energy shift.
Other switches include reversal of the bias magnetic field, reversal of the rotation direction of the
rotating electric field, etc.. By organizing the measured signal into different parity channels under
these switches, as will be discussed in more detail in Chapter [0} we can identify which components
have the symmetry expected for a true eEDM signal and which are more likely to arise from

imperfect systematic effects.

2.3 Gen. III experiment Concept

So far, we have seen some features that make the JILA eEDM special. The JILA eEDM
experiment has progressed through several generations. Generations I and II used HfF ™ molecular

ions. Generation III is designed to improve the eEDM sensitivity through two major ways:
(1) change of molecular ion species from HfF+ to ThF™
(2) development of a higher-throughput, multiplexed experimental protocol.

In the following sections, I discuss these two upgrades in more detail.
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Figure 2.7: Comparison of candidate two-state REMPAD protocols for simultaneous readout of the
two oriented Stark states shown with two different colors. Each panel shows the detector image
and projected histograms for a different choice of intermediate and continuum quantum numbers.
Pathways that proceed through an intermediate state with J = Q2| = |m | = 2 produce significantly
larger spatial separation on the detector, compared to the pathway through m; = 0, The nominal
dissociation transition used in this thesis corresponds to the right panel.
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2.3.1 New molecule ThF+

The Gen. I11 experiment uses ThFT, rather than HfF . The main motivation for the change is
that the eEDM sensitive X3A; manifold in ThF¥ is the true electronic ground state. This removes
spontaneous decay as a fundamental limitation on the coherence time, in the way it appears in
HfF*. Therefore, the molecular species ThF™T is attractive for long-coherence measurements.

In addition, ThF* is expected to have a larger effective electric field than HfF ', leading to
greater intrinsic eEDM sensitivity enhancement. These advantages make ThF™ a great species for
the next-generation experiment.

Even though there are two different molecular ions, they share a lot of the molecular structures

with different spectroscopic values. The different values between the two species are shown in

Table 211

2.3.2 Multiplexed experiment protocol

We can break down the eEDM figure of merit of Eq. (1.6):

h

X )
2C Ecgr T/ Nyingle frep Ttot

where Ningle is the number of detected ions per single experimental shot, frep is the repetition rate

sd, (2.5)

of the experiment, and Ti. is the total integration time for which we take data. In a conventional
EDM experiment, the repetition rate of the experiment is often set by the coherence time, roughly
frep = 1/7. In this case, increasing the coherence time does not improve the sensitivity linearly,
but intead as o< 1/4/7.

This means going from the coherence time of ~2 s achieved in HfF* to ~20 s in ThF" would
only improve the statistical sensitivity by a factor of v/10 ~ 3, rather a factor of 10 one might have
hoped for from the longer coherence time alone. We want to be greedy and recover the full factor
of 10. One way to achieve this is by decoupling the coherence time from the repetition rate. In
Gen. 111, this is done by multiplexing our experiment.

Figure shows the basic multiplexing schematic for Gen. III. We first create an ion cloud
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and prepare it for the precision measurement. Once that cloud begins its coherent evolution, it is
translated along the length of the trap. Meanwhile, a new ion cloud is created and prepared in the
same upstream region. This process is repeated and in steady state, multiple ion clouds occupy
the trap at the same time each at a different state of its own Ramsey evolution. The repetition
rate is then set by how quickly we can create and prepare successive ion clouds. The coherence
time is set by the time it takes each cloud to travel from the state-preparation region to the state-
detection region. In this way, Gen. III can keep the long coherence time without slowing down the

experimental repetition rate.

Neutral ThF

Ionization Dissociation
State preparation State detection

X
Frep Main MCP

Figure 2.8: Schematic of the multiplexed Gen. III measurement protocol. A neutral ThF beam
enters and is ionized in the state preparation region. After state preparation, each ion cloud is
translated along the trap while undergoing coherent Ramsey evolution for a time 7. New ion
clouds are prepared at a repetition rate frp. In steady state, many clouds are stored in the
trap simultaneously, each going through its own Ramsey evolution. At the downstream end, the
molecules are dissociated and detected on the main MCP.

24 Gen. III prototype experiment

The full Gen. III eEDM experiment is designed to operate with trapped ThFT ions in a mul-
tiplexed apparatus. Going directly to the final architecture from the earlier-generation apparatuses,
however, requires a significant increase in experimental complexity. To systematically test major
technical issues, we developed a prototype Gen. III experiment, before building the full apparatus.

Development of the prototype began during the COVID-19 period, when access to the labo-

ratory was limited, and fabrication and assembly took place in roughly the 2021-2022 time frame.
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Because the prototype apparatus has already been discussed in detail in the these of Kia Boon Ng
and Noah Schlossberger, here I only summarize the aspects most relevant for the measurements
presented in this thesis.

The prototype was built to address two major requirements. The first was to demonstrate
continuous-mode operation: the apparatus must be able to support a large-scale ion trap geometry
in which ions can be translated along the trap axis while remaining confined and furthermore while
preserving the coherence needed for Ramsey spectroscopy. The second was to establish the field
control, state preparation, and state readout needed for performing precision Ramsey spectroscopy
of ThFT with long coherence time.

Figure shows a schematic of the prototype apparatus. In the following subsections, I

briefly describe the major subsystems relevant to the measurements discussed in this thesis.

2.4.1 Electrodes

In the prototype apparatus, the ion trap consists of rod and ring electrodes. The eight long
rod electrodes run along the length of the apparatus and generate electric fields in the radial zy
plane. These electrodes are used both to produce the rf quadrupole field for radial confinement
and to generate the rotating bias field used to polarize the molecular ions.

Axial fields are produced by ring electrodes, spaced uniformly along the trap axis by 2 cm.
These rings provide the static axial confinement as well as the time-dependent voltages used for
ion transportation along the length of the trap. The overall electrode configuration is shown in
Fig.[2.10] The electrodes were designed and fabricated in collaboration with Calvin Schwardron in
the JILA instrument shop.

All eight rod electrodes are driven independently. The ring electrodes are divided into three
groups: quadrant rings, special rings, and translation rings. The eight quadrant rings are segmented
into four isolated quadrants in the +x and £y directions around the central octagon region. These
rings allow us to apply controlled radial dc fields near the trap center and are used for stopping

fields, static shims, and impulsive kicks in the radial plane.
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MCP
Science (cold) region

Octagon Foam Cold jacket Cryocooler

Figure 2.9: Gen III prototype experiment schematic. Neutral ThF is produced in source chamber.
They go through supersonic expansion. Once they arrive at the octagon, they get ionized and
trapped. The necessary state preparation is performed at the octagon, where we have optical
access. Once they are ready to go through quantum evolution, they are transported to the Science
(cold) region. The two /2 pulses are applied here. When they are read to be detected, they
are transported back to the octagon, where state readout occurs. The ions are dissociated and
extracted towards the ion detector (MCP).
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Side view
(Spines not shown)

Sss

Z |
\ Translation rings

Special rings  Quadrant rings

= ~

Figure 2.10: Electrode geometry of the Gen. III prototype trap, showing the rod electrodes for radial
confinement and rotating bias field, together with the ring electrodes used for axial confinement
and transport. There are three types of rings: special (red), quadrant (yellow), and translation
(green) rings. Their roles are described in the main text. The quadrant rings are divided into four
quadrants in the xy-plane, and they are used to apply controlled radial electric fields near the trap
center.
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The ten special rings, five on each side of the quadrant-ring region, are all wired independently
and can therefore be driven separately. The special rings provide the kickout field needed to detect
the ions on the detector.

The translation rings, by contrast, are wired through the spines, which are square structural
rods running along the assembly. Every four rings are connected to a pair of spines located 180°
apart, so that the translation voltages can be applied through the spines, rather than by routing
individual wires through the entire trap. In practice, this means that the 41 physical translation
rings in the prototype are driven using only four distinct applied voltages distributed through two
spine pairs.

The quadrant rings and special rings are driven by power op-amps and can reach voltage as
high as + ~ 400 V. On the other hand, the translation rings are limited to about +10 V.

Prior to assembly, all electrodes were cleaned by ultrasonic bath, solvent washing, and baking
at approximately 300°C. To minimize contamination and unintended magnetization, assembly was

carried out in a small dedicated “clean” room using nonmagnetic tools and storage hardware. The

final electrode assembly was completed by myself, Anzhou Wang, and Calvin Schwardron.

L‘

Figure 2.11: Photograph of the completed electrode assembly for the Gen. III prototype apparatus.
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Figure 2.12: Photograph of the completed electrode assembly and me standing next to it for scale
(I'm about 5’5"!) .

2.4.2 Lasers

The prototype experiment uses ten lasers in total: five pulsed lasers for ablation, ionization,
and dissociation, and five cw lasers for state preparation and readout. Within the group, these
lasers are referred to by animal names. A summary of lasers used is given in Table [2.2]and Fig.

Because thermal Doppler broadening is the dominant linewidth contribution in the present
system, absolute laser-frequency stability requirements are modest compared with those in narrow-
line atomic experiments. Therefore, the cw lasers are locked to wavemeters using relatively simple
servo loops with update times of order ~ 1 s, giving typical stability at the level of about ~
+30 MHz. Currently, the pulsed lasers are not locked continuously, but they are monitored during

operation and manually corrected as needed to remain within roughly ~ £500 MHz.
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Figure 2.13: Schematic zoo of all the lasers used in the Gen. III experiment, corresponding to the
lasers listed in Table The animal icons denote the laser names used in the experiment. The
left panel shows the cw optical pumping, cleanup, and repump transitions, while the right panel
shows the pulsed REMPI and REMPD transitions used for ionization and detection. The diagram
is not drawn to scale.
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2.4.3 Molecular beam

A pulsed beam of neutral ThF molecules is produced in the source chamber by ablating a
piece of metal target containing Th with a 532 nm pulsed Nd:YAG laser into a pulsed supersonic
expansion of Ne seeded with SFg. The target is mounted on a combined rotation and translation
stage and is stepped periodically to expose a fresh surface to the ablation laser. The target surface
is also polished regularly to maintain stable production.

Chemical reactions in the ablation plume produce a “soup” of thorium fluorides, including
neutral ThF. After supersonic expansion, the molecules are rotationally and vibrationally cooled to
a temperature of order 10 K. Once the neutrals arrive in the main science chamber, ThF is ionized
by a two-photon ionization scheme using 313 nm and 532 nm pulsed lasers. The first photon excites
a state-selective transition from the neutral ground state 2Aj s2- The second photon pushes the
molecule above threshold through an autoionizing state only about 60 cm™! above the ionization
limit.

This ionization scheme predominantly produces ThFT in the X3A; electronic ground state
with v = 0. Because the total energy lies below the next vibrational manifold (about 650 cm™!
above) and below the first electronically excited state (about 300 cm ™! above), the ions are produced
primarily in the lowest rovibronic manifolds, with population concentrated in the first few rotational
states.

At the moment of ionization, stopping fields are pulsed on using the quadrant rings to de-
celerate the newly formed ions, and the trapping potentials are turned on immediately to capture

them. Typically, about ~ 5000 ThF* are trapped.

2.4.4 Ion Trap

Comprehensive discussions on Paul traps can be found in standard references [54H56], as well
as in earlier theses from this group [37, 57, [58]. Therefore, I do not review the general theory of

Paul traps here.
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The prototype uses a linear Paul trap geometry formed by the eight rod electrodes for radial
confinement together with ring electrodes that provide axial confinement and ion transport. Axial
confinement and transport are generated by modulating the voltages applied to the ring electrodes.

In particular, a traveling-wave pattern of the form
UecO .
V(zn,t) = T sin (kzp — 27 frravt), (2.6)

is applied to the ring at axial position z,, where k& = 27/ and A is the spatial period of the
traveling potential, i.e. the bucket size, and Ueco denotes the peak-to-peak voltage applied to the
rings.

This voltage pattern produces a moving sinusoidal axial potential. Near a local minimum,

the potential is approximately harmonic with the form

Uec() 2
Unsial & —5222. (2.7)
axia Zg

The term Zj is a geometry factor that relates the applied ring voltage to the axial curvature. It is
determined using COMSOL, and in the prototype apparatus, Zg ~ 33 cm.
Radial confinement is provided by the electric field,

Vito
2
Rg

E(r,t) = (xx — yy) cos (wyt), (2.8)

where wys = 271 x 50 kHzﬂ , Ry ~ 5.36 cm is the effective trap radius, and x and y are the
laboratory-frame radial coordinates.

Using the trap-parameter convention adopted in our group and summarized in the appendix
of Ref. [38], the nominal operating point of fi;f = 50 kHz, Viy = 25.6 V, and Uec o = 20 V corresponds
to Mathieu parameters of approximately ¢ = 0.141 and a = 0.002. In this regime, the micromotion
amplitude is small compared with the secular motion amplitude.

The rf confinement can therefore be described within the pseudopotential approximation.

For an oscillating field of the form

Ee(r,t) = E(r) cos (wyrt),

5 For some measurements, we operated at different values of wyt, but 50 kHz is the nominal value used for most
of this thesis.
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the fast micromotion of an ion with mass m and charge e is approximately

&
Tmicro (t> ~ _mw2 SO(rsec) COS (ert)v
rf

where rge. denotes the slowly varying secular motion. Then, averaging over one rf cycle, the kinetic

energy of this micromotion acts as an effective potential,

L .o

2

. e

Upseudo(rsec) = <2mrmicro> = Amw? |50(rsec)|2~ (2'9)
rf

For the quadrupole rf field of the form Eq. (2.8]), the pseudopotential becomes

27,2
e Vrf,o

2 2
—_— ) 2.10
4mwr2fRé (@ +v7) ( )

Upseudo (l’, y) =

Therefore, near the trap center, the oscillating rf field produces an approximate harmonic radial
confinement.

The secular frequencies are given

e

frf /
2 \/@7 fac,y - ? Qg,y + q2/2 (211)

using the conventions of @ and ¢ in Ref. [38]:

[

8e Uec,(]
a, =2 7 2
mwyy 4g
’ 8e Uego‘ 8e Vbcpo
Uy = — 2 2 2 p2
mws 4 mwy R (2.12)
‘ Se Umo‘ 8e Vpc,o
Qy = — —
Y 2 2 2 2
mwy 4 mwy R
&= < 4e Vrf,o)2
= 2 2
mwy; R

where again Ue g is the peak-to-peak axial voltage, V; o is the amplitude of the rf voltage. The term
Vbe o is a static radial quadrupole voltage applied to the rods, which allows the two radial secular
frequencies to be tuned relative to one another. For the nominal trap parameters of Vo = 25.6 V,
Ueco = 20 V, and Vpop = 0 V, the corresponding secular frequencies are approximately 2 kHz

along all three trap axes.
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2.4.5 Rotating electric field
To polarize the molecular ions, we apply a rotating bias field in the radial plane,
Erot(t) = Erot [€O8 (wrott)X £ sin (wyott) Y], (2.13)

where the sign specifies the rotation direction. For most of the measurements discussed in this
thesis, wyot = 2w x 147.5 kHzﬁ and the field magnitude is typically &4 = 60 V/cm.

As mentioned previously, the molecular polarization follows the instantaneous field direction
adiabatically. Therefore, the molecular quantization axis is set by é’rot(t). The rotating field also

drives the ion into a circular orbit in the radial plane, as shown in Fig. 2.2l This driven motion is

given by

e N

rrOt(t) = _Tgrot(t) = _rrotgrot(t)7 (214)
mwrot
so that the orbit radius is
&
Trot = ot (2.15)
mwrot

For wyor = 21 x 147.5 kHz and &, = 60 V/cm,
Trot =~ 2.69 mm.

The important point in Eq. here is that the ion orbit is phase-locked to the rotating
electric field; instantaneously, the molecular quantization axis follows érot(t), and the ion displace-
ment vector ryo¢ points in the opposite direction to émt(t). As a result, quantities that co-rotate
with the molecular axis can be expressed equivalently in terms of grot(t) or in terms of Iyot, up

to a sign convention. This will be the key to understanding how an axial magnetic field gradient

produces an effective rotating-frame Zeeman shift in the next section.

2.4.6 Magnetic fields

Because the molecules are polarized by the rotating electric field, it is not straightforward

to apply a magnetic field that also co-rotates with the molecular axis. One way to generate such

5 In the later development of the experiment, we increase the rotating-field frequency to about 300 kHz. Unless
otherwise noted, however, the measurements discussed in this thesis were performed at 147.5 kHz.
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an effective co-rotating (or counter-rotating) magnetic bias field is to apply an axial magnetic field
gradient, using a pair of coils in an anti-Helmholtz configuration. The field generated by these coils
has the quadrupole form

Baxgrad(r) X Baxgrad(2Zi —xX — ySI), (2'16)

with the overall sign depending on the current direction.
Evaluated on the orbit 1y (t), the radial component of Byxgraq co-rotates with the molecular
quantization axis. The effective Zeeman shift is set by the gradient field projected onto the co-

rotating axis,

chf)i X <Baxgrad(rrot(t)) . érot>- (2.17)
Since Tyt (t) = —& ot equivantly, this is given as
Bfg; o8 <Baxgrad(rrot(t)) . IA'rot(t)>~ (2.18)

Evaluating this for the quadrupole field given above, in the rotating frame, this field becomes
B?g; X Baxgradrrot‘ (219)

The details of the magnetic field will be discussed later in Chapter [7l In the remainder of
this thesis, I express this idea in terms of the projection of Baygrad onto rot, with the sign absorbed
into the chosen convention of Baxgrad-

Since the prototype apparatus has two main regions where measurements are performed, we
use on set of Baygrad coils near the octagon region and another set near the science region.

Currently, the prototype apparatus does not have any dedicated shim coils for independently
tuning the magnetic field along the x, y, and z direction at the ion position. For the Gen. III
apparatus, we plan to add shim coils in all three directions in addition to the Baygraq coils. We
also plan to deploy a constellation of magnetic field sensors to monitor the magnetic environment

around the vacuum chamber.
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2.4.7 Cryogenic system

To suppress the blackbody-radiation-induced excitation out of the quantum manifold in
ThF*, we cool some part of the apparatus to approximately 160 K. The role of blackbody ra-
diation excitation in limiting the population lifetime will be discussed further in Chapter

Because the required temperature is modest compared with typical cryogenic experiments,
the system is cooled using a single commercial cryocooler (Ametek CryoTel DS30) mounted on the
far side of the vacuum chamber. In this region, the vacuum is surrounded by an aluminum “cold
jacket” to improve thermal conduction along the vacuum tube, which is made of stainless steel.

To monitor the temperature along the trap, we originally planned to mount thermocouples
along the spines. However, shortly before assembly, we realized that these particular thermocouples
we intended to use were magnetic. To avoid introducing additional magnetic materials near the
ions, we instead mounted the thermocouples on the outside of the vacuum chamber, farther from
the trapping region.

More details on the thermal design and the experimental performance of the cryogenic system

can be found in Ref. [3§].

2.4.8 Control system

The experiment is controlled by ARTIQ, which serves as the central timing and sequencing
system for the apparatus. The ARTIQ FPGA coordinates the timing of all the hardware compo-
nents.

A digital delay generator (SRS DG645) provides the continuous 10 Hz trigger for the pulsed
Nd:YAG lasers with the appropriate relative delays. One of the outputs from the digital delay
generator goes to ARTIQ. When ARTIQ receives one of these triggers, it defines the start of the
experimental sequence. From that point onward, the ARTIQ TTL system distributes the required
timing signals to the rest of the hardware in the system.

All the dc voltages are generated by the ARTIQ DAC system. For the special and quadrant
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rings, fast voltage pulses must also be applied. To do this, each such ring is supplied by two DAC
outputs, and the fast pulse shapes are produced using high-speed switches triggered by the ARTIQ
TTL signals.

The oscillating fields are generated using homebuilt DDS boardsm designed by Felix Viet-
meyer of the JILA electronics shop. The desired waveform sequence is first loaded onto the boards,
and the DDS outputs begin when they receive an external trigger from ARTIQ.

More details on individual components of the control system can be found in Ref. [38, (59].

2.5 Gen. III prototype measurement

In this section, I describe how measurements are performed in the prototype apparatus. The
goal is to introduce the experimental sequence and the Ramsey-fringe measurement procedure used

throughout the rest of this thesis.

2.5.1 Experimental Sequence

This section describes the experimental sequence used for the Gen. III prototype measure-
ment. The sequence was designed primarily for performing Ramsey spectroscopy after ion transport
into the science region. In practice, however, the same script is also used for measurements without
transport. This choice makes the experimental control flexible and keeps the timing logic consis-
tent between different experimental configurations, which is an important feature in the prototype
experiment, where we change the experiment sequences often.

The experimental sequence is shown in Fig. The neutral molecular beam is produced as
described in Sec. For the present discussion, the experimental sequence begins at ionization.

The main steps are as follows.

(1) Ionization, stopping, and trap turn-on. The ionization lasers, the stopping pulse, and

the rf trapping voltages are all turned on at the beginning of the sequence. The ions are not

" These boards were originally developed for the Gen. II experiment, so some of their features are not used in the
prototype apparatus.
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produced and stopped at the geometric center of the trap. Instead, their initial position
depends on the ionization-laser position and the strength and timing of the stopping field.

As a result, the newly created ion cloud is displaced from the rf null.

Initial centering with quadrant-ring shims. During the rampShim block, dc voltages
on the quadrant rings are ramped in order to move the ion cloud toward the trap center.
In this block, if the rotating electric field &t is used, then the quadrant-ring voltages are
instead ramped to the values that center the ions, in the presence of £.,;. This correction is
necessary because the imperfections in the applied rotating field, along with patch charges
and other static imperfections, shift the effective trap center. The goal of this block is
therefore to place the ions near the rf nulll under the field conditions used for that particular

measurement.

Application of the rotating electric field and state preparation. Once the ions are
centered near the rf null, the rotating electric field is applied. The sequence then enters the
state-preparation block, during which the relevant lasers are applied to prepare the ions in

the desired internal state. The block usually lasts about 300 ms.

Preparation for transport. After state preparation, the sequence enters the Second-
Trap block. The original purpose of this block is to increase the rf confinement before

transporting the ions to the science region.

Transport into the science region. If the measurement uses ion transport, then the ions
are moved to the science region during the translate_in block. For measurements without
transport, this timing block still remains in the sequence, but the transport voltages are

disabled.

Trap settings for Ramsey spectroscopy. After transport, the sequence enters the
ThirdTrap block. In this block, both the radial and axial confinement are reduced in order

to lower the ion density during Ramsey spectroscopy.
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(7) Ramsey interrogation. The Ramsey measurement is performed using two /2 pulses
separated by a free-evolution time. The lower panel of Fig. shows the timing structure

of these two Ramsey pulses.

(8) Return transport and state detection. The second half of the sequence reverses the
earlier operations. If transport was used, the ions are transported back from the science
region back to the octagon. The state-preparation block is replaced by a state-detection

block, during which the final molecular-state populations are measured.

(9) Reduction of &, before ion extraction. The sequence then enters the SecondErot
block. During this block, the magnitude of &, is reduced before ion extraction. In the
prototype apparatus, this reduction was necessary because of limitations of the original rod-
driver systemﬂ Although the rotating electric field is turned off during ion extraction,
the original rod-driver system consisted of resonant circuits with slightly different quality
factors. As a result, different rods ramped down at slightly different rates, giving the ions
a large ponderomotive kick and preventing them from reaching the detector. Reducing the

magnitude of &4 before extraction mitigated this problem.

(10) Final recentering and ion extraction. Because changing the magnitude of &, can
also shift the effective trap center, a final rampShim_REMPD block is used to recenter the

ions before the dissociation laser and extraction.

Several small delays are included between blocks. These delays were added because the first
ARTIQ FPGA used in the prototype apparatus was an older version. Therefore, some events were
not executed reliably when successive commands were placed too close together in time.

The same experimental script is used both for measurements with transport and for mea-
surements without transport. Because the timing sequence is built by stacking blocks sequentially,
a timing block remains present even when the corresponding operation is disabled. For example, in

a measurement without transport, the translate_in block is still present in the timing sequence, but

8 As of December 2025, the rod-driver system has been upgraded, so this issue should no longer be present.
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the transport voltages are not applied. Although this is not the most streamlined implementation,
it was sufficient for the prototype apparatus and allowed the sequence to remain compatible with
the existing control infrastructure. More importantly, it provided a flexible framework in which
experimental blocks and control parameters could be added, removed, or disabled without creating

many separate versions of the experimental script.

2.5.2 Ramsey fringe

For each Stark doublet, we detect the populations in the |]) and [f) manifolds as a function
of the Ramsey time fRamsey. During state preparation, we can prepare the ions such that the
population is mapped into the |1), which I refer to as the in phase configuration, or into the ||)
maunifold, which I refer to as antz’ﬂ

Similarly, during state readout (or state detection), the phase of the mp depletion laser can
also be chosen to be either in or anti. If the preparation and readout phases are chosen as in-in,
then we effectively prepare ions in |1) before the first 7w/2 pulse and detect the population remaining
in the |1) after the second 7/2 pulse. We refer to this configuration as “In”. If the phases are chosen
as anti-in, then we effectively detect the complementary spin manifold after the second 7/2; we
refer to this configuration as “Anti”.

From these two measurement, we form the spin asymmetry for each Stark doublet as [15] [51],

60] [

Nu/l u/l
_ “'In — “VAnti
Aui = N /L (2.20)
In + Anti
where the superscript /[ refers to the specific doublet and the subscript refers to the preparation

and readout phase combination.

The resulting Ramsey fringes are shown in Fig. We fit each doublet Ramsey fringe

9 In practice, in corresponds to the case in which &£,o; is parallel to the k-vector of the mp pumping laser, while
anti corresponds to the antiparallel case, hence the names.

10 Tn a perfect world, we would do in-in and in-anti. However, the dissociation transition has different dissociation
efficiency for a fixed polarization such that dissociating from |1) and ||) has different transition strength. For this
reason, we use in-in and anti-in.
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to [15), 511, [60]
C’u/le_fyu/ltR Ccos (Qqu/ltR + ¢u/l) + Ou/l (221)

where C' is the initial contrast, f is the frequency, tr is the free evolution time, ¢ is the initial

phase, O is the offset, and v is some contrast decay rate for each doublet denoted by the subscript.
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Figure 2.15: Example Ramsey fringe measurement for the upper and lower Stark doublets, showing
the |1) and ||) states used in the Ramsey sequence. Left: Level structure of the A (v =0,J = 1)
manifold with external electric field &4 ~ 60 V/cm. Solid lines correspond to states with Q — +1,
and the dashed lines to 2 = —1. Right: measured spin asymmetry A, (top) and 4; (bottom) as a
function of Ramsey time f{Ramsey, With the fits shown in dashed lines. The fitted fringe frequencies
are used to extract the frequencies for the two doublets.

Throughout this thesis, when Ramsey fringe is measured, this is the procedure it follows.



Chapter 3

Overview of Prototype Coherence Limits

3.1 Prototype goals

The prototype experiment was developed with two primary goals. First, we aimed to in-
vestigate the requirements for near-continuous-mode operations. This involved characterizing the
electrode designs necessary for translating ions between regions and maintaining Ramsey coher-
ence during transport. Our efforts towards the continuous-mode operation are detailed later in
Chapter

Second, the prototype served as a testbed for precision measurements in the Gen. III archi-
tecture. A central proof-of-principle goal was the experimental demonstration of long coherence
times. The subsequent four chapters describe the investigations into the mechanisms currently

limiting our coherence.

3.2 Categorizing Coherence Limits

A central motivation for the transition from HfF™ to ThF ™ in the Gen. III experiment is that
the eEDM-sensitive states in ThF™ reside in the true electronic ground state. This is in contrast
to the Gen. I and Gen. IT HfF™ experiments; in HfF ", the eEDM-sensitive states were metastable,
which imposed a hard ceiling on the achievable coherence time due to spontaneous decay to about
2 seconds.

Because ThF T operates in the ground state, the interrogation time is not fundamentally lim-

ited by spontaneous emission, meaning we could theoretically interrogate the molecules indefinitely.
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In practice, however, this interrogation (coherence) time is still limited by environmental and tech-
nical mechanisms. To fully leverage this ground-state molecule for precision measurements, we
must be able to interrogate the ions for extended durations without losing either state population
or phase coherence of the Ramsey superposition.

It is therefore useful to separate the observed coherence limitations into two broad categories:
loss of count and loss of contrast. Loss of count refers to a reduction in the number of ions that
remain detectable in the addressed states at the end of the experimental sequence. Loss of contrast
refers to a reduction in the Ramsey fringe amplitude, i.e. contrast, among the ions that remain
detectable. These two observables are experimentally distinct, although they can be produced by

the same physical mechanisms.

3.2.1 Loss of count

The total loss of detectable signal, or “loss of count”, is determined by the rate at which
ions exit our target quantum states. We perform Ramsey spectroscopy in the 3Aj,v = 0,F =
3/2,mp = +3/2 states of ThF'. The total observed loss rate, count can be described with a sum
of different contributions:

11(:ount = 1_‘trap + 11J:1 + FmF +- (31)

where the terms here represent physically distinct ways in which ions can be removed from the
detected state manifold. This expression is meant to explicitly show the relation for the different
dominant contributions to the measured count decay.

Because these states exist within a nested physical architecture (the mp states are within

the J = 1 level, which is within the trapped-ion ensemble), we define these rates as follows:

(1) I'trap (Trap loss): The rate at which ions physically escape the trap. This is generally

independent of the internal quantum state.

(2) T'yj=1 (Rotational level loss): The rate at which ions transition out of the J = 1 rotational

level, normalized to the trap loss. In other words, this is the rate at which ions move to a
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different rotational state while remaining trapped.

(3) 'y (Zeeman sublevel loss): The rate at which ions are redistributed out of the mp = £3/2
states, normalized to the J = 1 loss. This accounts for mpr mixing within the J = 1 level

that does not necessarily result in a change of J.

By defining the rates this way, we can attribute specific experimental observations to distinct
physical causes. For example, improving the trap vacuum might reduce I't;ap, and this would result
in overall improvement in I'¢ount. Conversely, if we decrease the magnitude of the bias electric field,
we might see an increase in I',,. due to ion—ion collision, even if I' j—; and I'¢;ap, remain constant.

The specific mechanisms governing these rates are detailed in Chapters [4] and

3.2.2 Loss of contrast

The experimental coherence time is also limited by the loss of Ramsey fringe contrast. In this
case, the ions may remain in the detected state manifold, but the ensemble no longer supports high-
contrast Ramsey fringe. This decay can arise from either the ensemble dephasing or decoherence.

We write the corresponding contrast-loss rate as

1—\t:ontrast = Finhomogeneity + FBerry + 1—‘ionfion Ty (32)

where I'inhomogeneity 1S the rate of contrast loss from magnetic and electric field inhomogeneity,
I'Berry is the rate of contrast loss associated with Berry-like phase accumulation, and I'jon—jon due
to ion—ion collisions. As in Eq. , this expression is intended as a useful decomposition of the
observed contrast decay, and it is not intended to show that the mechanisms are mutually exclusive.

More generally, Ramsey contrast is reduced whenever different ions acquire different phases
during the free-precession time, or when the phase acquired by a given ion becomes sensitive
to uncontrolled experimental variables. Spatial field inhomogeneity is one example: if the applied
electric or magnetic fields are not perfectly homogeneous over the ion cloud, then ions with different

energies and trajectories sample different time-averaged effective fields. This results in a spread
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in Ramsey precession frequencies and therefore reduces the ensemble-averaged contrast. Temporal
field instabilities can also produce a similar effect.

Ton—ion collisions also provided another important contrast-loss mechanism in the prototype.
During such a collision, an ion trajectory can change, modifying the geometric phase accumulated
by that ion. Since the collisions occur stochastically, different ions acquire different phases over
time, which can reduce Ramsey contrast. At the same time, however, ion—ion collisions can be
beneficial in some operating regimes. If collisions randomize the ion trajectories sufficiently, they
can make the motion more ergodic and produce motional narrowing, helping the ensemble average
over some static spatial inhomogeneities. These contrast-loss mechanisms are discussed in more

detail in Chapter [7]

3.3 Mechanisms vs Effects: A Structural Note

In the following four chapters, I have organized the discussion by the observable effect (count
vs. contrast), rather than by mechanism (e.g., collisions, field homogeneity). I am structuring the
discussion this way to emphasize our current understanding of the prototype’s operational limits:
our loss of count is predominantly limited by one set of mechanisms, while our loss of contrast is
limited by another. However, the reader should keep in mind that a single physical mechanism can,
and often does, have multiple effects across the experiment. For instance, our current understanding
is that ion—meutral collisions are the primary limitation on the J = 1 manifold lifetime in the
prototype. Therefore, I will discuss ion—neutral collisions primarily in the context of J = 1 lifetime.
This does not mean that ion-neutral collisions have zero effect on the mp = £3/2 state decay rate,
the overall ion trap lifetime, or the loss of contrast. The categorization is meant to highlight the

dominant effect of each mechanism as we currently understand it in the prototype architecture.

3.4 Roadmap of the coherence studies

In the next four chapters, I describe the present coherence limits of the prototype experiment,

using the loss of count and loss of contrast framework introduced here. Each chapter focuses on
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one experimentally important observable effect.

Chapter [4] focuses on loss from the internal quantum manifold. For the J = 1 rotational level,
the measured lifetime is partly explained by blackbody-radiation excitation, but the data suggest
that this mechanism is not sufficient by itself. Ion—neutral collisions, especially with Hs, appear to
provide an additional contribution to the observed J = 1 loss, although the interpretation of the
baseline Hy pressure requires caution. I also discuss loss from the addressed mp = +3/2 states.
The observed dependence on ion number, trap confinement, and rotating electric-field magnitude
indicate that ion—ion collisions are an important limitation on the mpg-manifold lifetime. This
motivates lowering the ion density during Ramsey evolution.

Chapter [5| then discusses the consequence of reducing the ion density. In the prototype,
reducing the trap confinement also reduces the trap depth, and as a result ions become more
vulnerable to motional heating and can spill out of the trap before the desired interrogation time
is reached. Several mechanisms can contribute to this heating or trap loss, including the large
ponderomotive energy associated with the rotating electric field, rf-driven heating, and ion—neutral
collisions. Differential measurements show that some of these mechanisms can measurably affect
the trap lifetime. However, systematic uncertainties in the thermometry, especially its dependence
with ion number, prevent us from assigning the present heating rate to a single dominant mechanism
definitively.

Chapter [f] takes a complementary approach-rather than requiring a complete understanding
of the heating, we investigate different trapping configurations that can be more tolerant to the
increasing motional energy. These alternative trapping configurations increase the effective trap
depth while maintaining relatively loose confinement. In particular, the octupole and rotating-rf
trap configurations are investigated as ways to reduce ion loss at long trapping times.

Finally, Chapter [7] turns from count loss to contrast loss. Here, I discuss how temporal
fluctuations and spatial inhomogeneities of the rotating electric and magnetic fields produce a
distribution of accumulated Ramsey phases across the ion ensemble. The chapter also discusses

ion—ion collisions, in the context of driving motional narrowing and averaging over static field
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inhomogeneities.

Together, these chapters identify the main practical requirements for extending the Ram-
sey interrogation time in Gen. III prototype apparatus: suppressing rotational-state loss from
blackbody radiation and residual gas collisions, reducing ion density enough to limit m p-changing
ion—ion collisions, maintaining sufficient effective trap depth as the confinement is weakened, and

controlling field inhomogeneities well enough that the surviving ions retain Ramsey contrast.



Chapter 4

Towards Long Coherence Time: Loss of Signal from Quantum Manifold

A fundamental prerequisite for achieving extended coherence times is the ability to interrogate
the molecular ensemble without significant loss of detectable signal. As mentioned, in practice,
signal can be reduced in two distinct ways: ions may be physically lost from the trap, or population
may be transferred out of the quantum states used for the measurement. In this chapter, I discuss
the dominant mechanisms in the latter. The mechanisms discussed here reduce signal by reducing
the fraction of the ions that remains in the target measurement states.

Building on Eq. , I begin with mechanisms that transfer population between the target
mp = £3/2 Zeeman sublevels, I';,,, with an emphasis on ion-ion interactions. Then I discuss
mechanisms that drive population out of the J = 1 rotational manifold, I" j—;, such as blackbody-

radiation-driven redistribution.

4.1 myp manifold lifetime

We perform Ramsey spectroscopy between the two stretched Zeeman sublevels mp = +3/2
within the J = 1 manifold. For & = 60 V/cm, the dominant internal splitting within this
manifold is set by the Stark splitting with the rotating electric field. Consequently, any mechanism
that rapidly perturbs the local electric-field magnitude or direction can spoil the Ramsey evolution.
In this section, I discuss mechanisms that can shorten the lifetime of the mp manifold.

Before discussing specific mechanisms, it is useful to distinguish between two broad ways in

which they can affect the measurement. First, a mechanism can change the internal state popu-
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lations relevant to the Ramsey measurement. In particular, it can redistribute population among
the mp sublevels, including transfer out of the addressed mp = +3/2 Ramsey subspace. Such
state-changing processes reduce the fraction of ions that participate in the intended Ramsey evolu-
tion and can therefore reduce the raw signal amplitude (i.e. reducing signal-to-noise ratio). More
generally, they can also contribute directly to decay of the observed Ramsey contrast, because they
interrupt the intended internal-state evolution. Second, a mechanism can leave the mp popula-
tions unchanged while modifying the accumulated phase, producing dephasing without population

transfer. In this section, I focus on the first category, while the latter is discussed in Chapter [7}

4.1.1 Ton-ion collisions

Because the ions are charged, each ion produces a Coulomb field that perturbs the local
quantization axis seen by nearby ions. In the weak and slowly varying limit, this perturbation
mainly produces an additional geometric phase called Berry’s phase and therefore acts as a dephas-
ing mechanism. Here, I focus on the opposite limit of close, relatively violent encounters. When
the Coulomb field from one ion becomes comparable to &4t on a timescale that is not slow com-
pared with the relevant mg splittings, the local quantization axis can be tilted nonadiabatically. In
this strong-collision limit, a single close encounter can redistribute population among the Zeeman
sublevels. A schematic illustration of this strong-collision picture is shown in Fig. [£.1]

As a crude order-of-magnitude estimate, we consider the classical distance of closest ap-
proach 7. between two singly charged ions given the temperature of the ions 7. This distance is

obtained by equating the Coulomb energy to a characteristic collision energy
3
Byl ~ 2<§kBT) — 3kpT.

This gives

1 €2 30 K
~ ~ 0.19 _— 4.1
e dmeg 3kpT pm < T ) ’ (41)

where ¢ is the vacuum permittivity, e is the elementary charge, and kp is the Boltzmann constant.
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gI‘Ot

Figure 4.1: Schematic of ion—ion induced redistribution among the mg sublevels. In a sufficiently
close collision, the Coulomb field from a neighboring ion can become comparable to the rotating
bias field &, tilting the local quantization axis. In this nonadiabatic limit, a single collision can
transfer population of the initial mp state and therefore contribute directly to loss of signal.
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Up to such numerical constants, this is essentially the classical Coulomb distance of closest
approach, i.e. the Landau length. [61] [62]
At this separation, the electric field from one ion at the location of the other is given by

e 1 36mep
drreq 12 e3

Eion—ion(re) =

2
(kpT)? ~ 420 V/cm <30TK> : (4.2)

For the ion temperature T' ~ 30 K, this field is already larger than the operating value of o4 =
60 V/cm. In this simple estimate, the Coulomb field becomes comparable to the rotating bias field
even before the ions reach their classical distance of closest approach.

The collision timescale is also important. Taking a relative thermal speed between the two

ions, vy rel ~ \/12kpT/m, the inverse interaction timescale is roughly

3/2
-1 . Uth 8 —1 T
N — ~ 1 — . 4.
T, 6 x 10° s <30 K> (4.3)

Tc
For T' ~ 30 K, the interaction occurs on a rate of a few 100 MHz, which is not slow compared to
the energy splitting between different mp states. These simple estimates suggest that close ion—ion
collisions can indeed drive transitions among the mp states.
To estimate the rate of such collisions, we define a critical impact parameter b, as a distance
at which the Coulomb field during the encounter becomes comparable to the rotating field

e

Treoi ™ Erot- (4.4)
This gives the collision cross section with the scaling
O~ T2 o Egt (4.5)
Using the hard-sphere estimate of
Leon ~ nocvgn nﬁ (4.6)

grot ‘
where n is the ion density. Using the thermal distribution in a three-dimensional harmonic, this

crude estimate gives a close-collision rate of order

Do 81072 57 (00 (1) (j;;zf(m;({jm). (47)
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For the nominal settings

Ceop ~ 1072 =107 7!

per ion.

This scaling can be tested experimentally in two ways. First, after optical pumping, we adia-
batically change the magnitude of &,o¢ and measure the decay rate of the Ramsey contrast. Strictly
speaking, the measured quantity is a Ramsey decoherence rate, rather than a pure mp-manifold
lifetime. The Ramsey decoherence rate does include both population loss from the target manifold
and any other additional dephasingﬂ . However, under the conditions of these measurements, the
observed dependence on &,q is consistent with strong-collision-driven redistribution being a major
contribution to the decoherence rate. A more direct probe of the manifold lifetime would be the
decay of the SPAM contrast measured without the /2 pulses.

Figure @ shows the observed Ramsey decoherence rate as a function of &,ot. The observed
decrease in the decoherence rate with increasing &0t is qualitatively consistent with the 'y o
1/&vot scaling expected from model mentioned above. The dashed line marks the approximate
lower bound set by the blackbody-radiation-driven redistribution of population, which is discussed
in the next section.

A second test is obtained by adiabatically varying the trap confinement by changing sec-
ular frequency during the Ramsey evolution. For an adiabatic change of a harmonic trap, the
temperature scales as

T X wsec,

as expected for a classical ensemble in a harmonic potential [63]. At the same time, the cloud size

—-1/2 .
scales a Teloud ~ VT /Wsee X wsec/ , so the density scales as

3/2

n o Wyl

! Strictly speaking, loss from the target manifold results in loss of contrast only when the lost population is
detected, for instance, when the ions have moved to a different mp level and are detected at the end of the Ramsey
sequence

2 In this strong-collision limit, I am assuming that we are in the thermal regime and the size of the cloud changes
with the temperature.
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Figure 4.2: Measured Ramsey decoherence rate as a function of the rotating electric field magnitude
Erot- The dashed line indicates the approximate blackbody-radiaion floor discussed in the next
section. The decoherence rate decreases with increasing &.ot, consistent with the expectation that
stronger rotating fields suppress the fraction of ion—ion encounters that can strongly perturb the
quantization axis. The data are taken with f,or = 147.5 kHz, N ~ 4000, and fsec ~ 2 kHz in all
three directions.
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Combining these scales, we get
T — w2
7\F x =€

Leon o< .
51‘01; grot

(4.8)

The measured secular-frequency dependence is shown in Fig. after subtracting the es-
timated blackbody-radiation contribution. In all three datasets, the remaining decoherence rate
grows approximately quadratically with wgec, as expected. Fitting the blackbody-subtracted data
to I' = afZ,. gives the efficient listed in Table At fixed &t = 60 V/cm, the high-ion-number
dataset has a fitted coefficient larger than the low-ion -number dataset by a factor of about 3.7,
which roughly corresponds to the difference in the number of ions in the data. At fixed high ion
number, reducing & from 60 to 30 V/cm increases the fitted coefficient by a factor of about 2.

Both comparisons are consistent with the expected scaling of I'¢op o ngec /Erot -

Dataset in Fig. lﬁl Approx. Ton number & (V/cm) a
Orange ~ 3000 60 1.1(0.2) x 10~7
Blue ~ 1000 60 0.3(0.06) x 1077
Green ~ 3000 30 2.2(0.2) x 1077

Table 4.1: Quadratic fit parameters for the blackbody-radiation-subtracted secular-frequency data,

using the fit form I' = af2_.. The ion number listed here is an approximate detected ion number,

intended mainly to distinguish the high- and low-density conditions.

These fits should be interpreted differentially rather than absolutes, since the detected number
is only a proxy for the number of trapped ions and the simple hard-sphere model neglects the full
details of Coulomb scattering.

Nonetheless, the combined &, ion-number, and secular-frequency trends strongly suggest
that ion—ion collisions are a significant contribution to the observed mpg-manifold decay. This is
why it is necessary to ramp down the trap confinement during Ramsey evolution: reducing the

density suppresses the collision rate and therefore allows for long interrogation time.

4.1.2 Ton-neutral collisions

As a separate test, we investigated whether collisions with neutral background gas could

limit the lifetime of the mp manifold. To test this, we intentionally flowed in additional Ns into
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Figure 4.3: Top: Ramsey decoherence rate as a function of secular frequency for three operating
conditions. High number at &, = 60 V/cm, low ion number at &4 = 60 V/cm, and high ion
number at &t = 30 V/cm. Bottom: the ion number. The blackbody-radiation contribution has
been subtracted from all poitns. Solid curves are quadratic fits, illustrating the approximate I'co =
aw? . scaling expected for ion—ion collisions under adiabatic compression. The fitted coefficients a
are reported in Table
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the vacuum chamber and monitored the SPAM contrast.
Within our sensitivity, we found no clear evidence that collisions with the neutral background

gas are an important limitation of the mg lifetime under normal operating conditions.

4.2 J =1 state lifetime

The relevant mp states used for Ramsey spectroscopy reside inside the X3Aq(v = 0,.J =
1) manifold. Even if the coherence within the selected mp subspace is preserved, any process
that removes population from the J = 1 manifold shortens the useful interrogation time. In the
prototype apparatus, we have identified two most relevant mechanisms for the J = 1 population
lifetime. The first is blackbody-radiation (BBR) excitation of the X3A;(v = 0). The second is
inelastic collision with residual neutral gas. In this section, I discuss these mechanisms and their

observed effect on the rotational state lifetime.

4.2.1 Blackbody radiation excitation

A natural contribution to the J = 1 lifetime is BBR-driven excitation out of the X3A; (v = 0)
manifold. In ThFT, the dominant room-temperature BBR contribution is the excitation to the
first excited vibrational manifold X3A;(v = 1), with a weaker additional contribution from the
excitation to a'X1 [33]. Purely rotational BBR transitions within the X3A;(v = 0) are much
slower on the timescales relevant here, and therefore will not be discussed.

For an incoherent thermal radiation field, the rate from the lower state [ to the upper state

u can be written in terms of the Einstein A coefficient as [64], 65]
9 _
IS = gfjAueln(wulaT% (4.9)

where

1

n(w,T) = ohw/(kpT) _ |

(4.10)

is the thermal photon occupation number, and g; and g, are the degeneracies of the two levels. For
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an electric-dipole allowed transition, the spontaneous emission rate A is [66]

3
Wal

Au%l =

With this equation, we can directly connect the BBR excitation rate to the measured radiative
lifetimes.

For ThF™, the required spectroscopic constants were measured and analyzed in Ref. [33].
This work also predicts that the effective population lifetime of X3A;(v = 0) is limited to only a
few seconds at room temperature, but increases rapidly as the environment is cooled. Table is
from Ref. [33] and has calculations of blackbody radiation excitation lifetime out of the 2A;,v =0

manifold at different temperatures.

Radiative environment temperature (K) 77 120 150 180 200 300

To X3A1(v=1) (s) 32000 400 84 29 17 3.5
To a'X7 (s) 2200 270 130 80 64 33
Combined (s) 2100 160 51 21 13 3.2

Table 4.2: Predicted blackbody-radiation excitation lifetime out of the X3A;(v = 0) manifold of
ThF*, reproduced from Ref. [33].

We anticipated this BBR contribution before the construction of the prototype apparatus.
We designed the cryogenic system for the prototype to reduce the effective radiative temperature
seen by the ions. More details on the prototype’s cryogenics systenﬂ are in Ref. [38].

The prototype apparatus was not designed for multiplexed operation, and as a result the
temperature was intentionally designed to be not uniform along the trap. The octagon region,
where optical access is required, is exposed to room-temperature surroundings (~ 300 K). The
other end of the trap is connected to the commercial cryocooler and is at ~ 150 K. As a result,
there is a substantial temperature gradient along the apparatus.

To test the BBR contribution directly, we measured the J = 1 lifetime at several locations

along the prototype. Figure (a) shows the relevant prototype geometry, and Figure (b) shows

3 The prototype cryogenic system is essentially spray foam that people have in their attics. I have very fond
memories of going to Home Depot in Boulder to purchase many boxes of spray foam and making the mold in my
advisor’s garage as a young graduate student.
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the measured temperature profile on the outer vacuum chamber. From this profile, we estimate an
effective temperature at each trapping location by integrating over the solid angle. This effective
temperature is then used to calculate the expected BBR-limited lifetime of J = 1 level.

Experimentally, we first optically pump the ions into the J = 1 manifold. Then we measure
the remaining population with state-selective dissociation on the R(1) line after waiting for different
amounts of trapping time. The comparison between the calculated and measured lifetimes is shown
in Fig.

The measured lifetimes follow the spatial trend expected from the BBR model, but they are
systematically shorter than the calculated values. This suggests that the model is capturing the
correct temperature dependence of the BBR contributions but with an additional process that is

position-independent (i.e. temperature independent) limiting the J = 1 lifetime.

4.2.2 Ton-neutral collisions

The remaining limitation is consistent with inelastic collisions between the trapped ions and
residual neutral gas. In the classical capture picture of Gioumousis and Stevenson, the ion interacts
with a neutral species of isotropic polarizability « [67]. In this model, the interaction is the ion-

induced-dipole potentiaﬁ

Cay ae?
A 4

V(r) = (4.12)

- 8meg’
where « is written as a polarizability volume in SI units. We calculate the critical impact parameter

b. and the Langevin cross section oy, for a collision energy F.o [67]

20, \ /4 2
bc:<c4> , aszbg:ﬂ 04.

Ecoll Ecoll
This gives the familiar Langevin rate constant ky:

kp =opv=ce B, (4.13)
E0M

where E o = %;wQ was used and pu is the ion—neutral reduced mass. Notably, the Langevin rate

constant kr is independent of the collision energy. The corresponding per-ion collision rate at

4 Here, I'm assuming a singly charged positive ion.
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Figure 4.4: (a) CAD drawing of the prototype apparatus showing the relevant geometry for the
radiative environment seen by the ions. (b) Measured temperature profile along the outside of
the vacuum chamber, and the points are extrapolated linearly in between the plots, according to

our thermal model. The temperature gradient along the apparatus produces a position-dependent
effective radiative temperature.
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Figure 4.5: Measured J = 1 lifetime at several positions along the prototype apparatus compared
with the lifetime expected from the calculated BBR environment. The measured lifetimes follow
the predicted trend but are systematically shorter, indicating an additional loss mechanism.
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neutral number density ng,s is

P
'y = kLngas = kLma (414)

where I have used the ideal-gas relation for the last equality. This Langevin model by itself does
not predict the rotationally inelastic collision rate, but it sets the rate of close encounters.

More intuitively, during a sufficiently close encounter between the ion and the neutral gas, the
neutral gas applies a transient torque to the ion. A simple schematic illustration of the rotational
level changing ion-neutral collision is shown in Fig. [4.6] As the neutral gas passes by, its induced
dipole p provides a time-dependent electric field E.on(t) at the ion:

1 2p e

Ecoll ~ %@7 p ~ 4megaion, Eion = m, (4-15)

where &y, is the electric field that induced the dipole moment p. This field couples to the molecular-

frame dipole moment through the Stark interaction

Hint (t) = _dmf ' gcoll(t)v

which can couple neighboring rotational levels.

Here, to assess the strength of such a collision, we look at two dimensionless quantities

dmfEcoll
B~ hw;o ) WJTpaSS7 (416)

where wy is the relevant rotational splitting and Tpass is the duration of the close encounter. The
first quantity compares this transient Stark interaction to the rotational splitting. When g > 1,
the interaction strength is large enough to mix neighboring rotational levels. The second quantity
compares the collision duration to the rotational timescale and determines whether the collision is
sudden or adiabatic.

Classically, the transient field exerts a torque 7 ~ dpnEcon and delivers an angular-momentum
impulse AL ~ dnfEconTpass- In the sudden-collision limit of w;Tpass < 1, the collision acts like
a broadband electric field pulse. Then the relevant order-of-magnitude parameter becomes the
accumulated phase

1

dm gCO T ass
Peoll ~ 7 /dmfgcoll(t)dt ~ fihnp. (4.17)
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When this phase is small ¢ < 1, the rotational-state mixing and thus transfer probability is
small. When ¢.o;1 ~ 1, the collision can efficiently mix rotational states.
For an order-of-magnitude estimate, I take the collision speed to be set by the rotating-field

motion of the ions, rather than by the thermal speed of the neutral gas. For No, we have
be ~ 2.3A, Eeoll ~ 7% 107 V/em,

using the a of Ny in Table 4.3|and v ~ 2500 m/sﬂ . Using dpm¢ = 3.37 D and w; =~ 27 - 30 GHz [33],

dmf gcoll

hwj > 1, Tpasst < 1.

Therefore, in this crude estimate, the collision field is easily strong enough to mix rotational levels
and the corresponding pulse is sudden from the ion’s point of view. Then the accumulated phase
during the collision

AmtEconT;
(Zscoll ~ i C;_LH P~ 707 (418)

again indicating that this close encounter can easily drive rotational redistribution. Repeating the
same calculation for He also gives similar order-of-magnitude estimates.

These estimates suggest that such close encounters with variety of different gases are strong
enough to drive rotational redistribution. Given this, now we need to distinguish between these
gases by looking at the frequency of such encounters, i.e. the collision rate between the ions and
the gas.

I use the phrase “Langevin-like” collisions to refer to an effective state-changing collision
rate expressed relative to the classical Langevin rateﬁ Even though the Langevin rate does not
describe the exact rotationally inelastic collision rate, it is still a useful parameter as the Langevin
rate sets the close-encounter collision rate.

Table lists Langevin rate constants for several relevant gases. Figure shows the

corresponding collision rates I';, as a function of our operating pressure. Around 102 Torr, the

® This is the rotating-field velocity of the ions at 60 V/cm with 147.5 kHz.
5 The Langevin collision rate usually describes a more violent process, like chemical reactions. However, only a
little perturbation is enough to change the rotational level.
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Figure 4.6: Schematic picture of a rotationally inelastic ion—neutral collision. The neutral gas
passing by the ion is polarized by the ion. The induced dipole generates a transient electric field
at the ion. This field can mix neighboring rotational levels.
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classical Langevin collision rates are already on the order of 1072-10~! s~!, comparable to the

additional decay channel inferred from the lifetime measurements.

Gas « (Ag) kr (107%cm3/s) I'p(P =107 Torr) (s7')

H,  0.787 [68] 1.47 0.047
Ny  1.710 [68] 0.61 0.020
SFg  4.490 [68] 0.52 0.017
Ne  0.381 [68] 0.33 0.011
Kr  2.484 [69, [70] 0.466 0.015

Table 4.3: Langevin rate constants k7, for ThE™ colliding with selected neutral gases at 300 K, using
the polarizabilities from Ref. [68]. The collision rate at 10~ Torr is computed from I'y, = k; P/kgT.

To experimentally test the collisional hypothesis, we added a residual-gas analyzer (RGA) and
a leak valve to the main chamber. We also calibrated the ion-gauge and RGA pressure readings; this
procedure is described in Appendix [A] We then measured the J = 1 decay rate while introducing
known amounts of selected gases.

Figure [4.8shows two datasets (a) and (b). In Fig.[4.§(a), we measure the bare J = 1 lifetime:
the ions are optically pumped into J = 1, held for different amounts of trapping time, and then
dissociated on the R(1) line. In Fig. 4.8(b), the optical pumping lasers stay on during the entire
trapping time. The optical pumping lasers include rotational repumps that return population from
J = 2and J = 3 back to J = 1 as well as vibrational repumps that return population from
v =1,J = 1,2 back to the main manifold. Therefore, the second dataset suppresses the BBR
contribution and collisional loss through channels that are repumped. In other words, the it is
sensitive to collisional channels that remove population outside the repumped manifold.

In both panels, the first points correspond to the baseline vacuum, i.e. the partial pressure
present in the vacuum without deliberately adding gas. The decay rate increases with added
neutral-gas pressure, confirming that ion—mneutral collisions can change the rotational level and
limit the J = 1 lifetime. However, the decay rate responds differently with the added hydrogen and
nitrogen. When additional Hy is added, the decay rate rises immediately. By contrast, when Ny

is added, the rate remains nearly unchanged at first and only increases after the gas pressure has
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Figure 4.7: Estimated Langevin close-encounter rate I'y, for ThFT with Hy, Ny, Ne, Kr, and SFg
as a function of partial pressure, assuming 7' = 300 K. This Langevin rate does not determine the
rotationally inelastic collision rate, but it sets the rate of close ion—neutral encounters that can

drive rotational-state-changing collisions.
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Figure 4.8: Pressure-dependence J = 1 decay rate with added Ny and Ha. (a) Bare J =1 lifetime
measurement. (b) Measure with the optical pumping and repump lasers left on during the hold time,
which suppresses the BBR contribution and collisional loss through channels that are repumped.
The first points in both plots correspond to the baseline pressures of each gas.
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been at least doubled compared to the baseline pressure. This suggests that hydrogen is a plausible
dominant contributor to the baseline collisional loss in the present apparatus.

The dashed curves in Fig. compare the data to empirical functional form
chcay(P) = I‘0 + UFL(P)a

where ' is an offset and 7 is a “Langevin-like” prefactor. In the bare-lifetime data of Fig.|4.8(a), the
offset I'y is fixed to the BBR contribution. The optical-pumping-on data in Fig. 4.8(b), the residual
offset is much smaller, consistent with the suppression of the BBR contribution and of collisional
channels that are efficiently repumped. The similarity between this residual offset and the additional
offset inferred from the BBR measurements in Fig. strongly suggests the interpretation that
the measured J =1 lifetime is limited by the collisional process.

Taken together, these measurements show that the observed J = 1 lifetime is not set by BBR
contribution alone. Rather, ion—neutral collisions make a significant contribution, with Hs being
the most plausible dominant background gas in the current apparatus.

There is a major caveat in this interpretation; the determination of the baseline Ho pressure,
i.e. the first Hy point in Fig. is not completely unambiguous and not 100% conclusive. As
discussed in Appendix[A] no geometric correction was applied to this baseline measurement; instead,
it was obtained from the raw RGA mass-2 reading using only the Ho response-factor correction.
This would equal the true background Hs pressure in the apparatus, only if the RGA itself were
not contributing additional hydrogen.

However, an active RGA ionizer can outgas or desorb hydrogen. Therefore, part of the
measured mass-2 background may originate in the probe, rather than in the chamber alone. If
this is the case, then the true baseline Hy pressure in the vacuum system is smaller than the value
plotted, and the first Hy point in Fig. 1.8 would move to the left, towards lower pressure. Then, the
apparent immediate rise of the decay rate with added He would be less straightforward to interpret,
and it would weaken the conclusion that the baseline J = 1 decay is hydrogen-limited.

For this reason, one should be careful when interpreting Fig. this is still not a definitive
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proof that the baseline J = 1 lifetime in the prototype apparatus is set by hydrogen alone. However,
what is definite is that Ho affects the decay rate even at very small partial pressures.

This caveat does not change the design implication for the Gen. III apparatus. Even if the
prototype J = 1 lifetime is not conclusively shown here to be hydrogen-limited at baseline, both the
measurements and the numerical estimates indicate that Ho can produce a significant effect at very
small partial pressure. Since the Gen. III apparatus will have larger surface area with additional
electrodes and larger vacuum volume, controlling hydrogen outgassing still remains essential. This
is one reason for moving away from stainless steel and towards titanium and aluminum. These
materials are also advantageous from the standpoint of magnetic cleanliness, which is another

important factor for precession spectroscopy.

4.2.3 Ton-ion collisions

As we have seen above, the hard-sphere ion—ion collisions can apply a Coulomb field. While
this is comparable to the rotating electric bias field, it is not enough to mix the two rotational
levels.

Experimentally too, we did not see any correlation between the J = 1 lifetime and ion
number density and secular frequencies. Therefore, we conclude that at least at this point, the

J =1 lifetime is not limited by ion—ion collisions.

4.3 Conclusion

In this chapter, I identified the dominant mechanisms that remove signal from the quantum
manifold and therefore limit the interrogation time in the prototype apparatus. For the mp = +3/2
Zeeman manifold, the combined dependence on the rotating-field magnitude, ion number, and sec-
ular frequency strongly supports the interpretation that ion—ion collisions are a major source of
observed Ramsey decoherence. By contrast, within our sensitivity, collisions with neutral back-
ground gas do not appear to be an important contribution to the mpg-manifold lifetime under

nominal operation conditions. The practical consequence is that to achieve long Ramsey interro-
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gation time, the ion density has to be reduced during the free precession, for example by ramping
down the trap confinement.

For the J = 1 population lifetime, the measurements indicate that BBR excitation is an
important but not sufficient explanation of the observed loss. The measured lifetimes follow the
expected trend from different effective temperature environment along the length of the prototype
apparatus, but are systematically shorter than the BBR-only prediction, suggesting an additional
temperature-independent loss channel. The measurements with various injected neutral gas show
that ion—neutral collisions provide an explanation for this extra contribution. In particular, Hy
produces a clear increase in the J = 1 decay rate, even at very small inferred partial pressures,
making it a highly plausible limiting background gas in the present apparatus.

At the same time, the interpretation of the baseline Hs point requires caution. As discussed
in Appendix [A] the first Hy point is obtained from the baseline measurement of RGA at mass-2.
Therefore, this point may overestimate the true baseline pressure of Ha, if the active RGA source
itself is contributing hydrogen to that measurement. While we cannot make a definitive conclusion
that the prototype is definitely hydrogen-limited at baseline, the measurements still show that very
small Hy partial pressures already have a significant measurable effect on the J = 1 lifetime. This
conclusion motivated us to move towards using titanium and aluminum for the Gen. III apparatus,

for reduced hydrogen outgassing and nonmagnetic properties.



Chapter 5

Towards Long Coherence Time: Loss of Signal from Trap

In the previous chapter, we have seen mechanisms that lead to the loss of signal by reducing
the fraction of the ions that remain in the target measurement states. Another very important
mechanism through which we can have loss of signal is by physically losing ions from the trap.

In this chapter, I discuss trap lifetime of the ions in the prototype apparatus and several
mechanisms that affect the lifetime. These include ion—neutral collisions, heating in the rf ion trap,

and the additional motional energy associated with the rotating electric field &qt.

5.1 Trap lifetime of ions

One of the main advantages of a molecular ion platform is that ions can, once produced and
loaded, be confined for long times in ion traps. However, even in an ion-trap based experiment,
long trapping times are not automatically guaranteed under the conditions required for precision
measurement. In the JILA EDM experiment, trap lifetime is determined not only by the presence of
trapping fields, but also by the detailed shape of the effective trapping potential and by mechanisms
that increase the ions’ motional energy.

The present trap for the Gen. III prototype experiment was designed primarily to generate
a highly uniform rotating electric field, rather than to realize an ideal harmonic ion trap. There-
fore, the current trap design consists of the eight-electrode geometry shown in Chapter 2l When
quadrupole rf voltages are applied in this geometry, the resulting rf pseudopotential contains sig-

nificant anharmonic terms. In particular, along some azimuthal directions, the pseudopotential
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includes negative quartic contributions, which lower the effective saddle points through which ions
can escape.

For the rest of the thesis, we distinguish between the tightness of ion confinement proportional
to the secular frequency at the trap center and the effective depth of the trap set by the total energy
required to escape the trap via the lowest saddle point.

This feature becomes especially important during Ramsey interrogation. To reduce ion den-
sity and therefore suppress ion—ion interactions, the trap confinement is typically loosened by
lowering the secular frequencies. In an ideal harmonic trap, this would simply broaden the cloud
while leaving the trap depth essentially unchanged. In our prototype trap, however, looser con-
finement also substantially lowers the effective trap depth because of the anharmonic terms in the
pseudopotential, as shown in Figure [5.1

As a result, ions become more vulnerable to any mechanism that increases their motional
energy. Accordingly, trap loss in the prototype is best understood not as a sum of completely
independent decay channels, but as the consequence of several effects that either increase the ions’
motional energy or reduce the effective trap depth. Mechanisms such as rf heating, electrode-noise,
and ion—neutral collision increase the secular energy of the ions. Furthermore, nonuniformities in
the rotating electric field can add position-dependent excess micromotion energy and distort the
effective potential. The trap loss occurs one these energy scales become comparable to the escape

barrier of the trap.

5.2 Estimating ion temperature

To study the origin of trap loss, we require some estimate of the ions’ motional energy.
Broadly speaking, there are two ways of probing the temperature of the ion cloud. The first
is to measure the width of the ion cloud on the detector and use a transfer function to relate
the observed detector distribution back to the distribution in the trap. In this approach, the
temperature is inferred from the measured cloud widths. The second method is to use Doppler

spectroscopy, in which the observed transition linewidth provides a more direct estimate of the
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Figure 5.1: Schematic illustration of the relation between confinement and effective trap depth.
Top: in an ideal harmonic trap, reducing the confinement broadens the ion cloud while the potential
remains a simple single well. Bottom: in a realistic anharmonic trap, negative quartic contributions
lower the escape saddles, so weakening the confinement can reduce the effective trap depth much
more dramatically. This makes ions more susceptible to loss once heating or other motional-energy
sources become comparable to the available trap depth.
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ion-cloud temperature. In this section, I discuss these two complementary methods for estimating

ion cloud temperatures.

5.2.1 Transfer-function thermometry

To compare the motional energy of the ion ensemble under different trapping conditions, we
infer an effective ion temperature from the measured cloud widths on the detector. This diagnostic
should be understood primarily as a relative thermometer. As discussed below, uncertainties in the
detector ion optics prevent us from assigning reliable absolute temperatures or absolute heating
rates. Nonetheless, this method is useful for tracking relative changes in the ensemble energy scale
as different experimental parameters are varied.

The transfer function relates the phase-space coordinates of an ion at the trap to those at

the detector. For each Cartesian direction, we can write

? mit; ™M1 { ,
= , ie{zr,y} (5.1)

[ mo1s 1M22; Vi
det trap

For the radial directions z and y, we measure the position of the ion cloud at the detector. For the

axial direction, which is along the time-of-flight direction, we measure

tiof mil, Mi2; z

- , (5.2)

(% mai,z M222 Uz
det trap

the time-of-flight at the MCP. In practice, only the position for z,y, and time for z at the detector
are measured directly, so the analysis depends primarily on the coefficients m1; and ms.

To determine these coefficients, we apply a short impulse at ¢ = 0, chosen so that

eEimpulseAt
)

Tirap(t =0) =0, Vgrap(t = 0) = vp = -

where e is the elementary charge, Einpuise is the applied impulse field, At is the duration, and the

m is the ion mass. For harmonic secular motion at frequency wgec,

Tirap(t) = sin(wsect), Vgrap () = v cos(wsect)-

Wsec
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The detected position is therefore

Tdet <t) = mllxtrap(t) + leUtrap(t)

(5.3)
mi1 .
= g sin(wsect) + M2 cos(Wsect)
Wsec
We fit the signal to
Zget(t) = Asin (wsect + @),
which gives
A
mi1 = WS;C cos (),
0 (5.4)
mig = P sin (¢).

In practice, we vary vy by varying the impulse field and extract the slope of A versus vg, from which
mq1 and miso are obtained. Figure m shows an example of the transfer function measured in this
way.

Under the additional assumption that the in-trap distribution is approximately thermal in a

harmonic well, with negligible x—v, covariance, the detector width and trap width are related by

2 _ 2 2 2 2
Og,det — M110 trap + M190y, traps
(5.5)

Oz,det

Ox trap —
\/m%l + (m12wseC)2’

where 0y, trap = WsecOz,trap Was used in the second line. An analogous relation holds for the other

axes. In a harmonic potential, the corresponding effective temperature may then be written as

kpTy = mw?o? (5.6)

x ¥ x,trap’

with similar expressions for T}, and 7.

We refer to this implementation as the “slosh-kick” method. In the prototype apparatus,
however, this method suffers from an important limitation: the ion cloud cannot be measured
immediately after the impulse. The earliest time we can kick the ions towards the detector to be
measured is roughly 2 ms after the impulse, corresponding under nominal conditions to several

secular oscillations. As a result, the fitted phase ¢ is not well constrained, which introduces a
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significant uncertainty. This limitation was one of the first indications that the transfer function
could not be trusted at the level required for precise absolute thermometry.

To cross-check the slosh-kick measurement, we also implemented a complementary “shim-
and-kick” method. In this approach, rather than inferring position and velocity sensitivity from the
phase of the secular motion, we deliberately offset the ion position or impart a controlled additional
velocity immediately before the kickout. Position and velocity dependencies are therefore measured
separately. Although this method is operationally more involved, it has the advantage of comparing
directly to the ion phase-space coordinates at the moment of kickout and is less sensitive to the
uncertainty in the initial secular phase. Figure shows the transfer functions measured using the
shim-and-kick method.

The slosh-kick and shim-and-kick methods agree at a qualitative level, but both revealed
a more serious systematic associated with the detector ion optics. Importantly, this systematic
affects centroid measurements and width measurements in different ways. The transfer-function
measurements probe the mapping between the ion cloud’s centroid coordinates at the trap and
the centroid position observed at the detector. In other words, the transfer functions measure the
first-order transport properties of the ion optics between the trap and the detector. By contrast,
inferring temperature from the measured cloud width requires that the second-order moment to be
transported in a controlled and well-understood way. This second requirement is considerably more
difficult to satisfy, and in the current apparatus is violated by space-charge effects and enhanced
focusing due to these space-charge effects during the transport. As a result, the width-based
thermometry is distorted by downstream focusing and space-charge effects, even when the transfer
function remain useful for the centroid measurements.

A clear indication of this problem was that the measured cloud width depended strongly on
the number of ions loaded into the trap. At first sight, this trend could have been interpreted as
a genuine increase in the in-trap cloud size or temperature with ion number. Indeed, the observed
trend was roughly consistent with an N/3 scaling expected for a cold, space-charge-dominated

one-component plasma in an approximately harmonic potential. Figures and show the same
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Figure 5.2: Example of the transfer function measured with the slosh-kick method. By applying
a short impulse and varying the delay before extraction, the centroid motion of the ion cloud
is mapped onto the detector position. Fitting the oscillation determines the transfer coefficients
relevant for centroid transport. The signs for m1; and m1o are not carried out rigorously throughout
the analysis, therefore here they should be considered as the absolute values.
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are not carried out rigorously throughout the analysis, therefore here they should be considered as
the absolute values.
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dataset in two complementary ways. In Fig. the points are colored by the experiment, so that
each color corresponds to a single experimental run in which we attempted to keep the ion number
constant. The data within each run span times from early after loading (~ 100 ms) to late times
(12 s). This representation makes clear that the width-ion number correlation is already present
within an individual dataset. It also shows the fluctuations in ion number within one experiment.
In Fig. , the same points are colored by time, with darker points corresponding to earlier times
and lighter points to later times. However, in the present case, we believe that most of the observed
number dependence was introduced downstream of the trap, in the ion optics, rather than reflecting
a genuine temperature change in the in-trap temperature.

The key issue is that, in the detector geometry, the MCP was recessed behind the vacuum
flange and surrounded by additional shielding structures, as shown in Fig.

The electric field used to bias the MCP therefore produced a strong focus before the ions
reached the detector plane. When the detector is located beyond this focus, space-charge effects
during the post-focus expansion can produce a measured width that depends strongly on ion num-
ber, even if the in-trap distribution is unchanged. This mechanism provides a more plausible
explanation of the observed number dependence than a large, repeatable change in the true ion
temperature. Independent laser-based thermometry, discussed in the next section, also supports
the conclusion that the true ion temperature does not change strongly with ion number under these
conditions.

This strong focusing field can be reduced by using SYRIiA, a set of accelerating electrodes
near the MCP. I designed SYRIA so that we can raise the ion kinetic energy (for higher quantum
efficiency) and to reduce uncontrolled focusing onto the MCP. In practice, however, the recessed
detector geometry, the imperfections in the surrounding shielding structure, and likely patch-charge
effects made the ion optics difficult to control. The distortions of the nearby mesh and shielding
illustrated in Fig. further limited the performance of SYRiA.

All of these issues eventually motivated us to abandon SYRiA for routine operation, partic-
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Figure 5.4: Measured detector width as a function of ion number. Although the width increases with
ion number, this dependence is attributed primarily to downstream focusing and post-focus space-
charge expansion in the detector optics, rather than to a large change in the in-trap temperature.
Each color corresponds to a single experiments. During a single experiment, we tried to keep the
ion number constant, but the time span from ~ 100 ms to ~ 12 s.
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Figure 5.5: Measured detector width as a function of ion number. Although the width increases with
ion number, this dependence is attributed primarily to downstream focusing and post-focus space-
charge expansion in the detector optics, rather than to a large change in the in-trap temperature.
Here, the points are colored by time; darkest points are at early times ~ 100 ms, and the lightest
points are at late times ~ 12 s.
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Figure 5.6: Picture of the old MCP. The old MCP was in a 4.5-inch flange and was recessed into
the flange. The surface of the front MCP was about 1.147 inches below the surface of the flange.
The MCP was about 44 mm in diameter with the mesh in the front. The mesh and the MCP
assembly is surrounded by the cylindrical shield, that is electrically connected to the mesh.
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Figure 5.7: Example of the detector-optics asymmetry observed near the recessed MCP. Imperfec-
tions in the local electrode and shielding geometry likely contributed to uncontrolled focusing.
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ularly because adequate ion width could still be obtained without it [T]

Because of these detector-optics systematics, the transfer function extracted with the original
detection setup cannot be interpreted as a reliable absolute calibration of the ion temperatureﬂ
However, this method remains a useful relative diagnostic. Throughout this thesis, temperature
trends inferred from the transfer function are therefore interpreted comparatively: they indicate
whether a given change in the apparatus tends to increase or decrease the characteristic motional
energy of the ion ensemble, provided that the ion number is kept approximately constant.

In Spring 2026, the detection system was upgraded to a new design, TUNISTA, developed
by a graduate student Tuan Nguyen. This upgrade replaced the earlier disk-based accelerating
structure with segmented cylindrical electrodes and incorporated a new MCP that is larger and
not recessed in the vacuum flange, as shown in Fig. [5.8] The goal of this redesign was to reduce
sensitivity to stray fields, patch charges, and detector-geometry-induced focusing. Most of the data
discussed in this thesis, however, were acquired before that upgrade and therefore remain subject

to the limitations of the earlier transfer-function calibration.

5.2.2 Laser-based thermometry

Because the temperature estimate based on the cloud widths raised doubts about whether the
apparent hotter ion cloud with increasing ion number really reflected a true temperature change,
we also estimated the ion cloud temperature using Doppler spectroscopy. For this measurement, I
used Hen, shown in Fig. which depletes the J = 1 state by driving it to the = 0T electronic
state, from which population subsequently decays into the '% manifoldﬂ

The Hen power was reduced so that the transition was not saturated, and the laser frequency

1 At the time, I compared the measured cloud width primarily to single-particle SIMION simulations. That com-
parison was misleading because SIMION does not include ion—ion interactions, and therefore it could not reproduce
the additional broadening associated with post-focus space-charge expansion during kickout.

2 In theory, we can model the entire ion “transfer function” using a combination of SIMION and LAMMPS (which
is a numerical simulator that takes the ion—ion interaction into account). I gave this a quick try, but it was hard to
model the whole trajectory with only one effective single thin lens. This is definitely worth a more thorough attempt
in the future with better understood ion optics in the system.

3 Normally, Hen is strobed and used as the mg-depletion laser. In the dataset discussed here, however, the rotating
electric field &0t was off, therefore the effect of strobing is mainly a reduced duty cycle for this measurement.
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T\

Figure 5.8: Photograph of a new MCP picture. The new MCP is bigger than the old MCP and
more importantly not recessed into the vacuum flange. For most of the measurements shown in
this thesis however, the new MCP was not yet installed.
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was scanned across the resonance. We dissociate using R(1) transition, to see how many ions are
left in the J = 1 state after the ion cloud was illuminated with Hen. After the cloud was illuminated
with Hen, the remaining population in the J = 1 state was measured by dissociating on the R(1)
transition. The data were normalized in two steps; first by the off-resonant J = 1 ion number, and
second on shot-to-shot basis using the TOF area to account for fluctuations in ion production. The

resulting spectrum was fit to a Gaussian profile

S(f) =c+ Aexp 20?

_(f — fc)2]

where A < 0 describes the depletion amplitude, f. is the fitted line center, oy is the Gaussian
width, and ¢ is an offset.
Assuming the observed width is dominated by Doppler broadening, the fitted width oy can

be converted to a temperature through

Af =2v2In2 ro M (Afrwm'_me (op)*
FWHM = of, = SkpIn2 %o s\ )

where m is the ion mass and fj is the transition frequency.

Figure shows the resulting spectra. Runs 4 and 5 were taken at low ion number, ap-
proximately 1000 ions, whereas runs 6 and 7 were taken at high ion number, with approximately
8000 ions. The right panel shows the number of trapped ions differs significantly between these
two conditions, but the depletion widths in the left panel remain comparable.

The fitted Gaussian widths for runs 4-7 are
o =45.9, 40.1, 36.0, 47.8 MHz,
which correspond to temperatures
T = 55.9(12.5), 42.8(12.6), 34.3(8.5), 60.7(19.2) K,

where the quoted uncertainties come from propagating the fit uncertainty in o;. The fitted offsets
remained close to one, as expected from normalization. The fitted line centers varied only at the

few-MHz level, with no obvious dependence on ion number.
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Figure 5.9: Hen Doppler thermometry for four loading conditions. Left: doubly normalized deple-
tion signal as a function of Hen frequency, together with Gaussian fits. Runs 4 and 5 were taken at
low ion number (~ 103 ions), while runs 6 and 7 were taken at high ion number (~ 8 x 10? ions).
Right: corresponding trapped-ion number versus Hen frequency. Despite the order-of-magnitude
change in ion number, the fitted linewidths remain similar.
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Most importantly, these measured temperatures are consistent within uncertainty and show
no clear systematic increase with increasing ion number. This behavior contrasts with the detector-
based width analysis shown in Fig. where the apparent cloud width and the inferred temper-
ature increase substantially at higher ion number. Taken together, these results suggest that the
detector-width measurement is sensitive to effects beyond intrinsic thermal velocity distribution,
and that the true ion temperature is not changing significantly as the number of ions in the trap is
varied.

However, when this measurement is interpreted as an absolute temperature measurement, one
must be more cautious. That is because Hen beam enters the chamber radially, and the Doppler
width is sensitive not only to the radial secular motion but also to the rf micromotion. In the

small-g limit, we can write the ion trajectory wu; in the radial direction as [71]
u;(t) ~ uy; cos (wit + &) [1 + % cos ()],

where uy1; is the oscillation amplitude, ¢; is a phase determined by the initial conditions, w; is
the secular frequency, and i € {x,y} labels the two radial directions. From this, we see that
the time-averaged kinetic energy contains both secular and micromotion contributions. Using the
corresponding expression for the time-averaged kinetic energy from Ref. [71], the apparent Doppler

temperature inferred from a radial probe is

2Ey; q2Q2f

For the trap parameters used for this measurement, this factor is of order two. Using f.r = 50 kHz,

fsee = 2 kHz, and ¢ ~ 0.1, one finds

2Q2 2 2
g =1+ qf ( Wrf > ~ 9.
sec 8 \ Wsec

1
+ Sw?

In addition, I carried out a simple single-ion numerical simulation in which the ion was probed
at random phases of the radial motion. The extracted linewidth again gave a correction factor of

order two, consistent with the analytic estimate. Therefore, the temperatures extracted from the
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radial Doppler spectra should be interpreted as apparent radial kinetic temperatures. The corre-
sponding secular temperatures are smaller by approximately a factor of two. The corresponding

secular temperatures of runs 4 through 7 therefore are

Thee = 28.0(6.3), 21.4(6.3), 17.2(4.2), 30.4(9.6) K.

This caveat about the apparent vs absolute temperature of the Doppler width affects the absolute
temperature scale, but it does not change the main conclusion of this section: the temperature does
not show a clear dependence on ion number.

Overall, this method is less sensitive to the distortions from the ion-optics downstream from
the trap discussed in the previous section and therefore provides an important cross-check on the
width-based diagnostic. Its interpretation is still subject to assumptions about the line shape and
the extent to which Doppler broadening dominates the observed width, but it offers an independent

order-of-magnitude estimate of the secular temperature scale.

5.3 Observed heating in the prototype

Taken together, the detector-width measurements and the laser-based thermometry show
that the ion ensemble acquires additional motional energy over time in the prototype trap. For
the reasons discussed above, it is hard to extract a reliable absolute heating rate from the cloud
widths measured at the detector. However, the relative evolution of the cloud width with time
is still informative, and it provides a practical way to compare how the heating trend changes as
experimental parameters are varied.

For the width-based measurement, the measured detector width depends strongly on ion
number, we attempted to keep the number of ions approximately fixed when studying heating
under different conditions.

Figure [5.10] shows an example of a heating measurement. Again, the y-axis should not be
interpreted too literally as an absolute temperature scale, but rather as a relative measure of

the square of the cloud width. The main observation is that the inferred temperature increases
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Figure 5.10: Example width-based heating measurement. The inferred temperatures in the z,y,
and z directions are shown as a function of trapping time, together with the corresponding ion
number. The absolute temperature scale on the y-axis should be interpreted cautiously and not
be taken literally, since these values are inferred from detector widths and are therefore sensitive
to downstream ion-optics effects. Nonetheless, the relative increase with trapping time is real: the
inferred temperature rises significantly over the first few seconds and then appears to flatten.
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substantially over the first several seconds in all three directions, corresponding to a clear broadening
of the ion cloud at the detector. This increase does not appear to be linear in time: most of
the change occurs during the first ~ 5 s, and the trend becomes noticeably flatter, although the
uncertainties are still large.

To obtain an order-of-magnitude estimate of the absolute heating rate, we also performed
Doppler spectroscopy on the ion cloud at an early time, around 300 ms (blue), and at a later time

around 5 s (orange).

1.2 4 g 1400 -

104 1200 A

1000 A
0.8

800 1

0.6

ThF* number

600
0.4

Doubly normalized Th* number

0.2 200 -

0.0 T T T T T T T T T T T T
-150 -100 =50 0 50 100 150 -150 -100 =50 0 50 100
Frequency (MHz) Frequency (MHz)

Figure 5.11: Hen Doppler thermometry at early, about 300 ms, (blue) and late, about 5 s, (orange)
trapping times. Left: doubly normalized depletion signal as a function of Hen frequency, together

with the Gaussian-fits. Right: corresponding trapped-ion number during the two measurements.
The fitted widths imply a larger secular temperature at late time than at early time.

The corresponding secular temperatures are:
Tsee = 13(3), 33(8) K,
which imply an estimated heating rate of approximately
4(2) K/s.

Within uncertainty, this estimate is consistent with the width-based observation that the apparent
temperature increases significantly over the first several seconds. The uncertainty in both measure-
ments are still fairly large, so this comparison should not be overinterpreted. Nonetheless, the two

methods give a self-consistent picture: the heating is on the scale of a few Kelvins per second.
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5.4 Mechanisms contributing to trap loss

Having established that the ion ensemble gains motional energy on experimentally relevant
timescales, I now discuss several mechanisms that we investigated that can contribute to trap loss
in the prototype. Rather than attempting a complete quantitative decomposition of the loss rate,

I focus on the dominant experimental knobs that were observed to affect the trap lifetime.

5.4.1 Energy associated with &,

The rotating electric field &, is required to polarize the molecules and define a quantization
axis, but it also drives substantial rotational micromotion of the trapped ions. As discussed earlier,
for an ideal field

Erot(t) = & [Cos (wrott)X + sin (wrott)y] ,
an ion of charge e and mass m undergoes circular motion with radius

eErot et
2 Urot =
rot

Trot =

mw MmWrot

The associated rotational micromotion energy is therefore

62

2mw?

rot

Upond,rot = |grot ’27 (57)

This energy scale is very large. For the typical experimental parameters for the prototype, this
energy is of order 97000 K for &, = 60 V/cm, wyop = 27 - 147 kHz, and m = 251 amu.

In a perfectly uniform rotating field, this large micromotion energy is a common effect:
all ions execute the same circular motion, so the field does not reduce the trap lifetime by itself.
However, the problem arises when imperfections in the rod drive distort the rotating field so that its
amplitude and/or phase acquires spatial structure across the ion cloud. In that case, the rotational
micromotion energy becomes position dependent and acts like an additional effective potential.

In the original rod-driver system, we implemented four resonant tank circuits, each driving
one pair of opposite rods (for example rods 1 and 5 in Fig. . The differential component,

Vit 15 = Viod1 — Vzods, produces the intended bias field between the two rods. The common mode
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component, Veomm,15 = Viod1 + Viods, produces the desired rf voltage. In practice, we had four
independent controls over the differential mode. But for the common-mode, we only had two
independent controls across the four rod pairs. More detailed descriptions of the original rod-driver
design and implementation can be found in the theses of Kia Boon Ng and Noah Schlossberger
[38, 59]. In the original design, the differential component of each opposite rod was made very
uniform across the four rod pairs, because the design emphasis was on the homogeneity of the
rotating electric field for precision measurements. By contrast, the common-mode component were
originally intended mainly to supply the rf voltage and therefore were not engineered for the same
level of pair-to-pair control. As a result, the actual voltages appearing on the rods were not fully
uniform in amplitude and phase across all eight rods.

This limitation became severe once we attempted to operate at large &.o¢. In the original
configuration, we could not reliably retain ions in the trap for more than ~ 3 s when & was
ramped to 60 V/cm. It eventually became clear to us that matching only the differential drive of
the opposite rod pairs was not sufficient. The differential signal on a given opposite rod pair mainly
determines the intended rotating field component along that pair’s axis. On the other hand, the
common-mode signal shifts the average voltage of that pair. If the common mode were identical for
all rod pairs, it would result in a global offset and would be harmless. However, because pair-to-pair
common-mode matching had not been a design requirement of the original system, the common-
mode signals were not uniform. As a result, even when the differential drive was reasonably well
matched across the four opposite pairs, the pair-dependent common-mode deviations distorted the
field and introduced spatially varying curvature and angular structure in the potential. In other
words, the rotating field was no longer truly round around the azimuthal direction.

More quantitatively, the field experience by the ions can be written as

Erot (1, 1) = Ep(t) + 0E(x, 1),

where &y(t) is the desired spatially uniform rotating field and 0€(r,t) contains the unintended

spatial gradients and distortions arising from rod-to-rod imbalance. Because the rotational micro-
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motion energy scales as the square of the electric field, even a small distortion of §€ can produce a

substantial position-dependent energy shift through the cross term with the large baseline field
Erot]? = [E0]? + 2E0t - 0E(x) + [6E (). (5.8)

Therefore, ions at different radii and azimuthal angles experience different values of |Eot|, which
increases the spatial variation of the rotational micromotion energy and can strongly shorten the
trap lifetime. In the original rod-driver system, this distortion was large enough that we could not
stably hold ions for a long enough times at &, = 60 V/ cmﬁ
Looking at Eq. , the most obvious improvement is to increase the rotation frequency frot.
In Gen. II, the field rotated at f.ot = 375 kHz. However, during the design of the Gen. III prototype,
we were concerned about the amount of current required to drive the much longer rod electrodes,
which have substantially larger capacitance. Therefore, we decided to operate at fior = 150 kHz
initially. In Fall 2025, we did develop a new rod-driver system capable of operating at significantly
higher frequency, around 300 kHz. That new system was desigend by fellow graduate student
Anzhou Wang, and more details will be given in his thesis.
Before that new system was available, however, I identified a practical short-term solutionﬂ
The key insight was that the “rf channels” could be used to shim away the nonuniform common
mode at fiot. I therefore upgraded the original rod-driver system to include two additional common-
mode channels. With these added channels, we obtained independent control of both the differential
and common-mode signals for each opposite rod pair, so that the amplitude and phase of all eight
rod voltages could be tuned individually rather than only matching the pairwise difference. We
also introduced lock-in based measurements of the differential and common-mode amplitudes and

phasesﬁ , which made it possible to tune the rod voltages more precisely.

4 Technically, we could keep ions with 60 V/cm of &y if we increased the tightness of confinement, since the
effective trap depth also gets deeper, per Fig.[5.1] However, for the Ramsey spectroscopy, the confinement is loosened,
and the combination of the shallower effective trap depth and the distortion of the rotating field resulted in a very
short trap lifetime of our ions.

5 Supposed to be “short”, but the solution worked well enough for the experiments we were running, and the
development of the new rod-drive system took long enough that we ultimately used this solution for about 2 years.

5 Previously, these quantities had be adjusted qualitatively from oscilloscope traces.
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These upgrades allowed us to be able to retain ions for long enough to operate the experiment
at Eot = 60 V/cm, and in practice they enabled the measurements presented in this thesis. Al-
though a completely new rod-driver system was eventually constructed, most of the work described
in this thesis was carried out with the upgraded original rod-driver system. In that sense, identifying
the importance of the common-mode imbalance and implementing the additional common-mode
control was a necessary experimental step that made the subsequent prototype measurements pos-
sible.

Looking back at Eq. , we can estimate what kind of deviation is required for the cross

term to become comparable to a realistic trap depth Uap:

2

&
Upond,rot ~ W(2grot : 65)
merot (59)
rot —
5810i] < g2 Uirap = 03 V fem,

where I have used Uyyap of 800 Km , Erot Of 60 V/cm, and wyoy = 27 - 147.5 kHz. This means the
rotating field has to be uniform down to about 0.5 % over the extent of the ion cloud, not for the
sake of the precision measurement itself, but simply in order to retain the ions in the trap.

To visualize the effect of the spatially varying ponderomotive potential from an “un-round”
rotating electric field, we deliberately introduced a controlled nonuniformity in the applied rod
voltages. Figure shows a COMSOL calculation of the resulting |E.0¢|?> inhomogeneity over the
approximate cloud extend of £1 cm. The first row shows the nominally symmetric case. In the
second row, the voltage on the top electrode is increased by 1 %, and in the third row it is decreased
by 1 %.

As expected, between the second and third rows, the sign of the electrode imbalance reverses
the sign of gradient in the ponderomotive potential across the cloud. However, the two signs are
not equivalent. In the +1 % case, the distortion of |Et|? is spread more broadly over the cloud.
In the —1 % case, however, the perturbation produces a more localized low-|E;ot|? region near the

weakened rod, so the corresponding ponderomotive “hole” is sharper and deeper. In other words,

" This is the trap depth at our nominal secular frequency of 2 kHz. At lower secular frequency, which is needed
for maintaining coherence for a long time, the corresponding trap depth is lower, as low as ~ 300 K.
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Figure 5.12:

COMSOL study of how a deliberate sing-electrode amplitude imbalance produces

spatial variation in the ponderomotive energy associated with the rotating electric field. The
left column shows the calculated spatial pattern of |E¢|? over the trap cross section, within the
approximate ion-cloud extent of + 1 c¢m. The right column shows the corresponding line cut
through the cloud region, in the direction of the imbalance. Top: nominally symmetric voltages
applied to all eight rods. Middle: the voltage on the top rod increased by 1 %. Bottom: the
voltage on the top rod decreased by 1 %. Although the same fractional voltage error is applied in
both directions, the resulting field distortion is not symmetric: the positive perturbation produces
a broader, shallower distortion, while the negative perturbation creates a sharper and deeper local
10W-|5r0t|2 region on the side of the perturbed rod.
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in our 8-rod configuration, even though the two perturbations have the same magnitude at the level
of the applied rod voltage, the negative perturbation produces a substantially larger local variation
in |&0t|? across the ion cloud.

The corresponding experimental result in shown in Fig. [5.13] The figure shows the ion
survival as a function of the imposed fractional voltage amplitude offset on two of the electrodes,
individually. The negative offsets rapidly deplete the trapped ions, whereas positive offsets are
tolerated better, as the COMSOL simulation suggests. Although only the offset on Rod 1 and
Rod 5 are varied in this figure, the same qualitative asymmetry was observed when scanning each
of the eight rods individually. This suggests that the asymmetric sensitivity to positive and negative
offsets is not primarily a rod-specific patch-charge effect, but rather a generic feature of how single
-rod amplitude errors distort the rotating field in this eight-rod geometry.

The experimentally relevant rod-voltage offsets are about —2.5 % and +10 %. The COMSOL
calculation shows that a 1 % rod-voltage offset produces about 0.1 % field variation on the negative
side and 0.04 % variation on the positive side. With this conversion, the observed voltage fractional
offset thresholds are broadly consistent with the simple estimate mentioned earlier of 6&ot/Erot ~
0.5 %, where the ponderomotive distortion to become comparable to the trap depth.

In reality, even if we applied a perfect set of voltages to the electrodes, field inhomogeneity
could still arise from geometric imperfections. In the prototype, we do not simply operate with the
nominal ideal voltages; we use the ions themselves to shim the field imperfectionsﬁ We also found
out experimentally that different trapping regions require different sets of voltages.

In the prototype experiment, depending on where we perform the experiment, we use different
sets of voltages so that the ions experience a field that is as round as possible. This is not something
we can do in the full Gen. IIT apparatus, so it will be important to pay much closer attention to

the physical tolerances of the electrode locations.

8 To shim the voltages, we first lower the trap depth so that ion survival become more sensitive to the pondero-
motive distortion. Then we experimentally vary the amplitude and phase of each electrode while monitoring whether
the ions survived. In this way, the ions serve as a probe of how round the rotating field actually is.
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Figure 5.13: Measured ion survival while deliberately varying the fractional voltage amplitude of
one rod relative to its nominal value, with the other rod voltages held fixed. The scans are shown for
Rod 1 and Rod 5. The left axis shows the area under the TOF curve, and the right axis shows the
corresponding ion number. For both rods, negative amplitude offsets rapidly deplete the trapped
ions, whereas positive offsets are tolerated substantially better. Similar qualitative behavior was
observed when scanning each of other seven rods individually, consistent with the COMSOL result
that a negative single-rod perturbation produces a sharper local ponderomotive distortion than a
positive perturbation of the same magnitude.
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5.4.2 rf heating

Heating is relevant here primarily because it can shorten the trap lifetime, although in a
precision-measurement context, increased motional energy is also relevant more broadly. However,
in this section, I will focus on heating mainly as a possible contributor to trap loss.

I will first discuss basic theory behind rf heating and some numerical simulations we did.

Then, I will move to the experimental results.

5.4.2.1 rf heating theory

In an ideal collisionless rf trap, the ions follow stable Mathieu trajectories. In this case, the
time-dependent rf field does not by itself imply heating. However, when ions go through collisions
and interrupt those trajectories, the rf field can do net work on the ions. In other words, the heating
is not simply a consequence of time-dependent confinement, but of the combination of the rf drive
with collisions that transfer energy from driven micromotion into secular motion.

A useful way to think about the physics behind rf heating is
T ~ Teon X (energy gain per collision), (5.10)

where ¢ is the ion—ion collision rate. A simple estimate based on I' = nowv, up to numerical

factors and the Coulomb logarithm, gives

et

T2

where n is the ion number density, e is the elementary charge, and m is the ion mass. The Coulomb

Leon o< n (5.11)

logarithm arises from integrating over impact parameters,

b+1
/ Lab = (b, /b),
)b

where b_ is typically defined as the Landau length, indicating the closest distance in interaction
and by is the Debye screening length.
Even before specifying the rf dynamics in detail, Eq. (5.11)) shows that heating rate should

depend strongly on how the cloud density changes with temperature.
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To estimate the number density, we distinguish two limiting regimes. In the thermal regime,
the cloud size along the dimension ¢ € {z,y,z} is set by the thermal energy in the harmonic
pseudopotential,
~ | BT (5.12)

Lrms,i 2
mwy

so the cloud expands as T'/2. By contrast, in the mean-field regime, the size is set by the balance

between Coulomb repulsion and the confining force. In this case, the characteristic cloud radius

scales as
2
e‘N \1/3
ROV ) 519
dmegmw?
where w, is the confinement frequency and NN is the ion number.
Equating Eq. (5.12)) and Eq. (5.13) gives a crossover temperature,
2\1/3 2N\ 2/3
mw e
Tcrossover ~ ( T) ( ) . (5.14)
4kp 47eq

This temperature marks the point where thermal energy and the mean-field energy are comparable.
For T <« Tiiossover, the cloud is approximately mean-field dominated and its density is nearly
constant. For T > T ossover, the cloud expands thermally and the density falls. Putting this
together, the density dependence is given by:

N'max : T < Terossovers

n(T) = (5.15)
3/2
nmax(@) / : T' > Terossover-
Here, nyax denotes the maximum ion number density supported by the trap in the mean-field,
T =0 K limit

€m . o 2 2
Nmax = GT (wx +wy +wz) .

In other words, it is the density for which the cloud’s Coulomb force exactly balances out the

harmonic confining force. ]

9 For all these calculations, I'm implicitly assuming a spherically symmetric confining potential with w, & w, &
wy ~ w;. Calculating with no spherical symmetry turns out to be pretty tricky.
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The exact numerical factors in all of these estimates depend on precisely how quantities
such as the cloud size, density, velocity, and crossover temperature are defined. For the present
discussion, however, the important point is the scaling behavior.

This simple model of heating rate arrives at the same scaling used by Chen et al. in their

treatment of the rf heating. In their notation, the secular temperature obeys [61]

e*pi(Tsee) In A
4med/m(kpTyec)®/?

where p; is the ion number density, In A is the Coulomb logarithm, € is the average fractional energy

Tsec =

E(Ijsec + 77Tex)) (516)

increase per collision. The term T,y represents excess micromotion energy, and 7 relates the total

and secular kinetic energy. Their density model [61],

Pmax t Tgec < Tp7
Pi(Tsec) = (517)

pmax(gzc)3/2  Tsee 2 T,

has the same structure as Eq. . Although our notation differs, 7}, in Ref. [61] plays the same
role as Ttrossover discussed above, up to some constants, but the scaling is the same.

Written this way, the model presented in Chen et al. is not mysterious. The factor multi-
plying € is essentially the ion—ion collision rate, while the piecewise density function follows from
the crossover between the mean-field and thermal regimes. The remaining rf-specific physics is
contained primarily in €, the average fractional increase in ion energy per collision. Interestingly,
rf heating is generally strongest for dense and cold clouds even though the energy scale associated
with a single collision usually decreases, because the collision rate increases rapidly as the cloud
is cold and dense. Increasing the ion number or tightening the confinement tends to increase the
density and therefore increase the heating, whereas increasing the temperature at fixed confinement
suppresses it by lowering the collision rate.

The quantity € in Ref. [61] is intended to capture the rf-specific energy gain per collision.
The concept of € itself is not new: as Chen et al. note, earlier work such as Refs. [72], [73] analyzed
collisions in rf traps at the microscopic level. In Ref. [61], they embed that collision-induced energy

gain into a many-ion plasma heating model.
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Specifically, in their supplemental material, Chen et al. consider a one-dimensional elastic
collision model for two ions, derive the fractional energy increase per collision, then numerically
evaluate the resulting expression as a function of the Mathieu parameter q. For three-dimensional

motion, they obtain € to be

2
Er g(l + 2¢%%). (5.18)

This € quantity is where our numerical results begin to differ from a naive reading of this expression.
Over the parameter range relevant to nominal operation of the prototype, our results suggest that,
over the parameter range relevant for our nominal operations, the leading rf-induced contribution

to the fractional heating rate goes as ~ ¢, rather than as (1 + 2¢?).

5.4.2.2 Numerical simulation of rf heating

To study the rf-heating scaling more directly, an undergraduate student Rohan Kompella
carried out molecular dynamics simulations using LAMMPSH with guidance from my advisor
and me. The results presented in this section were produced by Rohan.

The basic strategy was to scan a broad region of parameter space. We varied the ion number
density n, temperature 7', and secular frequencies w,,w,, and w, so as to access many different
collision rates I'con and different T'/Terossover (for different regimes), and then varied wyf to change
the Mathieu parameter q. Because we looked at a large region in parameter space, rather than a
single realization of the collision rate, this allowed us to test the relationship between the observed
heating rate and the collision rate in a more robust way.

Motivated by the scaling arguments above, we compare the simulated fractional heating rate
(FHR)

T
FHR = —
R T

to the ansatz

FI—I]-:{model = CPcollq27 (519)

10 T AMMPS is a simulation package developed by Sandia National Laboratories and stands for Large-scale Atom-
ic/Molecular Massively Parallel Simulator.
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where ¢y is the “naive”E collision rate defined in Eq (5.11]), evaluated using the simulation pa-
rameters, and c is a fixed numerical normalization. Rather than focusing on the absolute numerical

prefactor, we define the dimensionless ratio

FHRgim

A= tsm
FHRmodel

(5.20)

If the ansatz FHR o I'cong? captions the dominant dependence, then A should remain ap-
proximately constant as the simulation parameters are varied. Furthermore, by looking at whether
or not A changes, we can see any dependence of A on a specific parameter.

For each run, the ions were initialized from either a thermal distribution or a mean-field
distribution or a combination of both, depending on the value of T/Tcossover- The system was
then evolved for 1 s, and the heating rate was extracted from the temperature evolution. An
example of the temperature evolution is shown in Fig. The top panel shows the total energy
as a function of time, and the bottom panel shows the corresponding cloud temperature, averaged
across the three dimensions, with a linear fit used to extract the heating rate.

To isolate the g dependence, we first compared simulations at three different rf frequencies
while keeping the secular frequencies approximately fixed. For this particular dataset, the cloud size
and collision rate remain nearly unchanged, and only ¢ is VariedE The results are summarized
in Table B.1}

The measured FHR decreases strongly as ¢ is reduced, and the values are consistent with an
approximately quadratic dependence on ¢. The ratio A remains of order unity and does not show
a clear trend with ¢, even though the FHR changes by an order of magnitude. This indicates that
the leading dependence is well captured with the ¢? ansatz.

It is worth noting that the scaling factor € in Chen et et. of Ref. [61] would be

1.117, 1.025, and 1.005

11 We refer to this as the naive collision rate because it is based on a simple scaling model of the collision rate, and
the numerical prefactor is not treated rigorously.

12 For different rf frequencies, Vir was adjusted so as to keep the secular frequencies (and thus the density, temper-
ature, and Coulomb logarithm) fixed.
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Figure 5.14: Representative example of heating-rate extraction fomr a LAMMPS simulation. The
top panel shows the total energy versus time. The bottom panel shows the cloud temperature
averaged over all three directions and the linear fit used to extract the heating rate.

Energy (J)

50 75 100 125 150 175 200
Time (ms)

Temperature (K)

50 75 100 125 150 175 200
Time (ms)

25 kHz 50 kHz 100 kHz
Heating rate (K/s) 3.22(22) 0.616(26) 0.17(6)
FHR (1/s) 0.644(45) 0.123(5) 0.034(13)
Model FHR (1/s) 0.3690(3) 0.09380(6) 0.02350(1)
Naive collision rate (1/s) 4.653(4) 4.729(3) 4.741(3)
Initial ion density (m™2) 1.520(1) x 10 1.545(1) x 101! 1.549(1) x 101!
q 0.282 0.141 0.0704
A = FHRgim /FHR 1model 1.745 1.311 1.438

Table 5.1: Simulation results for three rf frequencies with approximately fixed secular frequencies
(fa, fy, f2) = (2275, 1955, 1840) Hz, T'=5 K, N ~ 1000, and T'/Ttrossover = 1.82. Each point is the
average of four independent random seeds and uncertainties are standard errors. The measured
fractional heating rate is consistent with an appxoimately quadratic dependence on q.
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for the q values of ¢ = 0.282, 0.141, and 0.0704. Normalizing this scaling to the measured 50 kHz

point, this scaling law would have given the fractional heating rate of
0.131, 0.123, and 0.121 s7 1,

for 25, 50, and 100 kHz respectively. This is different from what we measured in Table.

We next checked whether the same scaling remains valid as the ion number is changed.
Table shows the results for N = 500,1000, and 2000 ions at fixed ¢ = 0.141,7 = 5 K, and
nearly fixed secular frequencies. As expected, increasing the ion number increases the ion density
and the naive collision rate and lowers T'/Tcrossover- The measured heating rate increases accordingly.
At the same time, the ratio A remains within a factor of order unity, again indicating that changing
the ion number does not introduce a qualitatively new scaling beyond the I'so;1¢? in our model, at

least within the present statistical precision.

Number of ions 500 1000 2000

T/ Terossover 2.848 1.817 1.139
Heating rate (K/s) 0.61(19) 0.62(5) 1.22(36)
FHR (1/s) 0.12(4) 0.123(10) 0.24(7)
Model FHR (1/s) 0.05580(4) 0.09380(6) 0.14500(14)
Naive collision rate (1/s) 2.813(2) 4.729(3) 7.325(7)
Initial ion density (m™3) 9.193(7) x 101 1.545(1) x 10! 2.393(2) x 10!}
q 0.141 0.141 0.141

A = FHRgim /FHR h0del 2.186 1.311 1.683

Table 5.2: Simulation results for different ion numbers at fixed ¢ = 0.141,7 = 5 K, and approxi-
mately fixed secular frequencies (fz, fy, f2) = (2276,1956,1840) Hz. Each point is the average of
four independent random seeds, and the uncertainties are standard errors.

To test the robustness of this conclusion over a wider range of parameters, Rohan carried out
additional runs spanning roughly an order of magnitude in 7'/T¢rossover- This was done by varying
combinations of the ion number, the temperature, the secular frequencies, and in some cases, an
artificially boosted ion chargeE The results are summarized in Table

Across this broader parameter scan, the measured FHR values continue to show the expected

dependence on . Figure [5.15] is a tabulated plot of the corresponding behavior of A across the

13 In these “boosted-charge” simulations, the ions were assigned a larger charge while keeping the same mass, so
that the Coulomb interaction strength was enhanced.
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FHR (1/s) g=0.282 ¢=0.141 ¢=0.0704
T/ Terossover = 5.5 0.120(19) 0.030(11) 0.0076(36)
T Torossover = 1.86 1.50(5)  0.362(29)  0.049(12)
T/ Torossover ~ 1.82 0.644(45) 0.123(5)  0.034(13)
T/ Terossover = 0.55 4.92(23) 1.19(6) 0.187(43)
A = FHRgim /FHRyodet ¢ =0.282 ¢=0.141 ¢ =0.0704
T/ Terossover = 5.5 0.89(14)  0.89(32) 0.90(42)
T/ Toxossover = 1.86 1.04(4)  0.98(8)  0.53(13)
T/ Terossover ~ 1.82 1.74(12) 1.31(54) 1.44(54)
T/ Torossover & 0.55 0.94(4)  0.87(4)  0.53(12)

Table 5.3: Scan of the simulated fractional heating rate over a wider range of T'/Tcrossover- The
rows combine simulations with the similar 7'/T¢rossover but with different ion number, temperature,
secular frequencies, and in some cases boosted ion charge. Each entry is an average over 4 to 16
random seeds, and uncertainties are standard errors.
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simulation space. The ratio A shows noticeable scatter and may retain some residual dependence,
however we do not find evidence for a strong or systematic dependence of A on the microscopic
simulation parameters beyond that associated with statistical fluctuations.

Taken together, these simulations support the conclusion that the leading rf-induced contri-

bution to the fractional heating rate is well described by

X 11(:011(]27 (521)

N~

especially for the parameter range relevant to the prototype apparatus.

5.4.2.3 rf heating experiment

Motivated by the simulation results above, we carried out a few experiments to see whether
the heating observed in the prototype apparatus is in fact dominated by rf heating.

In principle, the model discussed above provides a way to estimate the expected rf-induced
heating rate from the cloud temperature, ion number, secular frequencies, and rf frequency. In
practice however, quantitatively calculating the heating rate to the present experiment is difficult.
As discussed earlier, obtaining an absolute temperature for the ion cloud is challenging in our
apparatus. Additionally, determining the absolute ion number is also not straight-forward because
the detection efficiency is not well known. For these reasons, it is difficult to make a reliable absolute
prediction for the rf-induced heating rate in the prototype.

Instead, a more robust approach is to perform a differential measurement. We vary the rf
frequency, and thus the Mathieu parameter g, while keeping the secular frequencies nearly fixed.
We then compare how the measured heating trend changes. Figure shows a width-based
measurement for three rf frequencies: 25, 50, and 100 kHz, corresponding to ¢ = 0.282,0.141, and
0.0704, respectively. The trap voltages were adjusted such that the secular frequencies remained
nearly the same across the three cases.

As noted above, the absolute values on the vertical axes should not be interpreted too literally

as the true ion temperature. The more relevant question is whether the heating rate trend changes
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Figure 5.15: Robustness of the dimensionless factor A = FHRgjm/FHR 0401 across the simulated
parameter space. The main panel shows A as a function of temperature, while the inset panels
separate the data into the T'= 5,10, and 15 K subsets and display A as a function of ion number
N, initial ion density, g, and T'/Tirossover- The scatter is appreciable between points, but there is

no clear evidence for a strong systematic dependence of A on any single simulation parameter.
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Figure 5.16: Width-based heating measurement for three rf frequencies 25, 50, and 100 kHz, corre-
sponding to ¢ = 0.282,0.141, and 0.0704. The inferred temperatures in the z,y, and z directions are
plotted versus trapping time, together with the corresponding ion number. The trap voltages were
adjusted so that the secular frequencies remain the same between different rf frequencies. Because
these temperatures are inferred from detector widths, the absolute scale should not be interpreted
literally. Instead, the relevant comparison is the relative trend with trapping time: the 25 kHz data
show somewhat stronger heating, especially along z, whereas the 50 and 100 kHz traces differ only
slightly.
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systematically as ¢ is varied. A somewhat larger trend is visible at f.; = 25 kHz, especially in the
z-direction. Since the rf confinement is applied in the radial plane. If the transfer function in the
radial direction carries an unknown systemtatic that changes with rf frequency, that systematic
would affect the x and y widths more strongly than the axial width. Therefore, I place somewhat
more weight on the z-axis result here.

At the same time, the difference between 50 and 100 kHz is comparatively small. This
suggests that at our nominal operating point of f.t = 50 kHz, rf heating is likely not the dominant
contribution to the observed heating. In other words, lowering the rf frequency to 25 kHz appears
to make rf-related heating more important, but increasing the frequency beyond that nominal value
does not dramatically change the measured heating trend. This behavior is consistent with the idea
that other mechanisms dominate the heating under normal operating conditions. This conclusion
should still be regarded as qualitative, since the width-based thermometry itself is subject to
detector-ion-optics systematics.

Nonetheless, operating at a higher rf frequency remains compelling, and in future work, we

plan to operate f;y = 100 kHz.

5.4.3 Ton-neutral collisions

Ton—neutral collisions can also contribute to trap heating and eventually to trap loss. As

discussed in Section the heating rate can be modeled heuristically as Eq.
T ~ Teopp X (energy gain per collision).

For the collisions with the neutrals, we have

T~ rLﬁ (5.22)
kp

where I'y, is the Langevin collision@ rate discussed in Section and AF is the characteristic

energy transferred to the ion in a single collision [67, [74]

14 Again, the heating rate here should also go as “Langevin-like” collisions. We don’t expect the heating rate to
follow exactly like the Langevin collision rate, which tends to underestimate the total rate of elastic collisiosn taht
transfer energy to the ion.
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Without the rotating electric field, the temperature of the ions is ~ 30 K. Therefore the
background neutrals are much hotter than the trapped ions, with the temperature ~ 300 K. In this
case, the elastic collisions tend to transfer energy into the ion cloud.

In a simple elastic two-body picture, the maximum fraction of the incident kinetic energy

transferred in a head-on collision is
4'rnion'rngas

(mion + mgas)2 ‘
If the ion is approximately at rest and the neutral carries the incident thermal energy, then a crude

estimate for the energy transferred per collision is

4mionmgas

(mion + mgas)2

AE ~ kB Tyas, (5.23)

up to some numerical factors associated with the collision angles and some thermal distribution.
In this simple picture, the energy transfer is most efficient when the neutral mass is closer to the
ion mass.

Figure shows the estimated heating rate using Eqs. and . Compared to
Fig. [£77] which shows only the Langevin collision rate 'z, the heating rate estimate makes clear
that Hsy is relatively inefficient at heating ThFT because of the large ion—neutral mass mismatch,
whereas heavier gases like Kr are substantially more efficient.

To experimentally test to see if the observed heating is caused by ion—neutral collisions, we
deliberately inject known amounts of gas into the chamber and measure the heating rate, using the
same general approach as in the the J = 1 lifetime measurement. Figure [5.18 shows the measured
heating rates with added Ns, Ho, and Kr with no rotating electric field.

Again, the absolute scale on the y-axis should not be taken too literally because the heating
rates were extracted using the width-based thermometry and are therefore subject to systematics.
Nevertheless, differential comparisons between gases are still informative. At comparable partial
pressures, Kr produces the strongest heating, while Hy is the least effective, consistent with the
simple mass-transfer estimate.

For all three gases, a change in heating rate required deliberate gas injection to pressures
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Figure 5.17: Estimated heating rate of ThF™ ions due to collisions with background neutrals, calcu-
lated from the Langevin collision rate I';, and the elastic collision energy-transfer model. Although
Hs has a sizable collision rate (shown in Fig. , its large mass mismatch with ThFTmakes it
inefficient at transferring energy, whereas heavier gases such as Kr and SF¢ are predicted to heat
the ions more effectively given the same partial pressure.
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Figure 5.18: Measured mean heating rate (averaged over all three directions) of ThFT ions as
a function of inferred partial pressure for added Ny, Ho, and Kr with no rotating electric field.
The first point in each dataset corresponds to the baseline partial pressure before additional gas
is injected. Although the absolute heating-rate scale is affected by systematics in the width-based
thermometry, the differential trend is clear. The heavier gas Kr produces the strongest heating,
while Hs is the least effective at comparable pressures. For all gas present in this plot, we see
increasing partial pressure by a factor of ten beyond their baseline values does not much change
heating, therefore, the baseline pressures of these gases are not the cause of heating we observe in
the prototype.
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much larger than the nominal operating conditions. This suggests that, in the absence of the
rotating electric field, ion—neutral collisions with Hs, No, and Kr are not the dominant source of
heating under normal conditions.

We also carried out several measurements with the rotating electric field applied. In this
case however, the interpretation becomes less straightforward. Once the rotating field is on, the
ions have substantial driven kinetic energy (~ 90000 K with &4 =60 V/cm, fror = 147.5 kHz).
Collisions can convert this ponderomotive energy into heating.

In practice, the data with the rotating field were difficult to interpret because there is sig-
nificant ion loss in this configuration with the injected gas. Once the ions begin spilling out of the
trap, it becomes difficult to separate heating from loss, and the loss rate itself is hard to quantify
because of detector saturation. For this reason, the measurements with the rotating field did not
lead to a clear conclusion.

However, we still have significant ion heating even without the rotating electric field. For the
no rotating field case, the data suggest that ion—neutral collisions are not the dominant source of

the observed heating.

5.4.4 Noise on electrodes

Noise on the electrodes can also drive ion heating. A useful treatment of heating from
thermal noise in ion traps is given in Ref. [75]. In our system, electrode noise can appear either
as a differential signal between the two rods in a given pair or as a common-mode signal on that
pair. Differential-mode noise can resonantly drive the ions’ secular motion when it has noise near
the secular frequency. By contrast, common-mode noise can drive parametric heating when it is
present near twice the secular frequency. E

In characterizing the voltage noise on the rods, we found appreciable differential-mode noise

15 Noise can also be present on the rings. As discussed before, the special and quadrant rings are driven through
the power op-amps and therefore have noise levels comparable to those of the rods. By contrast, the translation rings
are driven directly by the ARTIQ DAC system and are substantially quieter. In many of the long-coherence and
heating measurements, the ions are translated into the Science region, where the relevant electrodes are primarily
the rods and the translation rings. For this reason, I focus on the noise performance of the rods.
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on all four rod pairs and a much larger common-mode noise on one particular pair. Figure[5.I9shows
the measured differential- and common- mode noise between all the rod pairs. The differential-
mode noise is present on all pairs, with prominent peaks near 2.6 and 2.9 kHz. The common-mode
noise is strongly dominated by the Rod 2-6 pair with a dominant peak around 2.6 kHz.

Using the measured noise amplitudes, we carried out a simple analytic estimate of the cor-
responding heating rates. For the differential-mode peaks near 2.6 and 2.9 kHz, the expected
heating rate was of order 11 K/s. The large common-mode peak gave a much larger value, of order
1800 K/ SE Although these estimates are crude, they suggested that the observed common-mode
feature could plausibly be relevant for the measured heating.

To test whether the ions were sensitive to this noise, we scanned the secular frequencies by
varying the end-cap and rf voltages. In particular, we scanned through values for which the secular
frequency approached half of the common-mode noise frequency, around 1.3 kHz, where parametric
heating would be expected. The left column in Fig. shows the measured ion-cloud widths of
the ion cloud in z, y, and z as the rf voltage was varied. The right column shows representative
detector images (for z and y) and time-of-flight traces (for z) of the ion cloud taken on and off
resonance.

A clear increase in cloud size is observed near resonance, consistent with excess heating driven
parametrically by the common-mode noise on the Rod 2—6 pair. At this point, the measured secular
frequencies were approximately [1332(7), 1400(20), 1360(30)] Hz for z,y, and z, respectively, which
is consistent with the ions lying near half of the 2.6 kHz common-mode noise feature shown in
Fig. [5.19

On the other hand, when we scanned near the frequencies where differential-mode heating
would be expected, we did not observe comparably clear evidence for resonant heating.

We eventually traced the large common-mode noise to a problem with the op-amp board

driving that particular rod pair. After repairing the board, we repeated the measurement in the

16 These estimates should be interpreted only at the order-of-magnitude level. They depend on several approximate
assumptions, so the precise numerical values are not meant to be taken too literally.
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Figure 5.20: Ton-cloud widths measured while scanning the rf voltage through a region where the
secular frequencies approach half of the common-mode noise feature. Left: measured widths in x, y,
and z versus rf voltage. Right: representative detector images and time-of-flight traces taken near
and away from resonance. Near resonance, the cloud becomes significantly broader, consistent with
parametrically driven heating from common-mode electrode noise. Here, the secular frequencies
are about ~ 1300 Hz, in all three directions.
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same region of parameter space and could no longer reproduce the anomalous heatingﬂ This

suggests that the previously observed resonance was caused by technical common-mode noise on

that electrode pair and that this particular contribution was successfully mitigated.

5.4.5

Other possible contributions

Several additional effects may also contribute to heating. In this section, I briefly discuss a

few effects that we investigated at a preliminary level, but for which we found no obvious evidence

that they were the dominant contributors to the heating rate observed in the current apparatus.

(1)

(2)

Residual electrode noise

The measurements above show that electrode noise can, in some circumstances, produce
heating in the ion cloud. However, the simple estimate based on the measured voltage-noise
spectra still contain significant uncertainty, and it remained possible that smaller, broad-
band, technical noise on the electrodes could contribute to the nominal heating rate. To
test this possibility more directly, we added additional filters to each of the rod electrodes.

We then compared the measured heating trend with and without the filters in place.

In this test, filters could be added only to the rod electrodes, not to the rings, since the
ring electrodes must preserve the high-frequency components needed for stop and kickout
voltages. Within our experimental sensitivity, we observed no obvious change in the heating
trend after adding the rod ﬁlters@ This result suggests that residual rod-electrode noise,
at least at the level addressed by these added filters, was not the dominant limitation in

the nominal operating configuration.

Collisions with ions of different m/z

If another ionic species with a different value of m/z is present in the trap, it can collide

17 However, we did see a new peak that seemed to be moving around a little bit in terms of the frequency. We
suspect that this new peak was coming from the rings, because when we translate into the Science region, it was no
longer there.

18 For the experiments with the filters, we looked at the heating trend of the ions inside the Science Region, where
the rings have much less noise, compared to at the octagon.
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with our ion, ThFT. This collision may lead to heating, since the two species have different
micromotion trajectories. We know that a heavier ionic species is present in the trap, with
a mass approximately 10% larger than that of ThFﬂE To test whether this impurity
species was responsible for the observed heating, we implemented a mass filter by slowly
ramping the Mathieu parameters a and ¢ until species with m/z roughly 10-15% above
that of ThFT were removed from the trap. We observed no obvious change in the heating
rate with the filter applied, suggesting that collisions with this heavier species were not the

dominant source of heating under our operating conditions.

(3) Noise associated with high-power lasers
Our experiment uses high-power YAG lasers. We have observed that when these lasers
are not well isolated from the optical tables, noise at 10 Hz, the laser repetition rate, can
appear in various electronic signals, including oscilloscope traces of the ring voltages. One
of these YAG lasers is used for ionization and therefore cannot be turned off during normal
operation. A second, higher-power YAG laser (“Cow”) is used for dissociation, and this
can be turned off when dissociation is not required. We compared the heating rate with
Cow on and off. No obvious difference was observed. However, this test was performed
using the width-based temperature estimate, and the on/off comparison was implemented
as a relatively slow chop. As a result, the measurement may have been susceptible to drifts
in ion number over the cource of the experiment, and therefore this null result should be

interpreted with some caution.

(4) Heating rate from excess micromotion energy
As discussed in Ref. [71], ions displaced from the rf null can acquire excess micromotion
energy. In our apparatus, ions can be displaced, for example, from stray dipole fields

produced by patch charges. In routine operation, we make an effort to center the ions in the

19 We think that this species is either ThFJ or ThFOT. Our detection cannot resolve the time of flight of these
two candidates.
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trap by checking micromotion-related signatures during ejectionm . We therefore have no
strong reason to believe that excess micromotion is the dominant limitation in the nominal
configuration. Nonetheless, to test this possibility more directly, I performed a simple
experiment in which the ions were intentionally displaced form the trap center by applying
a dipole field and allowing them to evolve for different hold times. A modest increase in
the heating trend was observed as the applied dipole field was increased. However, when
extrapolated back to zero intentional dipole ﬁeld@ , the heating rate approached a nonzero
asymptote. This behavior suggests that under nominal operating conditions, the ions are
already located close to the rf null and that excess micromotion from static displacement

is not the primary source of the observed heating.

The purpose of this section is not to claim that these effects produce no heating at all. Rather,
it is to document the additional mechanisms that we considered and tested at a preliminary level,
and for which we found no obvious evidence that they were the dominant limitation in the present
measurements. If heating remains a concern in future work, each of these possibilities may require

a more systematic and quantitative investigation.

5.5 Mitigation and lessons from the prototype

When the mechanisms discussed in this chapter become sufficiently strong, ions acquire
enough motional energy to escape the trap. We have identified several knobs that affect the trap
lifetime. For instance, increasing f;ot reduces the ponderomotive energy associated with &, and

decreasing noise on the rf electrodes improves the lifetime by suppressing rf-driven heating. We

20 To shim the ions to the rf null, we abruptly turn off the rf voltages during kickout. The switch-off phase is chosen
such that the ions have either the maximum or minimum micromotion velocity, corresponding to opposite directions,
e.g. £&. This process maps the instantaneous micromotion velocity directly onto the kickout velocity. Although the
cloud shape changes under this procedure, the cloud centroid provides a sensitive diagnostic of displacement from the
rf null-if the ions are centered at the rf null, the centroids for the two opposite micromotion phases should land at
the same point on the detector. On the other hand, if the ions are displaced, the centroid shifts in opposite directions
on the detector for the two cases. We therefore use the measured centroid difference to apply a compensating dipole
shim field, correcting stray fields such as patch charges and returning the ions to the rf null.

21 Here, zero intentional dipole field refers to the field that we apply to “shim” the patch charges through the
process discussed earlier
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studied each of these contributions in some detail and observed their influence on the ion lifetime.
We have not yet, however, isolated a single mechanism that can account for the current ion loss.

Part of this difficulty is that the temperature diagnostic used throughout this chapter is
sensitive to ion number. While the transfer-function method remains useful for relative comparisons,
many of the mechanisms studies were carried out on different days and under somewhat different
loading conditions. In addition, the production rate itself often fluctuated substantially from shot to
shot, so the number of trapped ions could vary by a factor of two, or occasionally much more. These
variations, combined with the ion-number dependence of the width-based thermometry, imply that
some of our interpretations are likely affected by systematic uncertainty.

We therefore spent a significant amount of time trying to disentangle the ion optics, transfer
function, and the actual temperature of the ion cloud. This effort diverted our attention from the
physics goals, but it clarified an important limitation of the prototype apparatus and motivated
improvements to both the detector and the ion optics. With the upgraded detection system and
a better understanding of the transfer function, we expect future measurements to provide a more
reliable thermometry of the ion ensemble.

With that improved thermometry in place, the ion loss channels can be revisited in the full
Gen. IIT apparatus with much better control over systematics. I expect that the next stage of this
work will be able to determine more decisively which mechanisms are limiting the ion lifetime, and

in turn what changes are required to achieve the long interrogation times.



Chapter 6

Towards Long Coherence Time: Alternative Trapping Configurations

In the previous chapter, we investigated some mechanisms that limit the trap lifetime. In
practice, even without a complete understanding of all the mechanisms, we can take a different
strategy. Rather than focusing only on suppressing the loss channels, we can also reshape the
trapping potential so that when the confinement is loosened for the quantum evolution, the effective
trap depth does not decrease dramatically. In practice, this means making the trap more nearly
harmonic over the spatial extent sampled by the ion cloud.

In the following sections, I discuss the effective trapping potential of the prototype quadrupole
trap geometry and then describe several alternative trapping configurations that we tested in the

prototype apparatus.

6.1 Effective trap depth

As shown in Fig. the prototype trap uses eight rods to provide the rf radial confinement
and a set of ring electrodes to provide static axial confinement. Because this geometry was not
designed to realize an ideal harmonic trap, the resulting potential contains substantial anharmonic
contributions.

As discussed in Chapter [2| for the radial confinement, the rods are driven in the 4 x 2 phase
pattern

{0,0,7,m,0,0,7,7}.

Naturally, this phase pattern creates pseudopotential that varies in the azimuthal direction. In
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particular, the direction with the shallowest trap depth is along the bisector between two adjacent
rods that are driven in phase.

For the axial confinement, voltages are applied to the rings in a cosine-like potential along
z. Near z = 0, the potential is harmonic to lowest order. However, the finite spacing and the dis-
creteness of the ring electrode structure introduce significant higher-order terms. In the prototype
apparatus, in one bucket, there are four rings with a spacing of 2 cm, and these non-ideal terms
are not negligible.

These axial fields also produce radial anti-confinement. Since the static potential & must

satisfy Laplace’s equation,

V20 =0, (6.1)

any electrostatic confinement along z must be accompanied by electrostatic anti-confinement in the
radial plane. More generally, the higher-order axial terms from the discrete ring geometry result
in higher-order terms in the radial direction with opposite sign, through Laplace’s equation. As a
consequence, the ring voltages not only confine the ions axially, but also reduce the effective radial
trap depth away from the trap center.

Figure [6.]] illustrates these different contributions calculated from COMSOL simulation for
the prototype trap geometry. The top-left panel shows the rf pseudopotential from the rf 4 x 2
configuration along the shallowest radial direction. The top-right panel shows the radial anti-
confining contribution from the ring electrodes along that same direction. The bottom-left panel
shows the axial confinement from the rings. The bottom-right panel shows the resulting radial
effective potential after the rf confinement and ring-induced radial anti-confinement are added to-
gether. In this figure, the voltages are chosen to give approximately the nominal secular frequencies,
fas fy, f- = 2 kHz with fif = 50 kHz.

To understand how the bucket geometry affects the anharmonicity, we recall that the axial
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Figure 6.1: Components of the effective trapping potential for the prototype, shown in temperature
units U/kp. Top left: rf pseudopotential from the rods along the shallowest radial direction.
Top right: radial anti-confining contribution from the ring electrodes along the radial direction.
Bottom left: axial confinement produced by the ring electrodes. Bottom right: net radial
effective potential obtained by summing the rf confinement and the ring-induced anti-confinement.
For this example, nominal trap parameters are used: V¢ = 25.6 V and Vi, = 10 V, corresponding
to secular frequencies of ~ 2000 Hz.
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potential has the form

2
V(z) = Vhcos (kz), k= 77?

where A is the spatial period of the bucket structure. Expanding about the trap center gives
a harmonic term proportional to k222 and a leading anharmonic correction proportional to k*z*.
Therefore, for fixed axial confinement, increasing A suppresses the higher-order terms and makes the
axial potential more nearly harmonic. The corresponding higher-order radial distortion is likewise
reduced, so the effective radial trap depth can be substantially improved even though the radial
anti-confinement required by Laplace’s equation remains.

This picture is consistent with what we observed experimentally in two ways. First, the
trap lifetime was generally better when f, was chosen to be significantly smaller than f, and f,.
Although this weakens the confinement along z, it also reduces the radial anti-confining contribution
from the rings, thereby increasing the overall radial trap depth, which appears to be the more
relevant quantity in the prototype apparatus. Second, in the octagon region where the electrodes
can be controlled individuallyﬂ , we implemented 8-ring and 10-ring bucket configurations and
observed longer trap lifetimes than with the 4-ring configuration. These bucket configurations
increase A and reduce the higher-order distortion of the trapping potential.

Motivated by these observations, the Gen. III apparatus will use a larger bucket period in

order to increase the effective trap depth and make the trap less sensitive to anharmonicity.

6.2 Octupole trap

We have just seen that increasing the bucket period helps by reducing the axial anticon-
finement. In the present apparatus, however, the ring geometry is fixed, especially in the cold
region—changing the ring periodicity in this region would require breaking vacuum and rewiring the
trap. We therefore asked a more practical question: given the existing electrode geometry, can we

modify the radial confinement in a way that improves ion survival at long trapping times?

1 'We call these rings “special” rings.
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For many aspects of trap dynamics and systematics studies, a (nearly) harmonic potential is
desirable. For the immediate goal of retaining ions at low confinement, however, a non-harmonic
potential can be advantageous. With the current eight-rod geometry of the prototype apparatus,
we can implement an octupole rf configuration. In the usual quadrupole configuration, the rod

phases are

{O’ O’ 7[-7 7T7 0? O? ﬂ-’ Tr}?

whereas an octupole pattern is obtained with
{0,7,0,m,0,m,0,7}.

In the eight-rod geometry, this pattern produces an octupolar rf potential ®.¢ o< r* cos (46) and an

rf pseudopotential that scales as 6.

In practice, there are two broad ways of using the octupolar confinement, as shown in Fig. (6.2
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Figure 6.2: Illustrative radial pseudopotential profiles for two octupole-assisted trapping schemes in
the prototype apparatus. Left: octupole-box configuration (blue) compared with the conventional
rf configuration (orange). Right: octupole-wall configuration (blue) compared with the conven-
tional rf configuration (orange). In both configurations, the outer confinement is increased while
allowing relatively weak confinement near the trap center. Both configurations also include the
nominal axial anti-confinement component.

In the “octupole box” configuration, the potential is more like a box than a harmonic well-
ions are able to spread out more, thus reducing ion density required for the Ramsey evolution. In

the “octupole wall” configuration, the octupolar pattern is used in combination with the usual rf
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trap. Near the trap center, the potential is dominated by the harmonic well from the rf trap, but
the octupolar trap provides steeper walls at larger radius, thereby preserving trap depth even when
the secular frequencies are reduced.

Empirically, the octupole-wall configuration proved easier to optimize and more robust in
operation than the octupole-box configuration.

To quantify the benefit, I measured the ion signal remaining after 12 seconds of the trapping
time while scanning the rf amplitude V;t. The results are shown in Fig. [6.3] The blue trace
corresponds to the conventional rf trap, while the orange trace corresponds to the rf trap with an
added octupole-wall component. The plotted quantity is the area under the time-of-flight signal,

which is proportional to the number of ions in the trap.

f. ~1.3kHz, f, ~ 1kHz
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Figure 6.3: Remaining ion signal after 12 s versus Vi¢ for the standard rf trap and for the rf trap
with an octupole-wall component. Adding the octupole wall allows for lower confinement to be
achievable by improving ion retention at lower Vis.

The main effect is that the octupole-wall configuration allows for lower secular frequencies
while still retaining substantial ion signal after 12 s. In contrast, the conventional rf configuration
shows strong loss over the same V¢ range. Therefore, the octupole-wall configuration with the
conventional rf trap provides a practical way to maintain ion survival in the low-confinement regime

that is most relevant for long Ramsey evolution.
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With the octupole-wall configuration, I was able to perform long-time Ramsey spectroscopy
while retaining more ions compared to the conventional rf trap. Particularly, this configuration
allowed us to directly observe Ramsey fringes at 21 s for the first time.

Looking ahead, the rod-drive upgrades and the ability to operate at higher rotating-field
frequency should further suppress several of the loss mechanisms discussed in the previous section.
Nevertheless, the octupole-wall configuration remains a useful and flexible tool for improving ion

retention at long trapping times.

6.3 Rotating rf (rrf) ion trap

The octupole trap configuration is not the only alternative trapping configuration. At some
point, our group came across the proposal of the rotating rf (rrf) ion trap by Hasegawa and
Bollinger. For the parameters relevant to our experiments, the rrf configuration can increase the
effective trap depth without requiring an increase in the nominal trap confinement.

Portions of this section are adapted from a manuscript in preparation. I have modified the

manuscript to fit the narrative of this thesis.

6.3.1 Motivation and background

Radio-frequency (rf) ion traps, commonly referred to as Paul traps, allow for confinement in
all three directions. Since three-dimensional ion confinement using purely electrostatic fields is not a
solution of Laplace’s equation, linear rf (Irf) ion traps utilize alternating confining and anticonfining
potentials oscillating along the = and y axes as shown in Fig. [6.4h. The rapidly oscillating fields
drive micromotion, and this micromotion in the field gradient results in an effective secular confining
potential. Since their introduction in the 1950s by Wolfgang Paul [76], lrf ion traps have been used
in many applications, including quantum computation [77H82], atomic clocks [83H87], and physical
chemistry [88-90].

There is a familiar mechanical Paul trap lecture demonstration (videos available on the

internet, for instance here in Ref. [91]) based on a rotating, saddle-shaped surface. An object
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Figure 6.4: The landscape of the oscillating component of the potential of the (a) linear rf ion trap
and the (b) “mechanical” Paul trap at different moments in time ¢. (a) Linear rf ion trap. The
potential is confining (anticonfining) along the z-axis (y-axis) at wyst = 0. A quarter period later,
the potential landscape is flat. Half a period later, the potential flips its sign. The potential flaps
along the = and y axes. (b) Mechanical Paul trap. The potential rotates (in this case, about the
+2 direction). The same pattern appears in the rrf ion trap.
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constrained to the surface by gravity and surface forces experiences a potential that rotates with
time as in Fig. [6.4p. While this is not exactly how most rf ion traps work, the analogy provides
useful physical intuition.

About 20 years ago, Hasegawa and Bollinger in Ref. [92] proposed an rf ion trap based on
a rotating potential. In conventional Irf ion traps, the confining and anticonfining potentials flap
back and forth at the rf frequency, whereas in the rotating rf (rrf) ion trap, the potential itself
rotates at the rf frequency, more analogous to the mechanical lecture demonstration. Prior to this
work, no experimental realization of an rrf ion trap has been reported in the literature. This could
be because an rrf ion trap is experimentally more complex, requiring multiple phases of rf voltages
on multiple electrodes.

In this section, we revisit this proposal and present an experimental realization of the rrf ion
trap, verifying its fundamental dynamics and demonstrating the theoretical predictions outlined
in Ref. [92]. Furthermore, we demonstrate practical implications of the rrf ion trap for precision
metrology. Specifically, we show how the rrf ion trap configuration resolves inherent trap-depth
anisotropies in eight-rod trap geometries used in precision spectroscopy on trapped molecular ions.

The sensitivity of the eEDM measurement is proportional to v/ N7 where N is the number of
counts and 7 is the coherence time. Therefore, to maximize sensitivity, we aim to trap as many ions
as possible while suppressing unwanted ion—ion interactions by adiabatically reducing the secular
frequency, which lowers the ensemble temperature and density. As mentioned earlier in the thesis,
we distinguish between the tightness of ion confinement proportional to the secular frequency at the
trap center and the effective depth of the trap set by the total energy required to escape the trap
via the lowest saddle point. While loose confinement can be advantageous for reducing interaction-
driven decoherence, it also makes the ions more vulnerable to confining-potential inhomogeneity:
the effective trap depth becomes shallower, which increases ion loss. The rrf trap mitigates this
tradeoff by averaging over certain static inhomogeneities and anharmonicities, yielding a deeper

effective trap depth for the same nominal confinement, as will be discussed later in this paper.
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6.3.2 Theory and Experimental Realization of the rrf trap

6.3.2.1 Idealized Trap Potentials

In an ideal Irf ion trap, an ion experiences a dc axial field and an oscillating radial quadrupole
field. In an Irf trap, the dc axial potential ®, and rf radial potential @)+ in cylindrical coordinates

(r,0, z) are given by

Ve
o, = — (;C (r? — 22%),
r
o (6.2)
Oy = —T;rz cos (20) cos (2wt),
r

T

where V4. and Vit are the dc and the rf voltages applied, 7, and r, are effective axial and radial
dimensions of the end caps and radial electrodes, and 2w = w;t is the rf frequency [92]. By contrast,

in an rrf trap, the rf radial potential rotates with time as [92]

Vi
D = T—;TQ cos [2(0 + wt)]. (6.3)

r
There are two dimensionless Mathieu parameters in rf traps: ¢ and d are defined as

4qo Vi
9
mowrf2rr2

4QO Vdc
)
mowrf2Ta2

(6.4)
d =

where qq is the charge of the ion and mg is the mass of the ionE] The g parameter describes the
strength of the rf electric field while d describes the applied dc quadrupole field.

Ion motion in an idealized Irf trap has been discussed extensively (see, e.g., Refs. [55,56]). For
an rrf ion trap, Hasegawa and Bollinger solved the equations of motion in the rotating, time-varying
potential in Ref. [92]. In both Irf and rrf traps in the small-¢g limit, the transverse motion separates
into a fast micromotion at wys and a slower secular motion. In an ideal Irf potential of Eq. ,
the two transverse secular modes are degenerate, with the eigenfrequency wy = (wy/ 2)\/@
One convenient basis for these degenerate modes is clockwise (CW) and counterclockwise (CCW)

circular motion. In practice, however, static transverse stray fields (often well approximated by

2 Earlier in the thesis, a was used to describe this dimensionless parameter d. Here, I keep it as a, to be consistent
with the original proposal in Ref. 92



136

an 22 — 32 quadrupole term) lift this degeneracy and select two orthogonal linear normal modes,

typically aligned close to the - or y-axis, resulting in two distinct secular frequencies w, # w,. In
this case, the mode axes are fixed in the laboratory frame, and generic excitations lead to beating
between the two linear modes. In the rrf trap, the degeneracy is lifted intrinsically by the rotating
rf drive. For a finite value of ¢, the two transverse secular eigenmodes are split even in the absence

of static transverse fields. To leading order in ¢, the CW and CCW eigenfrequencies are [92]

2
wy o "J21”f<\/q2 —d + ‘é) . (6.5)

Because the rrf eigenmodes remain CW and CCW, a linearly polarized excitation along the z-
or y-axis can be viewed as an equal-amplitude superposition of these eigenmodes. The resulting
transverse motion stays linear, oscillating at Wsee = (w4 + w_)/2, but its axis rotates slowly in the
xy-plane at the precession rate wprec = (w4 — w—)/2. Exciting instead a pure CW or CCW mode
produces a circular secular trajectory for which no oscillation axis is defined, and thus there is no

meaningful notion of “precession.”

6.3.2.2 The JILA Eight-Rod Trap

The schematic of our ion trap is shown in Fig. Unlike standard Irf traps, which typically
use four electrodes to generate a quadrupole field, our trap utilizes an eight-rod geometry. This
design is required to generate the highly uniform, rotating polarizing bias electric field necessary
for our precision measurement. Each rod pair, comprised of diametrically opposed rods, is driven
separately giving us full control of both amplitude and phase between rod pairs. For the rf radial
confinement, the two rods in a rod pair are in phase, whereas for the polarizing field, the two rods

are out of phase by 7. The typical value of the rf frequency is w,s/2m = 50 kHz.

6.3.2.3 Ion Dynamics in the rrf Trap

In the harmonic regime, ions in the rrf trap undergo secular motion with the two transverse

eigenfrequencies given in Eq. (6.5). In our experiment, ions are excited with a relatively weak
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Figure 6.5: Transverse mode frequencies in the rrf trap as a function of Mathieu parameter q.
Blue circles show the measured mean secular frequency weec (top) and precession frequency wprec
(bottom), extracted from the transverse motion following a weak kick along x-axis. Error bars
are smaller than the marker size for all points and are not visible at this scale. Solid curves are
the predictions of Eq. evaluated using the calculated trap parameters ¢ and d with no fit
parameters. Over the range shown, wprec exhibits a quadratic dependence on ¢ (up to higher-order

corrections).
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transverse pulse along the z-axis (or y-axis), which prepares a linear superposition of the two
circular eigenmodes with the resulting motion well within the harmonic region of the trapping
potentials. The resulting transverse motion of the ions can be expressed as an oscillation at the
mean secular frequency wsee = (w4 + w-)/2, with a slow precession at the difference frequency
Wpree = (W4 —w_)/2, as previously discussed. Figure shows that both Wsee and wprec vary with
¢ in quantitative agreement with Eq. . Equivalently, the transverse motion of ions in the rrf
trap can be interpreted as that in an Irf trap in the presence of an effective axial magnetic field
[92]. For a precession frequency of 200 Hz, the effective magnetic field is about 60 G for our ThF™
ions.

To distinguish transverse dynamics in the Irf and rrf traps, we excite the ions with a weak
kick at an azimuthal angle o, where @ = 0° corresponds to a kick along the x axis and o = 90°
along the y axis. For each value of «, we record the two detector coordinates qet(t) and yqet ()
and fit each trace to a sum of two sinusoids at the transverse secular frequencies: in the Irf trap,
the fit frequencies are w, and w, and in the rrf trap, wy and w_. We extract the amplitudes for
the two frequency components a1 («) and az(«). To quantify the extent to which both frequencies

are present in a given signal, we define the mixing fraction F

_ min[a; (@), as(a)]
Fla) = ai(a) + az(a)

(6.6)

where F' ~ 0 corresponds to a single frequency motion and F ~ 0.5 corresponds to comparable
contributions from both frequency components.

In the Irf trap, the transverse eigenmodes are linear oscillations along fixed principal axes.
Static transverse imperfections will lift the degeneracy and produce two secular frequencies w, # wy,
as previously mentioned. A general transverse excitation therefore looks like z(t) = ay cosw,t + ¢,
and y(t) = aycoswyt + ¢,. When the detector axes are aligned with the principal axes such
that 040 ~ 0, each measured coordinate contains only a single secular frequency; xget(t) will be

dominated by w, and yqet(t) by wy. Transverse kicks that are not along the principal axes change
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the relative weights a, and a, and the relative phase

Ap(t) = (wz — wy)t + (¢z — dy),

which cause the ion trajectory in the transverse plane to evolve between linear and circular modes,
but does not introduce a second frequency component to each transverse coordinate. In contrast,
in the rrf trap, the degeneracy is intrinsically lifted by the rf drive, and the two transverse circular
eigenmodes (CW and CCW) oscillate at wy. A linear kick necessarily excites a superposition of
the two circular modes, so each Cartesian coordinate always contains both w., regardless of the
azimuthal angle of the kick «. If the detector axes are rotated by a fixed angle 04¢¢ relative to the
trap axes, then it is possible for each Cartesian coordinate to contain both frequencies even in the

case of the Irf trap.

Ldet (t) = li(t) COs edet + y(t) sin gdet

Ydet (1) = —x(t) sin Oger + y(t) cos Oget .-

However, the presence of both frequencies is a strong function of «, because both linear modes have
to be excited. In the rrf trap, the presence of two frequencies in each coordinate is intrinsic and
remain near maximal over the full range of a. This behavior is shown in Fig. In this figure,
same data are analyzed differently: for panels (a), the ion positions in  and y are used as they
are, i.e. with detector axes present in the experiment. For panels (b), the the ion positions = and
y are rotated by an additional angle 040; ~ 45°. Panels (i) show the Irf data and panels (ii) show
the rrf data. We observe that for the Irf trap, the maximum F), occurs at o = 0° and maximum
F, at a = 90°, indicating each detector coordinate is predominantly made of a single frequency
component. However, when the detector axes are rotated by 45°, we see a strong variation of both
F, and F, with o. However, for the rrf trap, F, and F, are constant at 0.5 across all o and Oet-
We can also directly look at the ion dynamics at the detector. Figure[6.7]shows the transverse
ion trajectory in the rrf trap. As before, the ions are given a weak transverse pulse along the z-axis.

The plotted trajectory begins approximately 4 ms after the transverse kick, and the color darkens
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Figure 6.6: The mixing fraction F'(«) extracted from the transverse detector signals as a function of
azimuthal kick angle . For each value of «r, we fit 4ot () and yget(t) to a sum of two sinusoids at the
transverse secular frequencies and define F as in Eq[6.6] Panels (a) use detector axes present in the
experiment (fgey =~ 0°), and panels (b) use detector axes rotated by an additional angle (fget =~ 45°).
Panels (i) show the Irf data, fit to frequencies w, ~ 27 - 1700 Hz and w, ~ 27 -1900 Hz. Panels (ii)
show the rrf data with frequencies wy ~ 27 - 1700 Hz and w_ ~ 27 - 1900 Hz. In the Irf trap with
f4et = 0°, each detector coordinate is predominantly has a single frequency component, indicated
by F, ~0at a =0° and F,, ~ 0 at o = 90°). With 04c; = 45°, both Irf eigenmodes contribute to
each detector coordinate, and F,(a) and F,(«) increase and vary strongly with a. On the other
hand, the rrf data show F, ~ F,, ~ 0.5 across all o and 0gcs.
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with increasing time between the kick and detection. For improved visualization, the data are
linearly interpolated between successive points and smoothed with a 2-point moving average. The
precession of the transverse motion is clearly visible. The precession frequency is expected to be
Wpree/ 2T & 120 Hz with the secular frequency wge./2m ~ 2000 Hz. Just before ejecting the ions for
imaging, we quasi-adiabatically ramp down the rf amplitude, which suppresses the micromotion
to the point where it is not visible in Fig. The ~17-petal-flower pattern in Fig. is what
one would expect from the beating between simultaneously excited clockwise and counterclockwise
eigenmodes with frequencies that differ by about 12%, and quite different from the alternating-X-

and-O pattern one observes in beating between & and g eigenmodes.

6.3.3 Implications for Precision Measurement in Non-ideal Geometries
6.3.3.1 Pseudopotential in Non-Ideal Trap Geometry

Our ion trap, as shown in Fig. was carefully designed to provide a rotating polarizing
bias electric field required for the eEDM measurement with 0.01% uniformity. However, it was not
optimized to give perfectly harmonic rf confinement. To operate this 8-rod structure in a traditional
Irf quadrupole configuration, the rods are driven with a phase pattern of {0,0,7,7,0,0,7,7}. Be-
cause adjacent rods must be grouped in phase to approximate a four-pole geometry, this inherently
produces a trap which is cylindrically symmetric for only small displacements. The anharmonic
terms are highly anisotropic, characterized by a weak axis between adjacent electrodes held at the
same instantaneous potential. When the trap confinement is loosened to minimize ion—ion inter-
actions during precision spectroscopy, our ion cloud expands and samples regions where the fields
deviate from the perfectly harmonic, idealized rf potentials discussed in Section Instead
of using the idealized rf potential, one can use a pseudopotential approximation to compute an
effective potential. This approximation is widely used in rf trapping and is valid when the drive
frequency is large compared to the secular frequencies and the micromotion amplitude is small on

the spatial scale over which the field varies [55] 56, 93]. A convenient way of expressing the rf drive
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Figure 6.7: Transverse ion trajectory in the xy-plane, starting approximately 4 ms after a weak
transverse kick along the z-axis. The color darkens with increasing time delay between the kick
and detection. For visualization, the data are linearly interpolated between successive points and
smoothed with a moving average of two points. The trajectory shows a clear precession motion, a
distinctive feature of ion dynamics in the rrf trap. The ion optics used to focus ejected ions onto
an imaging detector have magnification 1.5 times larger in the & than in the g direction. We have
correspondingly stretched the z-axis of the plot so that the image on the page is more faithful
representation of the trajectory in the xy-plane.
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is
E(r,t) = &E[Eo(r)ei‘*’rft] ,
where Eg(r) can be a complex spatial amplitude. In the pseudopotential approximation, the time-

averaged micromotion leads to a time-independent effective potential that is proportional to the

square of the rf field amplitude [54] 55, 93]

2 2
q0 * do0 2
U =L Er) Ex)=-—"_|E
pseudo(r) 4m0wrf2 (I‘) O(r) 4m0wrf2| O(r)‘ 6.7
q0° 2 07
= — @
T [V o(r)

where Eg = —V®g and ®(r,t) = R[Po(r)e™*]. With the rf drive E(r,¢) written in a complex
form, it is clear that the pseudopotential approximation applies not only to the Irf potential, but to
the rrf potential where the difference between them is the rrf potential having a complex amplitude
®(r) with azimuthally varying phase. More specifically, the rrf potential of Eq. can be written
as

Dt(r, 0,t) o r? cos (20 + wyst) = %[r%i%ei“’“t] .

With ®¢(r, ) o 72€?%, the corresponding pseudopotential is

Upseado (1) o [VB0? = (|V@ [ + [V, ), (6.8)

where ®. o< 72 cos (20) and ®, o< 72 sin (26). This decomposition provides a useful way to interpret
the rrf pseudopotential discussed below.

Using the pseudopotential approximation, the relevant measure of confinement and effective
trap depth is the quantity |[V®g|2. We now evaluate this quantity for our eight-rod geometry
used in the experiment. Experimentally, we drive our eight radial electrodes with fixed phase
offsets. For the Irf configuration, the electrode phases are {0,0, 7,7, 0,0, 7,7}, while for the rrf
configuration they are {0, 7/2,7,37/2,0,7/2, 7,37 /2}, as shown in Fig. and [6.8, respectively.
Figure shows the transverse profile of |V®¢|?, a quantity to which the pseudopotential is
proportional, for the Irf configuration. The effective trap depth is not azimuthally uniform. This

anisotropy is seen more directly in Fig. , which shows |V®g|? traces along the three cuts (i),
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Figure 6.8: Transverse field curvature, proportional to the pseudopotential Upseudo o |V®|?, of the
Irf and rrf trap configurations. (a) Electrode phase patterns and the three geometric cuts, labeled
(i)—(iii), for the Irf configuration. (b) Surface plot of |[V®y|? in the transverse plane. (c) Corre-
sponding one-dimensional cuts along (i)—(iii). The grey curve shows a quadratic reference fit near
the trap center. (d) Electrode phase pattern and the three geometric cuts, labeled (iv)—(vi), for the
rrf configuration. (e) and (f) Surface plots of [V®.|? and |V®,|?, respectively. (g) Average of the
two quadratures as the total rrf field curvature |[V®¢|? = ([V®.|? +|V®,|?)/2. (h) Corresponding
one-dimensional cuts along (iv)—(vi). Note that the shallowest cut in this trap is deeper than that

in the Irf trap.
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(ii), and (iii), corresponding to angles of 0°,22.5°, and 45° with respect to the z-axis. The effective
trap depth is shallowest along cut (i), which passes between the two electrodes held at the same
instantaneous potential. Cut (ii) passes through the physical rods, spanning from r = +5.215 cm
to r = +6.485 cm, while cut (iii) lies midway between electrodes of opposite phase.

For the rrf configuration, as discussed above, the total pseudopotential can be decomposed
into the cosine and sine quadratures, shown in Fig. and Fig. [6.8f, respectively. These two

quadratures are related in space by
O.(r,0) = Dy(r,0 + w/4).

It is therefore tempting to think of the rrf pseudopotential as a simple azimuthal average of a single
quadrature. However, the relevant quantity to the total pseudopotential is Eq. , the average
between the two quadratures, and is shown in Fig. . Figure shows the total rrf [V ®,¢|?
traces along the cuts. Because of the averaging over the two quadratures, the cuts at +22.5° are
identical, leaving only two unique traces. These traces are substantially more uniform than those
of the Irf configuration in Fig. [6.8c. More importantly, the shallowest direction in the rrf trap is

deeper overall than in the Irf trap.

6.3.3.2 Enhancement of Effective Trap Depth

To experimentally probe the azimuthal dependence of the trap depth predicted in Fig.

we adiabatically apply a static dipole field that adds an additional potential

Udce(r) = —qoEqc - 1,

which tilts the potential landscape. As |Eq4| increases, ions are displaced from the trap center
and eventually escape, so by looking at how many ions survived as a function of tilt direction, we
measure the direction dependence of the effective trap depth. Here, we express the strength of the
applied tilting field by the magnitude of the offset in the trap equilibrium location if the potential

were fully harmonic, Zeq o qoEqe/(mi2.).
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Figure 6.9: Ion survival as a function of adiabatic dc tilt for different transverse cuts. The ion signal
is recorded after the trap has been adiabatically tilted by a static dipole field. In both panels, cuts
(i)-(vi) correspond to the transverse directions defined in Fig. (with 0° along the z-axis). The
horizontal axis is the applied tilt expressed as an equivalent equilibrium shift zeq = go Eac/(m@2,),
defined using the harmonic approximation. The dotted vertical lines are guides to the eye. Top:
cuts (i), (ii), and (iii) of the Irf configuration correspond to azimuthal angles 0°, 22.5°, and 45°,
respectively. Ion loss occurs at smaller |x.,| for cut (i), consistent with this direction having the
shallowest effective confinement. Bottom: cuts (iv), (v), and (vi) of the rrf configuration correspond
to 0°, 22.5°, and -22.5°, respectively. The loss curves occur at more similar |z.q| across angles,

indicating a more azimuthally uniform effective trap depth in the rrf configuration.
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In Fig. in the Irf configuration, ion loss occurs at different z¢q for different azimuthal
angles (0°, 22.5°, and 45° corresponding to cuts (i)—(iii) in the left column of Fig. , indicating
a strong angular dependence of the effective trap depth. In particular, ions are lost at smaller tilts
along the weakest direction, cut (i), consistent with the reduced trap depth for that cut predicted
in Fig.

By contrast, the rrf configuration effectively reduces this asymmetry down to just two distinct
axes. To explicitly test this, we measured the rrf ion survival at azimuthal angles of 0° and +22.5°
(corresponding to cuts (iv)—(vi) in the right column of Fig. . Because the quadrature averaging
maps the +22.5° and —22.5° directions onto the exact same averaged pseudopotential profile, the
experimental loss curves for these two angles are very similar. The loss occurs at similar z.q across
all measured angles, visually highlighting how the rrf configuration symmetrizes the trap depth
and verifies the theoretical reduction to only two distinct effective axes. Crucially, not only does
ion loss occur at more uniform z.q values in the rrf configuration, but the absolute minimum zeq
required for ions to escape is noticeably larger than that of the weakest axis in the Irf configuration.

This increased minimum escape barrier is significant because the overall effective trap depth
is determined by the shallowest available axis. In our ion cloud, Coulomb interactions redistribute
energy and couple their translational degrees of freedom, leading to ions exploring a wide range
of trajectories over time. As a result, long-time trap depth is governed by the lowest available
escape barrier of the effective potential, not by a single trajectory. The anisotropy of the Irf
configuration therefore introduces “easy escape” directions that reduce this minimum barrier and
yield a comparatively shallow effective trap depth. By contrast, the rrf configuration raises this

minimum barrier through quadrature averaging, resulting in a deeper overall trap depth.

6.3.4 Discussion

Our ultimate goal is to maximize sensitivity to the eEDM measurement, which is proportional
to vV N7 as mentioned. The coherence time is determined largely by ion-ion collisions which depend

in turn on the number of ions, their temperature, and the nature of the confining potential. We note
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that for holding ions in a loose yet deep potential well, there are options other than the rrf trap,
including driving our eight rods in hexadecapolar pattern, for a potential more nearly approaching a
square well. We are in the process of investigating which approach is most promising for maximum
eEDM sensitivity. To date all our efforts to understand systematic error in our measurement of
the eEDM has been in the context of the Irf ion traps [51]. In Section we describe the
secular motion of an ion in an rrf trap being equivalent to the secular motion of an ion in an Irf
trap with the addition of an effective axial magnetic field of some tens of Gauss, a value at least
1000 times larger than the physical magnetic fields present at the center of our trap during our
precision measurement efforts. Of course the fictitious field couples to the center-of-mass motion
of an ion and does not directly couple to the spins of the electrons within the ion. The direction of
the rotation of the rrf potential and the resulting effective magnetic field do however change sign
with the time reversal operation; thus we intend to explore the implications very thoroughly, given
that our overarching science goal is to search for evidence for a tiny fundamental violation of time

reversal symmetry.



Chapter 7

Towards Long coherence time: Loss of coherence

In our system, because the ions are in the rotating frame, the Ramsey precession frequency is
not set by a static laboratory-frame magnetic bias alone. Rather, it depends on both the magnetic
field structure and the rotating electric field.

Long Ramsey coherence therefore requires both temporal stability and spatial homogenetiy
of the magnetic and rotating electric fields. Temporal fluctuations lead to phase noise within a
shot or from shot to shot. Spatial inhomogeneities cause different ions to precess at different rates,
leading to dephasing across the ensemble. In this chapter, I focus specifically on how these effects
limit coherence, leaving related systematic shifts to later discussion.

As a simple scale, if we require the ions to accumulate less than 0.1 cycle of additional phase
at the end of a 20 second interrogation time, this corresponds to an allowed detuning error of only

5 mHz, for the Ramsey frequency of about 50 Hz. Fractionally speaking, this is at the 104 levelE

! Tt is worth noting that this simple phase-slip estimate is distinct from the projection-noise-limited frequency
sensitivity in a Ramsey measurement. On the side of the Ramsey fringe, the frequency sensitivity is approximately

Assuming we have C =~ 1, 7 ~ 16 s, and N ~ 100 ions, this comes out to be ~ 1 mHz. Therefore, the shot-
to-shot fluctuation would have to be stable at roughly ~ 1 mHz level to avoid contributing appreciable to the
statistical uncertainty. However, in our measurement, simultaneous detection of both Stark doublets greatly relaxes
this requirement on shot-to-shot stability because common-mode fluctuations are largely rejected.
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7.1 Temporal inhomogeneity

A long Ramsey coherence time requires the transition frequency to remain stable over the
duration of a single interrogation time and reproducible from shot to shot. In our experiment, the
Ramsey frequency is set by the Zeeman splitting in the rotating-field environment and therefore
depends on both the magnetic field and the rotating electric field. Therefore, temporal fluctuations
in either field reduce the observed coherence.

There are two distinct relevant effects. First, there can be slow drifts during an individual
Ramsey sequence.These produce a time-dependent detuning and ultimately an additional phase
error. Second, the fields can vary shot to shot. In this case, the different shots evolve at slightly
different precession frequencies, so that combining many shots into a single Ramsey fringe can

reduce the apparant contrast, even if each shot remains coherence on its own.

7.1.1 Temporal drift of the rotating electric field

The rotating electric field sets the micromotion radius r.o¢. In the presence of an axial mag-
netic field gradient Baxgrad, this micromotion gives rise to the Ramsey precession frequency framsey-
A temporal drift of the rotating field changes r,ot, which changes the magnetic field gradient sam-
pled by the ions and therefore shifts frRamsey. Both slow drifts and shot-to-shot fluctuations are
relevant here.

A useful diagnostic for this situation is a Lissajous plot of the populations of the two states |1)
and |}). If the two populations remain phase correlated, the points should trace an approximately
elliptical shape. This diagnostic is valuable for identifying residual coherence at late times, but it
does not by itself provide a precise eEDM measurement.

We know there exists shot-to-shot fluctuations in the rotating electric field in the current
system. This is mostly from the power op-amps used to generate the rotating field are turned on
and off between measurements.

Another useful diagnostic tool is to measure the rotating-field magnitude during each shot
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and use it to “correct” the effective Ramsey evolution time. For the Ramsey frequency that scales

with the rotating field as fRamsey X Erot, then shot i accumulates the phase

¢; = 27 fit;.

We can then define a corrected time 7" relative to a reference frequency f by requiring that it

corresponds to the same accumulated phase,
b = 2 Feom.

This gives

) Erot i
tiiz ~t; rotyt .
f grot

In other words, in the data fitting process, shots with a slightly larger & are assigned a propor-

corr
ti

tionally larger effective Ramsey time, and vice versa. If fluctuations in &£ are important source
of shot-to-shot phase scatter, then this procedure should partially remove that scatter and recover
fringe contrast.

This idea is illustrated in Fig. Consider two sine waves with the same initial phase but
slightly different frequencies f1 and fo, where fi is the reference frequency. At the nominal Ramsey
time indicated by the vertical dashed line, the two curves have different phases because they have
evolved at slightly different rates. However, if the point from the fs curve is replotted at the correct

time

tCOI‘I‘ — té,
fi

then it is mapped to the time at which the reference-frequency oscillation would have accumulated
that same phase. In this way, the correction removes the apparent phase shift associated with the
frequency difference.

Figure shows the Ramsey fringes before and after this correction. During this measure-
ment, we monitored &t and saw ~ 0.05 % fluctuations between each shot. For the corrected data,
each point is replotted using the rescaled time t{°". In the dataset shown here, the correction

does not increase the fitted contrast. This suggests that shot-to-shot fluctuations in the magnitude
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Figure 7.1: Illustration of the Ramsey-time correction. The orange curve shows represents a shot
with precession frequency f;, while the blue curve represents the reference oscillation frequency
at f. A measurement taken at the nominal Ramsey time t; is replotted at the corrected time
teor = ¢, fi/ f, so that it corresponds to the same accumulated phase on the reference oscillation.
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of &0t were not the dominant source of decoherence in this measurement. Even so, this proce-
dure remains a useful diagnostic for determining whether the amplitude noise in the rotating field
contributes to the observed dephasing.

Because we know that one dominant source of temporal fluctuation in &£ is thermal drift
associated with switching on and off the high-voltage electronics, the Gen. III apparatus will operate
with both the rotating electric and rf field continuously on. Keeping on these electronics continously

should result in a steady operating temperature, and therefore should reduce this source of drift.

7.1.2 Temporal drift of the magnetic field

As discussed earlier, in this rotating-field configuration, the Ramsey precession is especially
sensitive to the axial magnetic field gradient sampled by the ion micromotion. In the prototype
apparatus, the dominant temporal magnetic noise relevant here is slow drift of the magnetic field
gradient of the environment, rather than shot-to-shot fluctuations of a static bias magnetic gradient
field 2

For the present operating conditions in the prototype apparatus with fiot = 147.5 kHz and
Eot = 60 V/cm, an axial magnetic field gradient of 3 mG/cm produces approximately 50 Hz of
Ramsey precession. Equivalently, a gradient change of 1 uG/cm shifts the Ramsey frequency by
about 17 mHz. For Ramsey interrogation times of order 20 s, sub uG/cm-level drifts can lead to
substantial accumulated phase.

Unfortunately, the magnetic environment around the experiment is not static. For exam-
ple, the door to the laboratory is made of a large piece of steel, and a freight elevator operates
immediately adjacent to the lab. We monitored the spatial magnetic gradient near the prototype

apparatus. The measurements were taken about 1.5 m away from the Science region, but in the

2 Strictly, shot-to-shot fluctuations and slow drifts are not fundamentally distinct; they refer to magnetic field
variations on different timescales relative to the experimental cycle. The distinction I want to make here is the
following: the rotating electric field is generated by power op-amps that are switched on and off between experimental
shots, so it can have true shot-to-shot reproducibility errors. By contrast, the bias magnetic field gradient is produced
by DC currents that remain on continuously. Therefore, its variations are excepted to appear mainly as slow drifts or
low-frequency noise from the environment around the trap, rather than as discrete turn-on transients from one shot
to the next.
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Figure 7.2: Ramsey fringes for doublets A and B before (top) and after (bottom) correcting the
effective Ramsey time of each shot based on the measured rotating-field magnitude. For this dataset,
Erot fluctuated ~ 0.05% between each shot. For the uncorrected data, the green markers show the
mean asymmetry of many shots taken at the same nominal Ramsey time, with the standard error.
The solid curves in the top panels and dashed curves in the bottom panels are sinusoidal fits. In
this dataset, applying the time correction does not produce a clear improvement in the recovered

fringe contrast.
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direction that is closer to the door and the elevator. These measurements show that motion of the
door and the elevator can change the magnetic field gradient by as much as 40 4G /cm at the place
of measurement, far above the level desirable for long-coherence measurements.

Restricting use of the door or the elevator during data taking is not a practical long-term
solutionE| Instead, we are developing shim coils to monitor and actively compensate slow changes
in the ambient magnetic field gradient near the Chamberﬁ Such feedforward stabilization is
planned for the Gen. III apparatus. For the measurements present in this thesis however, no such
shim system was available, so the longest coherence measurements were taken during relatively

quiet periods, such as nights and weekends.

7.2 Spatial inhomogeneity of the rotating electric field

In the previous generations, it was assumed that the rotating electric field was spatially
uniform across the cloud. However, in practice, this need not be true. Spatial inhomogeneity of
the rotating electric field can contribute to decoherence.

A spatially varying rotating electric field produces a spatially varying micromotion orbit. In

other words, the rotating-field radius can depend on position

rrot(r) = Trot + 57“1"01:(1')’ (71)

where 7o is the mean orbit radius and d704(r) is the residual spatial variation across the cloud.
The spatial variation in the micromotion also implies a spatial variation in the ponderomotive
energy.

If the rotating field inhomogeneity becomes too large, some ions acquire enough ponderomo-
tive energy from the rotating field, as discussed in Sec. resulting in those ions leaving the trap.

In this sense, the trap itself suppresses the most extreme regions of the rotating field inhomogeneity:

3 We want to keep good and friendly relationships with the rest of JILA.

4 Because the effective g-factor of our ions is still small compared to that of a bare electron, and because our
measurement is primarily sensitive to magnetic field gradients rather than the absolute field magnitude, we have
chosen not to use magnetic shielding. It would also add substantial complexity to an already complicated system. In
addition, unless designed with great care, the magnetic shielding can actually make the spatial gradient worse.
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ions that experience the largest distortions are less likely to remain trapped and contribute to the
measurement. In other words, the surviving ensemble does not sample arbitrarily large rotating
field inhomogeneity. However, this still does not imply that the residual inhomogeneity within the
trapped ensemble is negligible; moderate spatial variation in 7., can remain and still matter in
precision spectroscopy.

This effect is especially important in situations where the effective rotating-frame bias field

is generated by the laboratory-frame Byy gradient. In this case, we have

fRamsey X BQOTrot (I‘),

so any spatial variation in the rotating-field radius maps directly onto a spatially varying effective
Zeeman shift, and thus the Ramsey frequency. Therefore, even in the absence of higher-order
magnetic curvature (which will be discussed in the next section), inhomogeneity of the rotating
electric field alone can produce inhomogeneous broadening through the position dependence of 7.

It is useful to distinguish this mechanism from dephasing caused by spatial inhomogeneity of
the magnetic field itself. In the presence of the rotating electric field inhomogeneity, the position
dependence enters because the ions sample different rotating-field radii. On the other hand, in the
presence of the magnetic field inhomogeneity, the position dependence enters because the magnetic
field itself is spatially nonuniform. In the rotating frame, these two effects become coupled, but it

is still conceptually useful to introduce them separately.

7.3 Spatial inhomogeneity of the magnetic field

I now turn to spatial inhomogeneity of the magnetic field. To isolate the magentic contribu-
tion, I first assume that the rotating-field radius is uniform across the cloud, so that the position
dependence of the bias field arises entirely from the magnetic field itself.

Spatial inhomogeneity of the magnetic field causes ions at different locations in the trap to
acquire different Ramsey phases. However, not every magnetic field gradient contributes in the

same way. The ions are confined in an approximately harmonic potential with oscillatory motion
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about the trap center. As a result, magnetic field gradients that vary linearly with position do not
by themselves produce ensemble dephasing for the cloud. The leading dephasing terms therefore

contain higher-order spatial variation of the magnetic field.

7.3.1 Magnetic multipoles

As discussed in Chapter [2] the molecular quantization follows the rotating electric field and
therefore follows the rotating micromotion trajectory of the ion, r..;. We are interested not in the
full laboratory-frame magnetic field itself, but in the component of that field projected into the
instantaneous rotating-field direction and averaged over one cycle of the rotation. For instance, for
an ion with coordinate r = (x,y, 2z), I define the scalar effective magnetic field experienced by the

B (x) = (B(r + rror(t)) - Frou () (7.2)

where ryo(t) is the micromotion orbit associated with the rotating electric field and ryo is the
corresponding unit vector along the instantaneous molecular quantization axis. The average (- - )¢
is taken over one rotation period. Here, x, y, and z denote the ion secular coordinates, i.e.
coordinates defined on timescales slow compared to the rotation period. In the discussion below,
I first assume that 7o is uniform across the cloud, so that the position dependence only enters
through the magnetic components.

To describe the laboratory magnetic field, it is convenient to expand it in magnetic multipoles.
In the current-free region near the ions, the magnetic field can be written in terms of a scalar
magnetic potential,

B(r) = —V&gp(r), V?&p(r)=0. (7.3)

The scalar magnetic potential can be expanded using multipole expansion [94], 95]

[e'S) l

Op(r) = Y Brwr'Yim(d), (7.4)

=1 m=—1



158

where Y},,, are the spherical harmonics. The corresponding magnetic field is

B(r) = —Vp(r) = Y B(r), (7.5)
l,m
with
Bin(r) = — BV [rlY,m(f)} . (7.6)

Here, the coefficients By, characterizes the strength of the laboratory-frame multipoles, and By,
denotes the corresponding field component.

It is natural to define effective rotating-frame contribution from each multipole as
Bﬁg(r) = <Blm(r + Irot (t)) : IA'rot (t)>t7 (77)

such that
B (r) =) Bff(r). (7.8)
Im

For instance, for the axially symmetric [ = 2,m = 0 term, using the same convention as in

. 5
7'2Y20(I‘) = ”16777(222 — 2% y2),

so the corresponding scalar potential is

Appendix [B] we have

Do (r) = Bagr*Yao(F).
Then, the laboratory-frame magnetic field is then
BQO(I‘> = —V(I)QQ X BQO(Z')A( + yy — 222),

up to some overall normalization.

Now evaluating this field on the rotating orbit using ryo(t) = 710t (€08 (Wrott)X + sin (wyett)y)

and Eq. (7.7) gives

Boo(r + 110t (1)) - Trot(t)

o< Bao [(@ + Trot €08 (wrott)) €08 (wrott) + (Y + Trot Sin (wrott)) sin (wrott)].
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l m BT (r) Contribution to coherence

2 0 x BaoTrot Common-mode bias field only

3 =£1,0 X BsmTrot T, B3mTroty, BsmTrot? Vanishes for a centered cloud

4 —-2,+1 & BymrrotZy, BamTrotyz, Bamrotxz Averages away for nondegenerate secular motion
4 0 X BioTrot [r?ot +2(z? + 92 - 222)] Common-mode shift + dephasing

4 2 X Baarrot (x2 — yz) Dephasing from transverse anisotropy

Table 7.1: Leading magnetic multipoles that survive the rotating-frame average. The table is
adapted from the multipole expansion presented in Ref. [59], but reorganized here according to the
role each term plays in the coherence problem.

Averaging this over one rotation cycle, the terms proportional to z and y vanish, while the term

proportional to cos? and sin? survive:

ng - <B20(I‘ + Irot (t)) “Trot (t)>t X BaoTrot,

which is independent of z, y, and z. Therefore a pure | = 2,m = 0 laboratory-frame field Bog(r)
does not by itself cause dephasing across a centered cloud; it only produces a common-mode shift.

The same averaging procedure can be applied to the other multipoles. Noah Schlossberger
performed this calculation in his thesis; Table is adapted from Ref. [59], but reorganized here
to emphasize the relevant terms and their role in the coherence problemﬂ

In Table I have implicitly assumed that the spatial coordinates of the multipoles coincide
witht eh principal axes of the secular motion in the trap. In other words, z, y, and z are taken to be
the normal-mode coordinates of the trap with secular frequencies f;, f,, and f.. This convention
becomes especially important when we classify the terms as common-mode, dephasing, or averaging
to zero under secular motion. For instance, we can say that zy term would average away to zero for
fz # fy only wen the trap normal modes are along the multipole coordinates. If the trap normal
modes are rotated with respect to the multipole axes, then the fields would be expressed as a linear

combination of the terms listed in the table.

® The mapping between a Cartesian form and a specific m value depends on what convention is used for the spher-
ical harmonics, e.g. real versus complex harmonics, as well as the associated normalization and phase conventions.
Numerical prefactors and £m labels may therefore differ between conventions, while the physical content remains
the same.
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The | = 3 components that survive the rotating-frame average are linear in secular coordi-
nates,

eff
B3m(r) X B3mTrotT,  BamTroty, BamTrot2-

Since ions undergo harmonic motion in the trap, these terms average to zero over many cycles of
secular motion, unless the ions are not sitting at the center of the trap. Under normal operating
conditions, the ion cloud is centered near the trap minimum, therefore, these terms with order [ = 3
do not contribute to dephasing, although they are useful diagnostics of cloud displacement.

The first multipole components that generate genuine spatial variations in the effective tran-

sition frequency across a centered ensemble are the [ = 4 terms. In particular,

BiG (r) o Bag rot [y + 2(2% + 47 — 227)],
BT (r) o Baa 7ot (22 — ).
These terms are quadratic in the secular coordinates and therefore do not average out over many
secular cycles. Therefore, they represent the leading spatial magnetic inhomogeneities relevant for
ensemble dephasing in a centered cloud.
The remaining [ = 4 contributions with cross terms such as xy, xz, and yz are more subtle.
For nondegenerate secular frequencies (f, # f, # f.), they average to zero. However, they can
become relevant if the two secular frequencies are equal or nearly commensurate or if the magnetic
field multipole axes are not aligned with the trap normal mode axes.
Among the [ = 4 terms, the By term is especially instructive since it contains both a common-
mode shift and a dephasing contribution. The corresponding frequency shift due to the By term

has the form

d fao(r) o BZOﬁ(r) o< BioTrot [r?ct + 2(3:2 + 9% — 2z2)]. (7.9)

If all ions experience the same rotating-orbit radius 7, then Eq. ([7.9) naturally separates into
two pieces,

0 fao(r) o B4orf’0t + 213’407“r0t(x2 + 9% — 2z2).
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The first term, proportional to r3, is common mode; this term only contributes to the overall

frequency shift to the whole ensemble, but not to the dephasing within the ensemble. By contrast,
the second term varies across the extent of the ion cloud and therefore generates inhomogeneous
dephasing.

This example illustrates an important point that a magnetic multipole can survive the
rotating-frame average without necessarily contributing to decoherence. A term contributes to
dephasing only when the surviving term is position-dependent and is even in z, y, and z.

This same example also explicitly shows how electric and magnetic field homogeneity become
coupled in the rotating frame. For instance, if the rotating-orbit radius is not the uniform across

the cloud, but has position dependence, we have Eq.
Trot () = Trot + 0Trot (T).
Then, the corresponding shift from B4y becomes
d fao(r) o< Byo [ff’ot + 2701 (2% 4 92 — 22%) + 372, 0710t (1) + 2(2% + 9% — 222)5rrot(r)] , (7.10)

to first order in d7yot.

The expansion in Eq. highlights two effects. First, the spatial variation in r,o turns the
nominally common-mode term Byo7s., into a dephasing contribution through the term 384972070t (T).
Second, it also modifies the curvature term itself.

Similarly, for the [ = 3 terms,
ng%(r) X BSmrrot(r)l'ia

where x; denotes one of the secular coordinates z, y, or z. Expanding about ryot(r) = Frot + 070t (1),
we have

BSE (r) o BamTroti + Bsm@i0rros (r).

The first term is linear in the secular coordinate and averages away. The second term, however,

need not average away. If the rotating electric field has a inhomogeneity that was linear in position,
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the product ;07¢(r) contains quadratic terms such as x2,zy, or zz. The square terms survive
the secular averaging and can contribue to dephasing.

This example makes it clear that in the rotating frame, electric and magnetic field inho-
mogeneity are not completely separate issues. A magnetic multipole that would be harmless for
a spatially uniform rotating electric field can become relevant if the rotating-orbit radius varies
spatially across the ion cloud. Therefore, once we start worrying about long Ramsey coherence,
the practical question is no longer only what ideal multipole we apply, but also how uncontrolled

higher-order magnetic multipoles combine with spatial inhomogeneity in the rotating electric field.

7.3.2 Residual magnetization and magnetic-field homogeneity

The discussion above shows that long Ramsey coherence requires not only temporal stability
of the magnetic environment, but also a high degree of spatial magnetic homogeneity across the
ion cloud. In practice, this means that stray fields near the trap must be minimized. Magnetized
hardware, including the trap electrodes themselves, can generate uncontrolled higher-order spatial
structure in the field and produce both frequency shifts and inhomogeneous dephasing.

While assembling the prototype trap, we found that several electrode pieces had measur-
able residual magnetization. The electrodes were fabricated from stainless steel parts, SS304 and
SS316L. These materials are nominally nonmagnetic or only weakly magnetic. However, machining
processes with magnetized tools left a noticeable residual magnetic remanent. For this reason, all
electrode components, including rods, rings, and spines, were degaussed prior to installation. After
degaussing process, each piece was screened individually with a magnetometer before assembly to
make sure that the residual magnetization after the degaussing was small.

It is useful to estimate the level of Byp-type magnetic inhomogeneity that can be tolerated
before it limits the Ramsey coherence. As discussed in the next section, I define Tipnate to be the
1/e coherence time expected for a noninteracting thermal ensemble in the presence of a quadratic

frequency curvature. For nominal trap parameters T =~ 15 K and fs. ~ 2000 Hz along all three
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axes, requiring Tinnate =~ 20 s corresponds to a quadratic frequency curvature
f2 A~ 0.185 Hz/cm?,

for the convention

72 2
o) = £ (<5 = 4.
Using frot = 147.5 kHz and & = 60 V/cm, this curvature corresponds to a tolerated magnetic

field variation of order
|02B,| ~ 4.4 x 107° G/cm?, 1020, B, ~ 2.2 x 107° G/cm?.

These numbers should be understood as order-of-magnitude tolerances for the third spatial deriva-
tives of the magnetic field near the ions[f]

Near the octagon region, many nearby components can contribute to residual magnetic field
and gradients. This region contains viewports and nearby optics that are mounted on the vertical
breadboard, all of which retain some residual magnetization. This is also the region where the
Ramsey coherence is not expected to be the longest, due to the BBR excitation at room temper-
ature. For precision spectroscopy, we therefore transport the ions to the science region, where the

environment is colder, quieter, and magnetically cleaner.

7.4 Collisional narrowing

The previous section identified the leading spatial magnetic inhomogeneities that can generate
dephasing across the ion cloud. A natural next question is how we can quantify such dephasing
given some inhomogeneities.

For a noninteracting thermal ensemble in a harmonic trap, each ion follows a well-defined
secular orbit, and therefore samples a well-defined time-averaged detuning set by its oscillation

amplitudes. Different ions have different amplitudes, and as a result, they accumulate different

5 The precise numerical conversion depends on the convention used for the magnetic multipole normalization and
for the definition of the quadratic frequency curvature. The values quoted here are therefore intended as order-or-
magnitude design targets.
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Ramsey phases leading to the decay in the ensemble coherence. However, in a real ion cloud,
Coulomb interactions between ions perturb the single-partical trajectories and redistribute motional
energy among the ions. As a result, the dephasing expected from a noninteracting model may not
map directly to the observed coherence decay.

This leads to the phenomenon usually called motional narrowing; here, we refer to it as
collisional narrowing. If ion—ion interactions redistribute motion rapidly compared to the noninter-
acting dephasing time, then the effect of the spatial inhomogeneity can be partially averaged during
the Ramsey evolution, leading to a longer observed coherence time. Conversely, if ions accumulate
significant phase spread before collisions substantially modify the motion, the coherence decay is
expected to remain close to the noninteracting prediction.

In this section, I first establish the noninteracting model for dephasing from spatial magnetic
inhomogeneity and define the corresponding timescale Tinpate- Then, I introduce several thermal-
ization rates extracted from LAMMPS simulations for ion—ion collisions. Then, I compare these
thermalization timescales against the reference timescale Tiynate to examine whether these thermal-

ization timescales serve as useful empirical proxies for the “onset” of collisional narrowing.

7.4.1 Inhomogeneous dephasing in noninteracting gas

To build intuition for the inhomogeneous dephasing due to spatial inhomogeneity, it is useful
to first consider a noninteracting thermal ensemble of ions in a harmonic trap. Suppose the local

transition frequency is given by

22 g2 )
fo)=fotfol -5 -5 +2), (7.11)
where fj is the spatially averaged transition frequency and fs parametrizes the curvature of the

inhomogeneous shift. This particular form captures the quadratic frequency variation associated

with the Byg contribution discussed abovem

" Here, a little different than above, I have defined the curvature to be —z?/2 — y?/2 + 2%. In other words, the
curvature here is different by a factor of —1/2, compared to the previous section.
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For a single ion under secular motion in a harmonic trap, their motion follows
z(t) = zocos (wet + dz),  Y(t) = yocos (wyt + ¢y), 2(t) = 2o cos (w.t + ¢2), (7.12)

where w,, wy and w, are the secular frequencies and xg, yo, and 2o are the corresponding oscillation
amplitudes. For interrogation times long compared with the secular periods, the oscillatory terms

average over the orbit, and the single-ion time-averaged detuning is

af= o [reo) - fla = R - o+ 228 (713)

Thus, ions with different secular amplitudes accumulate different Ramsey phases—this is the basic
origin of inhomogeneous dephasing from the Byy curvature.

Since ions are in a harmonic trap, it is convenient to rewrite Eq ([7.13) in terms of the secular

energies
L 29 L 929 L 229
E, = oMWy, E, = 5 MWy, E, = 5w 2p- (7.14)
Then, we get
Af =ayEy+ayEy+a.E, (7.15)
with
fo fe fo
- _ = — = . 7.16
e 2mw2’ Y 2mw?’ 7 mw? (7.16)

For a thermal ensemble at temperature T, each secular mode has an exponential energy

distribution,
p(Ej) = Be?Fi,  p=
with mean (E;) = kgT and the corresponding variance Var(E;) = (kgT)? [96, 07]. Then, the

ensemble-averaged detuning is

(Af) = fokpT <— ! ! + ! >, (7.17)

2 2 2
2mwy  2mw;  mws

and the variance of the frequency distribution is

aj%:(fgk:BT)2< S S ) (7.18)

2,54 2,54 2,54
dmiwy  Amiw;  miw;
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Equation shows the mean shift vanishes if the three secular frequencies are equal. However,
even with the special choice of the secular frequencies, Eq shows that the width of the
frequency distribution generally remains nonzero.

The spread in the time-averaged frequency directly determines the decay of the Ramsey

contrast:

Cltr) = [(e2mA 1)

: (7.19)

where Af is given by Eq. (7.17). Using the factorized thermal distribution for E,, E,, E., this

becomes

1
= 1] . (7.20)
j=x,y,2 \/1 + (27TajkBTtR)2

Ctr)= []

J=t,y,2

o0
/ ﬁe—ﬂEjeiQFajEth dE]
0

Equation is not Gaussian. However, at short times |2rajkpTtr| < 1, expanding the equation
gives

925242
C(tR) ~ e T CJ'ftR7

so the initial contrast decays as a Gaussian with variance given in Eq . At long times, the
exact result is a power-law tail; if all three coefficients a,, a,, a, are nonzero, then C(tgr) o< t;f.
In the discussion below, I define the 1/e time of the noninteracting model contrast as Tinnate,
obtained by numerically solving
! =e ! (7.21)
j=a,y,z \/1 + (2wajkpT Tinnate)2

given some fo,7', and secular frequencies for a;. This timescale provides the natural reference

against wich collision narrowing is assessed.

7.4.2 Thermalization timescales from LAMMPS

To characterize the ion—ion collision dynamics that may be relevant for collisional narrowing,
the undergraduate student Rohan Kompella carried out additional LAMMPS simulations as an
extension of the rf-heating study. From these simulations, we extract two thermalization timescales:

the longitudinal thermalization (LGT) time and the cross-dimensional thermalization (CDT) time.



167
For the LGT analysis, we first define the fluctuation of the single-ion energy for ion j about

the ensemble mean along a particular axis k € {x,y, z} as

EI*(t) = El(t) — = Y _ EL(t). (7.22)
=1

We then compute the normalized autocorrelation function for each ion,

oy R BEWE] (¢ + r)at
T = T B O B (72

After averaging over all ions, this gives us the axis-dependent correlation function fi(7), shown in
Fig. We fit its decay to an exponential form

fulr) o e~/

and define the corresponding LGT rate as

1
Fiare = TLGT, k-

The LGT rate quantifies how quickly an individual ion loses memory of its excess energy along a

x Yy z
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-

Figure 7.3: Example extraction of the longitudinal thermalization time from a representative
LAMMPS dataset. The normalized autocorrelation functions fi(7) for k = xz,y,z are obtained
from the fluctuations of the single-ion energies about the ensemble mean along each axis, as in

Eq. (7.23). Exponential fits to the decay are used to define the corresponding LGT timescales
TLGT,k-

given axis.
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By contrast, the CDT rate characterizes redistribution of energy between different axes. To
extract the CDT rate, we initialize the ensemble with excess energy along the z direction and

monitor the relaxation of the temperature anisotropy defined as

;) =To(t) - T(t), T =:I[Ta(t)+Ty(t) + T:(t)]. (7.24)

Wl =

We then fit

Ti(t) = Ae /7ot

as shown in Fig. [7.4 and define the CDT rate as

-1
I'cpr = TeDT:

Temperature (K)
o = N W M U1 O

0.0 0.2 0.4 0.6 0.8 1.0
Time (s)

Figure 7.4: Example extraction of the cross-dimensional thermalization time from a representa-
tive LAMMPS dataset. After initializing excess energy along the x direction, the temperature
anisotropy T2 (t) relaxes toward zero as energy is redistributed among the three motional axes. An
exponential fit to this decay is used to define Tcpr.

As in the rf-heating studies discussed in Section [5.4.2] we evaluated the LGT and CDT rates
over a broad range of simulation parameters, including 7'/Tcrossover and naive collision rate. In

addition, to reduce any systematic dependence of these timescales on certain parameters, we varied
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the naive collision rate by moving through different regions of parameter space, rather than by
changing only one parameter. This makes the extracted scaling less sensitive to a particular choice
of density, temperature, or trap parameters. The resulting dependence of the LGT and CDT rates
on the naive collision rate is shown in Fig.

Over the range of parameters explored in these simulations, the LGT rate is systematically
faster than the CDT rate, especially at low naive collision rate. At the moment, the origin of
the different scaling laws between the LGT and CDT rates is not fully understood. Additional
simulations in a box-like potential suggest that the difference between the LGT and CDT rates is
reduced in a nonharmonic potential geometry; this may suggest a possibility of resonantly enhanced
ion—ion dynamics that couples the individual ion’s harmonic secular motion and mean field from
the rest of the ion cloud in the Paul trap. Because a separate manuscript on the ion dynamics is in
preparations, I do not attempt a more detailed analysis here. For the purposes of the rest of this
chapter, the important point is that these simulations provide an empirical way to estimate LGT

and CDT rates as functions of the trap and cloud parameters.

7.4.3 LGT rate, CDT rate, and actual “narrowing” rate

The thermalization rates extracted above are related to more standard quantities discussed
in the literature, although our terminology differs slightly. The quantity we call the CDT rate is
closely analogous to the cross-dimensional relaxation or rethermalization, extracted by looking at
the decay of an imposed temperature or momentum-space anisotropy [98HI00]. In plasma physics
language, the CDT rate is also analogous to the temperature-anisotropy relaxation rate [I01]. The
quantity we call the LGT rate here is less standard, but it is closest to a single-particle, same-axis
energy decorrelation or memory-loss rate.

It is not expected that either the LGT or CDT rate should equal to the Ramsey narrowing
rate. In the literature, the timescale that is most relevant for motional narrowing is the autocorre-

lation time of the instantaneous detuning,

Csu (1) = (0w(t)dw(t 4+ 7)), (7.25)
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or equivalently the timescale over which a particle loses memory of its motion that is responsible
for the detuning [102]. Here, we do not directly compute this detuning autocorrelation function.
Instead, we use the CDT and LGT timescales as proxies for different aspects of the collisional
dynamics.

This distinction is especially important when comparing to some work in the cold-atom
system such as Ref. [103]. Coslovksy et al. defines an energy-decorrelation rate I" to be related to

an average collision rate I'co through the collision softness [103],
S = FCOH/F. (726)

In this framework, s ~ 1 corresponds to hard collisions; collisions with s > 1 indicates that many
collisions are required to decorrelate the energy.

The physical picture of collisional narrowing is analogous to our trapped-ion case, but the
mapping need not be exactly the same. In particular, our LAMMPS simulations show that in
a Paul trap, the LGT rate is not simply linear with the naive collision rate over the parameter
range of interest. This suggests that the decorrelation dynamics may be influenced not only by the
collision rate I'cop, but also by trap-specific effects such as secular motion and mean field dynamics.
For this reason, I treat I'gr and I'cpr as empirical proxies for the narrowing rate, rather than
with T'con.

In Refs. [103, [104], the authors show that in the collisional-narrowing regime, the Ramsey

coherence envelope can often be appropriated by a Kubo-type form

Cr(t) ~exp |— (e T+t —1)|. (7.27)

22
Here, 7 is the bare dephasing time, in our case the dephasing time we would expect in the nonin-
teracting model 7T = Tipnate- Lhe value « is a constant whose value depends on the model and on
the definition of 7; the exact prefactors are not important in this discussion, therefore below, I use

T = Tinnate

We can look at the short time and long time behaviors of Eq.(7.27). At short time such that
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I't < 1, we have

e Tt LTt — 1~ (T1)2/2 + O((T1)).

o t 2
C(t) =~ exp [—2 (7_. - ) ],

which corresponds to the no-collision result shown in Eq. (7.20). Again, the precise numerical

Then, the envelope reduces to

prefactor here depends on the convention used to define the bare dephasing timescale 7. In other
words, in this short time limit, collisions have not had the time to reshuffle the detuning yet.
Therefore, the initial decay is still set by the inhomogeneity.

At long times I't > 1, the envelope crosses over to an exponential form,

72

innate

a
C(t) = exp [— t] ,
corresponding to a narrowed coherence time

~ 2 _
tharrowed = FTinnate/a = 7-innate|:

I'innate ]

For I'mipnate < 1, collisions are too slow to “reshuffle” the detuning before the innate dephas-
ing happens, and little narrowing is expected. For I'innate = 1, the system enters the crossover
regime, and for I'mpnate > 1, the detuning is rapidly decorrelated, leading to strong collisional
narrowing. In particular, the narrowed 1/e coherence time can be much larger than the innate

dephasing time.

7.4.4 Numerical Simulations of Collisional Narrowing

From the LAMMPS simulations, we extracted the LGT and CDT times rather than the
detuning-decorrelation rate I' that appears in Eq. . We do also have a naive collision rate,
but the discussion above shows that it is not obvious that this rate alone should govern the Ramsey
narrowing. For these reasons, I directly compare the bare noninteracting dephasing time Tippate to
the LGT and CDT times extracted from LAMMPS, and ask which of these is more useful empirical

predictor for the onset of narrowing.



173

To make this comparison, I numerically accumulated the Ramsey phase along simulated
ion trajectories. In one case, I used trajectories from the LAMMPS simulations. In the other, I
generated a noninteracting ensemble with the same number of ions and temperature 7', initialized
each ion from the corresponding thermal distribution and then evolved in a purely harmonic trap.

To both trajectory sets, I introduced the same model inhomogeneous shift
2 2
T
o =hoth(G+5-#),

and computed the ensemble Ramsey coherence as a function of interrogation time tg. The nonin-
teracting 1/e time Tippate Was obtained from Eq. .

I performed this comparison for three representative datasets from LAMMPS with substan-
tially different LGT and CDT times, as summarized in Table

Naive collision time CDT time LGT time

Dataset 1 21s 80 ms 30 ms
Dataset 2 4.2 s 260 ms 40 ms
Dataset 3 240 s 11.6 s 400 ms

Table 7.2: Representative LAMMPS datasets used in the numerical study of collisional narrowing.
For each dataset, the table lists the naive collision time, which is (naive collision rate)_l, together
with the extracted cross-dimensional thermalization time 7opr and longitudinal thermalization
time m,gr. The three datasets were chosen to span a broad range of collisional dynamics, from
the case where 7cpr and g1 differ only modestly to the case where they are strongly seprated.
This allows a direct comparison of which timescales more closely tracks the onset of collisional
narrowing.

Figures show the resulting ensemble coherence decay. In each figure, the inhomo-
geneity strength fo increases from upper left to lower right, and the title of each panel reports the
corresponding Tinnate- 1he available LAMMPS trajectories extend to 1 s.

The simulations show a clear qualitative crossover; when Tippate is long compared to the
relevant collision-induced decorrelation time, the coherence obtained from the LAMMPS trajec-
tories decays significantly more slowly than the noninteracting prediction, demonstrating colli-
sional narrowing. As fy is increased and Tipnate becomes correspondingly shorter, the difference

is progressively reduced, and eventually the LAMMPS and noninteracting curves become nearly
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Dataset 1. CDT ~ 80 ms; LGT ~ 30 ms
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Figure 7.6: Simulated Ramsey coherence decay for Dataset 1. In each panel, the blue curve shows
the ensemble coherence obtained by numerically accumulating Ramsey phase along noninteracting
ion trajectories initialized form the corresponding thermal distribution and evolved in a purely
harmonic trap. The orange curve shows the same numerical phase accumulation performed along
the LAMMPS trajectories. The inhomogeneity strength f increases from upper left to lower
right, and the title of each panel gives the corresponding noninteracting 1/e time Tippate- For this
dataset, Tcpt & 80 ms and gt &~ 30 ms. When Tiunate is long compared to the gt and 7cpr,
the LAMMPS-based coherence decays more slowly than the noninteracting prediction, indicating
collisional narrowing; as fo is increased and Tinnate becomes shorter, the difference between the two
curves is progressively reduced. The LAMMPS-based curves are shown only to 1 s, set by the
available trajectory length.
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Dataset 2. CDT ~ 260 ms; LGT ~ 40 ms
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Figure 7.7: Simulated Ramsey coherence decay for Dataset 2. As in Fig. the blue curve
is obtained by numerically accumulating phase along noninteracting trajectories drawn from the
thermal distribution, while the orange curve is obtained from the LAMMPS trajectories. The
inhomogeneity strength fo increases from upper left to lower right, and each panel title reports
the corresponding noninteracting 1/e time Tigpate. For this dateset, 7cpr ~ 260 ms and g =~
40 ms. Because 7cpT and 1T are more strongly separated than in Dataset 1, this dataset more
clearly shows that the crossover from narrowed to nearly non-narrowed behavior occurs when Tinnate
becomes comparable to the shorter LGT timescale, rather that the much longer CDT timescale.
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Dataset 3. CDT ~ 11.6 s; LGT ~ 400 ms
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Figure 7.8: Simulated Ramsey coherence decay for Dataset 3. The blue curve shows the coherence
obtained by numerically accumulating Ramsey phase along noninteracting thermal trajectories in
a harmonic trap, and the orange curve shows the corresponding result obtained from LAMMPS
trajectories. The inhomogeneity strength fo increases from upper left to lower right, and the panel
titles report the corresponding noninteracting 1/e time Tippate- For this dateset, Topt ~ 11.6 s and
TLaT =~ 400 ms. Even though the CDT time is far longer than the 1 s LAMMPS trajectory window,
the crossover from narrowed to non-narrowed behavior still occurs on the sub-second scale. This
therefore provides the strongest evidence among the three datasets that an LGT-like timescale is
the more useful empirical predictor for the onset of collisional narrowing.
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indistinguishable.

Dataset 1 already demonstrates the presence of collisional narrowing, but since 7cpr and
Trat differ only by a factor of ~ three, it is difficult to determine which timescale is more relevant
from this dataset alone. Datasets 2 and 3 are more informative because the two timescales are much
more different. In both cases, it seems like the crossover between the narrowed and non-narrowed
behavior appears when Tinnate becomes comparable to the g1, up to some factor of order unity.
In particular, for Dataset 3, the CDT time is far longer than the entire 1 second trajectory window,
yet we still observe the crossover on the few hundred millisecond scale, which is close to the m,g.
This suggests that the onset of collisional narrowing is more closely associated with an LGT-like
timescale than with the CDT time.

I emphasize here that these simulations do not prove that the LGT rate is the unique or
fundamental narrowing rate. The more fundamental quantity would be the autocorrelation time of
the actual instantaneous detuning experienced by each ion, as in Eq. . The results from this
section instead support the conclusion that the LGT time is a better empirical predictor than the
CDT time, for estimating when collisional narrowing begins to matter in our system.

This conclusion also highlights the difference of our system from the cold-atom picture as in
Refs. [103, [104]. It appears that in a Paul trap, the rate relevant for narrowing is not determined
solely by the naive collision rate. Instead, our LAMMPS simulations suggest that trap-specific
dynamics can modify the decorrelation process. From a practical point of view, however, the
present analysis is still useful-it provides a way to estimate when collisional narrowing should be
expected for a given set of trap and cloud parameters. Therefore, we can estimate how much

magnetic-field inhomogeneity can be tolerated while preserving long Ramsey coherence times.

7.5 Dephasing with applied By

To test collisional narrowing experimentally, we intentionally apply a controlled magnetic
inhomogeneity with Byg character to the trap. This provides a way to experimentally vary the

curvature of the effective magnetic field. By increasing the applied By field, we can deliberately
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shorten the innate dephasing time Tinnate and then compare the observed Ramsey coherence time
against the expectation from the noninteracting gas model and the collisional narrowing picture

discussed above.

7.5.1 Byo gradient coils

We wound a pair of coils with 15 turns in an anti-Helmholtz configuration, as shown in
Fig. The different multipole terms from an ideal circular-loop in an anti-Helmholtz configura-
tion is given in Appendix [Bl Near the trap center, the applied field contains the desired Bjg-like
curvature, as well as a “parasitic” Byp-like component.

Using the circular-loop model and the rotating-frame average discussed in the previous sec-
tion, the expected frequency shift from these coils can be parameterized as

2 2

f(@,y,2) = fo+ f2 (—g; — % + 22> : (7.28)

The corresponding estimates for fyor = 147.5 kHz and &0y = 60 V/cm are

Jo

Byo

= 640 Hz/A, ‘IfQ

Bao

= 20 Hz/cm?/A.

Here fy denotes the common-mode shift, here dominated by the parasitic Bag-like component of
the By coils |§|
To experimentally calibrate these coefficients, we park ions at different axial locations z and

measure the corresponding Ramsey frequency framsey- Then, for each applied Byg current, the

8 The intrinsic common-mode shift arising from the Byo as shown in Eq (7.9) is much smaller than the parasitic
Bso-like shift. In the convention

flz,y,2) = fo+ f2 <—%—%+22),

the Big contribution has the form

2
xT
610 0 T + 2rvon (2 + 47 = 25%) o f5" 4 [ (—7 -&+ z) :

so the common-mode part is
(40) 2
(40) _ _Ja Trot

0
4
This corresponds to f(§40)/[540 ~ 0.36 Hz/A. This number, compared to the parasitic Bao-like contribution is small,
therefore we ignore this contribution here.
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Figure 7.9: Photograph of the magnetic-field coils mounted around the vacuum chamber near the
octagon. The Bjygraq coils provide the axial magnetic field gradient used to generate the effective
rotating-frame bias field, while the Byg coils provide a controllable higher-order magnetic curvature
used in the collisional-narrowing measurements. In the experiments described in this chapter,
current in the Bygraq coils was also used to compensate the large parasitic Byg-like common-mode
shift produced by the By coils.
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measured spatial profile is fit to

measey(Z) = f2232 +az+c

where ¢ is an overall offset, a is a residual linear term, and the fy is the quadratic curvature
of interest. Here, the quadratic coefficient fs provides a robust measure of the applied Byp-like
inhomogeneity.

Because the By coils also generate a large Bayg-like shift, we simultaneously apply current
to the Baygraa coils to keep the Ramsey frequency near the trap center approximately fixed at
~ 200 Hz, as the Byg current is varied.

Figure [7.10] shows the measured quadratic coefficient fo from the By coils as a function of
Byg. The extracted curvature varies linearly with the applied coil current, indicating that the coils
provide a controllable Byg-like inhomogeneity. From a linear fit, I obtain

meas
22 ~ 12 Hz/cm?/A.
Ip,,

The required Baxgrad compensation current also provides an experimental estimate of the

parasitic value of fo from the Byg coils. Using the independently measured Baygraq calibration, the

fo from the Byg coils is inferred to be

meas

0 ~ 600 Hz/A.
IB40

The measured parasitic fp of the By coils is in reasonable agreement with the circular-loop
estimate of 640 Hz/A. By contrast, the measured curvature fo is smaller than the ideal prediction by
roughly a factor of 0.6. The discrepancy could be that the curvature depends on the third spatial
derivative of the field and is therefore more sensitive to non-ideal coil geometry and alignment
errors. It could also come from the misalignment in B,ygraq coils as these coils could also in theory

have “parasitic” Byg-like contribution from imperfections.
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fRamsey ~ 200 Hz
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Figure 7.10: Measured quadratic frequency curvature fs as a function of the applied By coil current.
For each current, ions are parked at several axial positions and the measure Ramsey frequency is
fit to a quadratic function of z. As the By coil current is varied, the current for the Byygraq coils
are adjusted to keep the Ramsey frequency near 200 Hz, thereby canceling most of the parasitic
Boyg-like shift from the By coils. The extracted fy varies linearly with By current, as expected,

with a slope of magnitude ~ 12 Hz/cm?/A.
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7.5.2 Experimental data

Using the Byg coils, I applied controlled values of the quadratic curvature fo and measured

the corresponding Ramsey decay time. The applied values were

3.6,7.5,15,22.5,30.7  Hz/cm?.

To compare the measurements with the noninteracting model, I converted each applied fo
into the corresponding bare dephasing time Tippate using the model of Sec. [7.4.1] Because the
absolute ion temperature is not very well measured with our current thermometry, this conversion
was repeated for several assumed temperatures. Figure therefore shows the same measured
coherence data replotted against the inferred Tipnate for different values of T'.

The top and bottom rows correspond to two experimental datasets with different ion numbers,
approximately N ~ 8000 and N ~ 1500, respectively. The grey diagonal line indicates Tohs = Tinnate,
as a reference line. Points above this reference line are consistent with collisional narrowing, since
the measured coherence time persists longer than expected from the bare dephasing time Tippate-
By contrast, points on or below this line may suggest little to no narrowing; however, one must be
careful to not exclude narrowing right away—the measured decay can also be shortened by other
mechanisms not included in the noninteracting model.

With this caveat, Fig.[7.11]suggests that the interpretation is strongly temperature dependent.
For the N ~ 1500 dataset, assuming T' 2 10 K, most of the data are above the Tops = Tinnate line,
which is consistent with a substantial degree of collisional narrowing. At T = 5 K, however,
the same dataset sits closer to the crossover between narrowed and non-narrowed behavior. The
N ~ 8000 dataset is even more sensitive to the assumed temperature: for low assumed T', the
data are consistent with little to no narrowing, whereas for higher assumed T they move into the
narrowed regime. Therefore, the present data are consistent with collisional narrowing over the
plausible temperature range, but they do not establish it unambiguously without an independent

estimate of the cloud temperature.
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Another big complication is that ion—ion collisions can influence the Ramsey signal in more
than one way. On the one hand, more collisions mean more average over the spatially varying de-
tuning and thereby lengthen the observed coherence time. On the other hand, more collisions also
mean more redistribution among mp states, as discussed in the previous chapter, which shortens
the observed contrast lifetime. The measured Ramsey decay time therefore reflects a competi-
tion between narrowing and collision-induced decoherence, and it should not be expected to vary
monotonically with ion number or collision rate.

For this reason, the decay times extracted here should be viewed as empirical summary
parameters, rather than as direct measurements of the narrowing rate. In the present analysis,
each dataset was fit with a simple exponential envelope to obtain a characteristic 7yps. This is
useful for comparing datasets on the same footing, but it is not the optimal lineshape model for
collisionally narrowed Ramsey decay, as we see in Refs. [I02HI04]. A more complete measurement
would be recoding Ramsey fringes at many interrogation times, extract the contrast point-by-point,
and then fit the resulting envelope to the Kubo form of Eq. . Such an analysis could provide
a more quantitative comparison between the experimental narrowing dynamics and the proxy rates
inferred from simulation.

A complementary way to probe collisional narrowing would be to use different observables,
other than the fitted coherence time which can have a complicated lineshape. For instance, we
could perform a Hahn-echo measurement, as in Ref. [103], which may isolate the collision-induced
reshuffling more cleanly. Another approach is to measure the Ramsey frequency shift, rather than
coherence time. In such a protocol, we would selectively optically pump only part of the cloud
while applying a large fs. In this case, initially, the subensemble that was illuminated with the
optical pumping would have a different average Ramsey frequency. By varying the delay between
optical pumping and the first 7/2 pulse, one could then watch this frequency shift relax toward the
ensemble average as ion—ion interactions redistribute the motional amplitudes. This measurement
would directly probe how the ions lose memory of their initial spatial inhomogeneity, which will be

very useful insight for systematics.



Chapter 8

Towards continuous-mode operation

The final Gen. IIT apparatus for the JILA eEDM experiment will be operable in two possible
modes: throughput mode and batch mode operation, as illustrated in Figure [8.1

In the throughput operation mode, the experiment would run in a nearly continuous fashion.
Ton packets are produced near the source chamber where the neutral molecules are generated, and
state preparation is performed shortly after ionization. The ions then travel along the trap while
undergoing Ramsey evolution. State detection occurs near the detector at the downstream end of
the apparatus. In this configuration, the Ramsey free-precession time is determined by the physical
travel time of the ion packet between the preparation and detection regions.

In batch mode operation, we instead sequentially load the trap with multiple ion clouds until
all of the trapping “buckets” along the rod structure are filled. Once the trap is fully populated,
we simultaneously perform Ramsey evolution on all stored ion packets. After the evolution period,
the ion clouds are detected sequentially, beginning with the packet that was loaded last. In this
mode the Ramsey time is set by the time that the ions remain stored in the trap.

At the time of writing, it is not clear which will be the preferred operating mode for the final
Gen. IIT machine. Both approaches present distinct technical challenges that must be addressed be-
fore full implementation. In this chapter, we investigate several of these challenges and demonstrate

techniques that move the experiment toward realizing either throughput or batch-mode operation.
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Figure 8.1: Conceptual illustration of the two possible operating modes of the Gen. III eEDM
apparatus. Top: In throughput mode, ion packets are continuously produced near the source
and travel along the trap while undergoing Ramsey evolution before being detected downstream.
Bottom: In batch mode, multiple ion packets are loaded sequentially into spatial “buckets” along
the trap. After the trap is filled, all packets undergo Ramsey evolution simultaneously before being

detected one by one.
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8.1 Ramsey fringes during translation

In the throughput-mode operation described above, the ions undergo Ramsey evolution while
they are physically translating along the trapping region. It is therefore essential that the quantum
phase coherence of the ions be preserved during transport. Any additional phase noise or decoher-
ence introduced by the translation process would directly reduce the contrast of the Ramsey fringe
and degrade the sensitivity of the eEDM measurement.

Since the current prototype apparatus does not support full throughput-mode operation, we
performed a simplified test of this requirement. In this experiment, we apply the first Ramsey /2
pulse while the ions are located in the cold region of the trap. Immediately after the first pulse,
we begin translating the ions back toward the octagon region while allowing the system to undergo
free evolution.

Figure shows the resulting Ramsey fringes: without translation and with translation
during Ramsey evolution. In this measurement we varied the time that the ions spend in the cold
region prior to translation. Therefore, we expect the fringe frequency to correspond to the spin-
precession frequency f associated with the Science-region magnetic field, but with an phase offset
relative to the case in which the ions remain stationary during the Ramsey evolution.

This is consistent with what we observe. The oscillation frequency matches the expected
value determined by the Science-region field, while the overall phase of the fringe differs slightly
from the stationary case. Importantly, at these relatively short evolution times (approximately
300 ms), we do not observe any additional loss of contrast. This indicates that translating the
ions during their quantum evolution does not introduce measurable decoherence at early times.
These results provide initial evidence that Ramsey evolution during ion transport—an essential

requirement for throughput-mode operation—is feasible in the final apparatus.
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Figure 8.2: Top: Ramsey fringe measured while the ions are stationary at the Science region.
Bottom: Ramsey fringe while the ions are translated during the free-precession period. The
asymmetry signal is plotted as a function of Ramsey evolution time. Since the Ramsey evolution
time at the Science-region is varied, the spin-precession frequency is the same as the case without
translation, but a phase difference compared to the no translation case, as expected.
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8.2 Catching and ejecting ions with £, continuously on

In the envisioned continuous or batch operation modes, we plan to keep the rotating electric
field &0t on between the preparation of successive ion packets. This choice is motivated by two
primary considerations. First, the stability requirements on the rotating electric field are stringent.
In order to achieve long coherence time and to control systematic effects in the eEDM measurement,
the amplitude and phase of £t must remain stable at the level of 0.01%. If the field is repeatedly
turned on and off, thermal effects in the rod drivers, particularly the op-amps, lead to small but
measurable changes in both the amplitude and phase of the field. These changes exceed the required
stability level.

The second motivation, and the more important one, arises from the long and continuous
rod structure of the trap. In either throughput or batch mode, multiple ion packets may be
simultaneously present in different regions of the trap and undergoing quantum evolution. If &q
were ramped down while some ions are already evolving, their quantization axis would suddenly
change, causing rapid loss of phase coherence. Maintaining &4 continuously therefore ensures that
previously prepared ion packets remain undisturbed.

However, loading and extracting ions while &, remains on is technically challenging. As
discussed earlier in this thesis, the rotating electric field generates a large ponderomotive potential.
With the new rod drivers we are able to operate at a rotation frequency of f,ot = 300 kHz, but even
at this frequency the ponderomotive energy corresponds to roughly 23000 K for a field amplitude
of 60 V/cm. This energy scale is many orders of magnitude larger than the typical kinetic energy
of our trapped ions. In the following sections we investigate how ions can nevertheless be loaded

into, and extracted from, the trap while &4t remains active.

8.2.1 Catching ions

The neutral beam of ThF enters the trapping region with a forward velocity of approximately

800 m/s along the —# direction. After photoionization produces ThF™ ions, we apply a stopping
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electric field in the 4+Z direction to cancel this forward velocity and bring the ions into the trapping
region.

When &, is present, successful loading of ions corresponds to ensuring that the newly created
ions are born onto the stable trajectory associated with the rotating electric field. In practice, this
means matching both the velocity and phase of the ion motion to the rotating field.

To accomplish this, we first operate with a reduced rotating-field amplitude of &4t ~ 40 V /cm.
At this field strength, the associated ponderomotive velocity v.o¢ approximately matches the for-
ward velocity of the supersonic molecular beam. We then scan the starting phase of the rotating

electric field in order to match the initial trajectory of the ions.
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Figure 8.3: Number of trapped ions as a function of the starting phase of the rotating electric field
when loading with reduced field amplitude (ot = 40 V/cm). Ion survival occurs only when the
field phase matches the direction of the rotating trajectory at the moment of ion creation.

With the phase parked near the optimal value (335°), we then attempt to load ions at the
full rotating-field strength &, = 60 V/cm. At this field amplitude the associated ponderomotive
velocity is approximately vyt ~ 1200 m/s, which is larger than the forward velocity of the molecular
beam.

As a result, the ions must be given an additional impulse in the direction of the supersonic
beam in order to “boost” them into the orbit of the rotating electric field. We accomplish this by
applying an “anti-stop” electric field.

Although ions survive over a relatively broad range of electric field magnitudes, we observe



191

g

2 —— ThF

o 0.6 "
2 - 4000 &
3 -
L 0.4 3]
o 0]
- -2000 2
g 0.2 S
c =2
-]

©0.01 : i i i + 10

< -250 -200 -150 -100 =50 0

Stop voltage in x (V)

Figure 8.4: Number of trapped ions as a function of the magnitude of the applied anti-kick used
to boost ions into the rotating-field trajectory when & = 60 V/cm. The broad peak indicates a
range of kick values for which ions can be successfully captured.
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that in some of these field magnitudes, the imperfect velocity cancellation leads to residual motion
of the ions inside the trap. In particular, the ions can exhibit a sloshing motion corresponding to
oscillation of the center-of-mass position within the trapping potential.

To minimize this residual motion, several parameters must be optimized simultaneously: the
starting phase of &ot, the stopping voltage, and the DC position shimming fields in the z, y, and

z directions.
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Figure 8.5: Observation of ion sloshing in the y direction as a function of trap hold time. The
vertical axis corresponds to the mean pixel position of the ion image on the camera, while the
horizontal axis represents the time that the ions are held in the trap. The two panels correspond
to rotating-field phases offset by +2° from the optimal value.

As we have seen, the starting phase of &, is a critical parameter for successful ion loading. At
Erot = 60 V/cm and fror = 300 kHz, the corresponding rotating-field velocity is vyor ~ 1.2 X 103 m /s.
A phase error of 2° therefore corresponds to a velocity mismatch of approximately Av ~ 40 m/s,
which is larger than the nominal thermal velocity of the trapped ions. This sensitivity arises because
trapping with &4t requires the ions to be launched onto the rotating-field orbit at the correct phase
of the electric field. If the ions are created at the wrong phase, their initial velocity does not
match the instantaneous direction of the rotating-field trajectory. The resulting velocity mismatch
appears as residual secular motion in the trap, which manifests as slosh of the ion cloud. Since the
neutral beam propagates along the z-axis, a mismatch in the launch phase primarily introduces a
transverse velocity component, which appears mostly in the y direction.

Figure shows the resulting slosh motion in the y direction. In this plot, the vertical axis
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corresponds to the ion position on the camera (in pixels), while the horizontal axis shows the time
for which the ions are held in the trap. The optimal starting phase is around 335°. When the phase
is shifted by £2°, the initial phase of the slosh oscillation flips by approximately w. This indicates
that the direction of the residual velocity has reversed: in one case the ions are launched with a
residual velocity in the 4y direction, while in the other case the residual velocity points toward —y.

At a rotation frequency of 300 kHz, a phase shift of 1° corresponds to roughly 9 ns in timing,
while a 2° shift corresponds to about 19 ns. This implies that the timing of the rotating-field
turn-on must be controlled at the level of < 10 ns in order to minimize residual velocities.

In practice, timing jitter at this level can naturally arise in the experimental control chain.
The experiment begins when the ARTIQ control system receives a trigger pulse from the DDG
(Digital Delay Generator), which continuously triggers the YAG lasers at 10 Hz. ARTIQ then
sends a TTL signal to our homemade DDS system (Direct Digital Synthesis) that generates the
rotating electric field (see K. B. Ng’s thesis for details of the control system [38]). Jitter at the level
of ~ 10 ns within this chain of signals is therefore plausible. In addition, the ionization pulse laser
itself has a pulse width of about 10 ns, which effectively introduces an additional timing uncertainty
in the moment at which the ions are created.

Given these unavoidable timing uncertainties, we optimize the trap parameters to minimize
the residual velocities in all three spatial directions. Figure [B.6] compares the ion dynamics after
optimizing the loading procedure with and without &,o¢. Within each panel, the first column shows
the mean ion position in the x, y, and z directions. The second column shows the spatial widths
in x, y, and z.

We observe that the slosh behavior in the x and z directions is comparable between the two
cases, indicating that no significant additional residual velocity is introduced along these axes when
Erot 18 present. In contrast, while a clear slosh oscillation is not observed in the y direction with
Erot On, the spatial width of the ion cloud along y is noticeably larger. This behavior is consistent
with a distribution of small residual transverse velocities arising from timing jitter at the ~ 10 ns

level.
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8.2.2 Ejecting ions

Once ions have been loaded onto the stable trajectory associated with &£, we perform the
Ramsey spectroscopy sequence. After the quantum evolution time, the molecules are dissociated
into Th™ kicked towards the detector. As discussed above, we wish to keep the rotating electric
field on during this process. In the prototype geometry, this means that the ions are ejected from
the octagon region where the rods are long and &4t is very uniform into a region near the rod ends,
where the field amplitude correspondingly decreases.

At first, one might expect that this simply “turns oft” &, leaving the ions with a large
residual velocity associated with the micromotion driven by the rotating field. In practice, how-
ever, this geometry provides the spatial ramp-down of the field. As the ions move through the
rod-end region, the shrinking rotating-field orbit can be described by an effective ponderomotive
potential. If the field amplitude changes quasi-adiabatically compared with the rotation frequency,
this ponderomotive potential is ramped smoothly to zero, and the micromotion energy is not con-
verted into excess kinetic energy of the ions. The leading term in this potential produces an axial
kick, while the next term, which is quadratic in the transverse radius, acts as a lens on the ion
cloud.

To make this more quantitative, let z be the ejection direction, and let x and y the transverse

directions. Near the trap axis, the rotating field may be written as :
Erot cject (2, 1) = Ep(2)e(t) e(t) = [cos (wrott + @)X + sin (wyott + @)Y, (8.1)

where Fy(z) is the spatial envelope of the rotating field along the ejection direction. The simulated
profile of Fy(z) in the current electrode geometry is shown in Fig. The field is approximately
constant in the central rod region and then falls rapidly near the rod ends.

To describe the rod-end region, it is useful to write the field in terms of a near-axis electrostatic
potential. Let r; = zx + yy and rﬁ_ = 22 + y?. Near the trap axis, the rotating field is an
instantaneously a dipole in the transverse direction (m = 1). For Laplace’s equation in cylindrical

coordinates, the regular m = 1 solution is proportional to —(e - r; )Ey when there is no axial



196

-== Rings end
—-= Rods end

o

R 301

0 100 200 300 400 500
Distance from octagon center (mm)

Figure 8.7: SIMION simulation of the rotating-electric-field amplitude along the ejection direction.
The horizontal axis is referenced to the octagon center. The dashed and dash-dotted vertical lines
indicate the axial locations of the ring and rod ends, respectively. The field is approximately
uniform in the central rod region and then decreases rapidly beyond the rod ends.
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variation on the field. Once the field envelope is allowed to vary along z (i.e. Ey(z)), the regular
radial solution becomes an order-1 Bessel (or modified-Bessel) function [105]. Then, for small 7|,

we can expand the potential to the lowest order:

®(r,t) = —(e-r1)[Eo(z) + alz)r? +---].

Requiring V2® = 0, we get a(z) = —E{j(2)/8, and therefore we have:
Ej(z
O(r,t) ~ —Ep(z)e-r; + 08()(6 v )r?, (8.2)
where
/! d2
EO (Z) = @E@(z),

is the second derivative of Ej with respect to z.

From this potential, we see that near the rod ends, the field is no longer uniform across
the transverse plane. Averaging over the fast rotating motion gives the effective ponderomotive
potential

¢E(2) 4

Ust (71, 2) = [E’Q—E EN|r2 4o 8.3
eff(TJ_ Z) 2mw?ot + 4mwr20t ( 0) O(Z) O(Z) r]+ ( )

where ¢ and m are the ion charge and mass, and E{(z) is the first derivative of Ey(z) with respect
to z.

The first term in Eq. depends only on z and therefore acts as an axial potential. As
the ions move from the high-field region into the rod-end region where Ey — 0, this term also

decreases, and the ions experience an average force in the ejection direction:

_ dUeff ~ q2

F, = -
dz MWrot

Ex(z)E(')(z).

In other words, part of the micromotion energy associated with &4 is converted into axial kinetic
energy. Since the ions go from a region of Eg i, to Eg out = 0, the corresponding kinetic-energy gain

is approximately

AKFE ~ q E?

O 3 .
MWrot -
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The second term in Eq. (8.3) is quadratic in the transverse radius and therefore acts as a

lens. The lens behavior is determined by the spatial derivatives of the field envelope
(Eg(2))* — Eo(2) By (2)-

If this quantity is positive, the effective potential increases away from the axis and results in
focusing.

Writing the quadratic term as
2

Uins(r1:2) = 1~ [(Bo(2))° = Bol2) B ()]

the transverse force is

F| =~V Ulps.-

We can solve for the equation of motion

q2

o [(Eo(2))* — Eo(2) By (2)]w.

e
4 2mwi,

If the ions traverse the rod-end region with approximately constant axial speed v,, then using
d/dt = v,d/dz gives

d2y B q2

27 9m202 12
dz 2mAwi, vz

2
[(Eo(2))” = Eo(2)Eq (2)]y.-
In the thin-lens approximation, where the transverse position does not change substantially while
the ions cross the lens region, one can set y = yg in the integral. The resuling change in the

transverse angle is

2

AV =gt | [ - BB )] ] (5.4

Using the thin-lens definition, Ay’ = —yo/f, the focal strength is then given by

2
1_1 ‘12/ [(E)(2))? — Eo(2)EL(2)]dz. (8.5)

f N ?g 2Tnzwrot
Therefore, the sign of the lens is determined by the integral in this expression. For the field
profile shown in Fig. a rough estimate gives a positive integral, so the rod-end taper acts like

a focusing lens.
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In fact, we can evaluate the sign analytically. Note that

d
%(EOE{J) = (E})? + EyE}.

Using this, the integral becomes

7 [Ee2 - (L B - (B )]

ﬁ/ﬂ%@WW—%@%@H

2;
The second term, Ey(z)E{(z) evaluated at the starting and ending z positions will be approximately
zero, as long as ions always begin from a region with uniform field to a region with zero field.
Therefore, this term will always act as a focusing lens. In order to reduce the lensing, we can
reduce E{(z), in other words, a gradual spatial taper of Ey(z). Additionally, the lensing is reduced
for larger v, and higher wy.

There is another very important detail about ejecting ions with the rotating electric field on.
When we first attempted to eject ions with &t on, we were uncertain whether the field at the
rod ends would be sufficiently adiabatic to reduce the rotating-field micromotion without leaving a
large residual transverse velocity. Initially, no ions were observed at the detector, and we suspected
that the spatial ramp might not be adiabatic enough. However, when I revisited the experiment a
couple years later, the problem was traced to an error in the DDS control code rather than to the
rod-end ramp itself. In particular, if &£,o¢ was left on indefinitely after the sequence, the experiment
failed for reasons unrelated to the ion dynamics during ejection. When instead &0t was turned off
about 10 ms after the kickout, ions were observed at the detector. Since the total time of flight is
only about 180 us, this indicates that keeping &, on during the actual ejection and flight to the
detector is not itself problematic.

To confirm this interpretation, I performed a simple numerical simulation of a single ion in
the measured field envelope. After the kickout, the ions have about v, ~ 4500 m/s. Using this
velocity, the spatial profile in Fig. [8.7] may be converted into a time-dependent envelope for the

rotating field seen by the ions during ejection.
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Figure 8.8: Adiabaticity check for ion ejection with & left on. (a) Simulated transverse com-
ponents of the rotating electric field seen by an ion during ejection, obtained by converting the
measured spatial envelope into a time-dependent envelope using the measured kickout velocity.
The field amplitude is approximately constant before the kickout and then decreases to zero over
several cycles after the ion reaches the rod-end region. (b) Simulated transverse position and veloc-
ity of a single ion in this time-dependent field. The transverse velocities in both x and y decrease
to nearly zero by the end of the ramp, while the z components are not included in this simplified
calculation. This indicates that the rod-end falloff is sufficiently adiabatic to remove the rotating-
field micromotion without leaving a large residual transverse velocity.
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At fiot = 150 kHz, the field amplitude decreases from 60 V/cm to nearly zero over roughly
four rotation cycles. Figure shows the corresponding time-dependent field components and
the simulated transverse trajectory of a single ion. In this simulation, I do not propagate the axial
motion itself. Instead, I impose the time-dependent field envelope corresponding to an ion moving
through the rod-end region at the measured kickout velocity. Within this simplified model, the
transverse velocities in both x and y decrease to nearly zero by the end of the ramp, indicating that
the rod-end falloff is adiabatic enough to revive the rotating-field micromotion without leaving a
large residual transverse velocity.

The time-of-flight and the ion cloud widths also agree qualitatively with the picture developed
above. Figure shows the effect of leaving &,o4 on during kickout while scanning its magnitude.
For the orange trace, no & is applied during kickout, so any variation as the horizontal axis is
scanned is attributed to shot-to-shot fluctuations. For the blue trace, the magnitude of &4 during
kickout is scanned and shown on the horizontal axis. As the rotating field is increased, the ion time
of flight shifts earlier by about 10 us, while the TOF width remains approximately constant. In
the plot, the TOF axis is shown with a 145 us offset removed. This behavior is consistent with a
largely common-mode axial acceleration of the ion packet, as expected from the z-dependent term
in the effective ponderomotive potential discussed above.

At the same time, the transverse widths in both z and y decrease with increasing &ot,
consistent with focusing by the rod-end lens. However, the cloud centroids in both transverse
directions also shift, although by an amount smaller than the cloud width. A purely centered lens
would change the cloud size without shifting its center of mass, so the centroid motion indicates
that the kickout optics also contain a transverse steering components. Furthermore, the amount
of focusing is different for  and y, suggesting that the kickout optics are not perfectly symmetric.
This asymmetry could arise from a misalignment between the ion cloud and the trap axis, imperfect
rod-end geometry, or residual transverse DC fields in the kickout ion optics. In practice, however,
this steering is not very large and can be compensated by optimizing the kickout parameters for a

chosen value of &,y so that the ions still arrive at near the center of the detector.
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Figure 8.9: Effect of leaving &0y on during kickout while scanning its magnitude. The left column
shows the cloud centroid position in z, y, and the time-of-flight coordinate z, together with the total
ion number inferred from the area under the TOF curve. The right column shows the corresponding
cloud widths in z, y, and 2, together with the mean image intensity. For the orange trace, no
rotating electric field is applied during kickout; for the blue trace, the magnitude of &£ during
kickout is scanned. A time offset of 145 us was subtracted from the time-of-flight coordinate z.
As the kickout rotating field is increased, the TOF shifts earlier and the transverse cloud widths
decrease, consistent with an axial acceleration together with transverse focusing during ejection.
The simultaneous shift of the cloud centroids indicates an additional “steering” component in the
extraction optics; this could be either from the imperfect adiabatic ramping of the field, or from
an inherent offset in the cloud, which is enlarged by this focusing process.
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8.3 “Batch” mode operation in the prototype experiment

In the current prototype experiment we are not yet configured to implement the full contin-
uous throughput operation. The primary limitation is that the apparatus contains only a single
location where both optical pumping and state detection are performed (see Figure . As a
result, ions cannot simultaneously undergo state preparation in one region while another packet is
being detected elsewhere.

However, the prototype apparatus can still emulate several key aspects of the batch-mode op-
eration. In this approach, we sequentially create and trap ion packets, allow them to undergo Ram-
sey evolution, and then detect them using the same preparation and detection region. While this
does not reproduce the spatially separated preparation and detection envisioned for the throughput
operation, it allows us to test the timing infrastructure required for operating with multiple ion
packets.

Implementing this sequence requires careful coordination of the timing between ion produc-
tion, trapping fields, Ramsey pulses, and detection. In particular, the pulsed lasers and rod drivers
must all operate with well-defined, synchronized timings.

In practice, achieving reliable operation requires maintaining strict “timing hygiene” through-
out the experiment. The relative timing between ion creation, the application of electric fields, and
optical pulses (especially the mF pumping laser) used for state manipulation must remain stable at
the level of < 10 ns. Small timing errors can translate into phase errors in the rotating electric field
or imperfect velocity cancellation during ion loading, both of which degrade the trapping efficiency
and coherence of the ions.

Although these constraints arise here in the context of the prototype batch-mode experiment,
they are also directly relevant for the final throughput-mode apparatus. In that configuration,
multiple ion packets will be simultaneously present in different regions of the trap, and precise
timing control will likewise be required to ensure that each packet experiences the correct sequence

of fields and pulses during its evolution.
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Timings

If we want to operate in batch mode (or eventually in throughput mode), we need to carefully

manage the experimental timing. The relevant constraint is not simply that the ionization and

dissociation pulses occur at the right absolute times, but they occur at the right phases of both

the rotating electric field and the rf trapping voltage. In particular, we would like to satisfy the

following conditions :

(1)

(2)

At the time of ionization, the rotating electric field &, must have the appropriate phase,

ionization

et , so that the ions are launched onto the rotation micromotion.

At the time of ionization, the rf trapping voltage Vif must have the appropriate phase,
pionization “ideally near either a maximum or a minimum, so that the micromotion velocity

from the rf trapping potential is minimized.

At the time of dissociation, the rotating electric field &4 must have the appropriate phase,

¢dissociation
rot

, for REMPAD. In the prototype configuration, this corresponds to dissociating

when the rotating electric field is along the +¢ direction.

At the time of dissociation, it is also desirable, though not strictly necessary, for the rf

trapping voltage V¢ to have an appropriate phase, qﬁffiSSOCiation, again near either a maximum

or a minimum, in order to minimize the micromotion velocity at detection.

Finally, the ionization and dissociation laser pulses must occur at times that are properly
synchronized with both w,ot and wys, so that additional ion packets can be created and

detected while satisfying the phase conditions above.

These requirements are all part of the same phase-matching problem. The phases evolte as

¢i = ¢io+ 2nfit  (mod 27), i € {rot,rf}. (8.6)

Therefore, once the DDS start phases and the two frequencies are chosen, the phase pair

(¢r0t (t), ¢rf (t))
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evolves through a particular set of values. The DDS start phases are used to choose the desired

phase pair at ionization.

(b;c())rtnzatlon = ¢rot,0 + 27Tfr0ttionization7 (Z);(%nlzatlon = ¢rf,0 + 27rfrftionization (HlOd 27()? (87)

In other words, we can choose the starting phases of DDS outputs such that we have ¢yt and
¢rf 0 at the moment of ionization.

However, the phase pair at dissociation is determined by the trap time

T = tdissociation — tionization- (88)
Then, the phases are
dissociation ionization dissociation ionization
rot — Prot =+ 27Tfrot7_’ ¢rf = @©rf + 27Tfrf7' (mOd 271—)7 (89)

This means that the dissociation phases cannot, in general, be chosen independently. In other
words, varying the trap time 7 does not produce arbitrary phase pairs, but instead traces out a
one-dimensional trajectory in the two-dimensional phase space (¢rot, Prf)-

In a perfect world, none of these requirements would present any particular difficulty. In
practice, however, the exact values of fiot and fif are constrained by the frequency resolution of
the DDS system. Our current DDS chips operate with a clock frequency fox = 100 MHz and a

32-bit tuning word, so the frequency resolution is

_ fclk

Af T 932

= 0.023283064365 Hz.

The output frequency of the DDS is determined by the tuning word K according to

K
f= gz e

Therefore, when we request nominal frequencies of f.o; = 300 kHz and f;y = 100 kHz, the DDS

realizes the nearest frequencies allowed by this discretization. For the rotating field,

(300000
Af

K5 = roun

) = 12884902,

near
K, rot

Jrot = chlk = 300000.0026077032 Hz,
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and similarly for the rf field,

100000

K = round( > = 4294967,

near

K
fit = g faiic = 99999.9931082130 Hz.

This frequency digitization immediately leads to two important consequences: first, it determines
the recurrence time over which the phases of &t and V¢ return to the same values; second, it
affects how well these phases can be synchronized with the externally triggered laser pulses.

Since both frequencies are generated by the same DDS system, their ratio is exactly

frot o Krot o Zz, (810)

frf B Krf _q

where p/q is the ratio reduced to lowest terms, and p and ¢ are integer numbers. Then, a particular

phase pair (¢rot, ¢rf) then repeats after the common recurrence time

T}ecurrence = min{T >0: frotT €7, frfT € Z}
232 (811)

fclk ng(Kroty Krf) ’

where ged denotes the greatest common divisor of the two DDS tuning words. Equivantly, during

one recurrence time, the rotating field completes p cycles and the rf field completes ¢ cycles. If a
desired dissociation phase pair is reached at some trap time 7y, then other trap times that reach
the same phase pair are

T = 79 + MTrecurrences m € Z. (812)

Therefore, Tiecurrence determines both the packet-to-packet recurrence time that makes sure that
the ion loading conditions are the same and also the equivalent trapping times that make sure that
the dissociation conditions are the same.

As an example, for the nearest-to-target tuning words above, ged( Ko, Kif) = 1, which gives
Trecurrence = 42.94967296 s.

This means that if we insist on exactly the same values of both @lopization anq qbir‘f’nization, then

the next identical loading condition occurs only about 43 s later. In practice, there may be some
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tolerance in the allowed phase errors Agiopization and Agbir‘f’nization, but this result already illustrates
that the naive nearest-frequency choice is not ideal for batch-mode operation.

There is a separate but related constraint that comes from the external laser trigger. These
lasers are triggered by a DG645 digital delay generator, which provides a frequency resolution of
1 pHz. Nominally, the ionization laser runs at 10 Hz. If the DDG repetition rate is fppg, then the

phase slip form shot to shot is

fi

fopa

fi

fppa

Aot = or { — round < )] , i € {rot, rf}. (8.13)

For instance, the number of rotating-field cycles between two adjacent ionization pulses is

frot
10 Hz

Niot = = 30000.0002607703.

Equivalently, the phase of & slips from shot to shot by

AGOt = 27 x 0.0002607703 = 0.093877°.

rot

Although this phase slip is small on a single shot, it accumulates over repeated cycles, reaching
nearly 2° after 20 shots, or about 2 s at a 10 Hz repetition rate. As discussed in the previous section,
a phase error at this level can already produce substantial residual velocity during ion loading. For
stable operation, this shot-to-shot phase slip must remain small over the full experimental sequence.

Therefore, there are three practical frequency-design goalsE First, Trecurrence Should be short
enough so that multiple ion packets can be produced under equivalent loading conditions and also
the trapping time resolution is short enough. Second, the phase trajectory in the 2d-phase space
of (¢rot, ¢r) should go though the desired dissociation phase pair at useful trap times. Third, the
frequencies should be compatible with the available DDG timing resolution, so that the laser pulses

remain synchronized with both &,o¢ and Vrfﬂ

! These considerations are not fully independent, since they all arise from the same underlying phase-matching
problem, but it is still useful to separate them conceptually.

2 At the time of writing, we are developing a new DDS system. In this new system, fppe will also be produced
using the same DDS boards that generate the electric fields. Therefore, this will not be as much of an issue.
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8.3.1.1 Integer ratio between f,.t and f¢

The timing problem becomes significantly simpler if the frequencies of the rotating electric

field and the rf trapping field are chosen such that their ratio is an integer,

frot = Tfrfv

where 7 is an integer. For the nominal experimental parameters, the natural choice is r = 3,

corresponding to fio = 300 kHz and fir &= 100 kHz. If the DDS tuning words are chosen such that
Kot = 3Krf'

In this case the ratio of these frequencies is exactly 3, even though the individual values may differ
slightly from their nominal targets due to the finite frequency resolution of the DDSﬂ .

With this choice, the common recurrence time becomes

1
T common = T = 10.000000689178753 us ~ 10 us.

This means that the pair of phases (¢rot, ¢rf) repeats every (approximately) 10 us or every rf period.
Consequently, we can make the next ion packet anytime we want, in increments of Tiommon-
In addition, synchronization with the ionization lasers becomes straightforward. If the repe-

tition period of the DDG trigger is chosen to be an integer multiple of T.ommon,

TDDG =M Tcommon’

then every ionization pulse will occur at exactly the same values of ¢.o¢ and ¢.¢. For example,
choosing M = 10* gives

TDDG ~ 0.1 S,

corresponding to a repetition rate very close to 9.999999 Hz ~ 10 Hz.

3 Initially, we were concerned that choosing a commensurate ratio such as frot : feir = 3 : 1 might introduce
unwanted resonances in the trap dynamics, for example by enhancing ion heating. In preliminary measurements we
did not observe clear evidence of such an effect. Nevertheless, it will be important to further investigate potential
systematic effects associated with commensurate rotating electric fields and rf trapping voltages.
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The advantage of this configuration is that the timing becomes very simple: the packet-to-
packet recurrence time is short, and the ionization laser can be synchronized by choosing the DDG
period to be an integer multiple of Tiecurrence- However, this choice has an important consequence:
the phase evolution of the two fields is no longer independent.

Since frot = 3fif, the phase evolution of the two fields is strongly contrainted and follows
Adrot = 3A¢ys  (mod 27).

As a result, once the timing is adjusted so that &..¢ reaches a desired phase at dissociation, the Vit

dissociation

¢dissociation
rot rf

phase is automatically determined. In other words, the phases ¢ and cannot
be chosen independently.

In practice, this may be acceptable. The REMPAD process requires a well-defined rotating-
field phase, but the rf phase at dissociation may be less critical. As the ions travel toward the
detector, the physical rods end before the detection region, which naturally reduces the excess
micromotion that can come when the rf phase is not correct at dissociation. Therefore, choosing

an integer ratio between f.o; and f,+ remains an attractive option because it greatly simplifies the

timing synchronization while still allowing precise control of the rotating-field phase at dissociation.

8.3.1.2 Non-integer ratio between f,,. and f¢

The more general strategy is to choose frequencies that are close to the nominal targets but
do not have an exact integer ratio. In this case, the timing is less constrained thatn in the integer-
ratio case, but the recurrence time can become much longer if the DDS tuning words do not share
a large common divisor.

In practice, the situation can be improved by carefully selecting the DDS tuning words.
Rather than simply choosing the frequencies that are closest to the nominal values of 300 kHz and
100 kHz, we can search for nearby tuning words that share a reasonably large common divisor while
still avoiding an exact integer ratio between the two frequencies. We want frequencies that are close

to a simple rational ratio, but not so close that the two phases become rigidly locked. Increasing
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ged (Ko, Kif) reduces Trecurrence and therefore improves both the packet-to-packet recurrence time
and the spacing between equivalent trap times.
As an example, we can choose DDS tuning words of Ko = 12879748 and K¢ = 4337058.

These tuning words give
frot = 299880.0016939640 Hz, frt = 100980.0005704164 Hz,
which are both within 2 kHz of the nominal target frequencies. For this choice,
Trecurrence = 326.797383774900 us.

If the DDG repetition period is chosen to be 306 Tiecurrence, then the corresponding trigger rate
would be

fppce = 10.0000000564881 Hz,

and both the rotating-field phase and the rf phase repeat exactly from shot to shot. This is
a substantial improvement over the ~ 43 s recurrence time obtained from the nearest-to-target
tuning words.

As before, we would adjust DDS starting phases such that the desired pair (¢lopization gionization)
is realized exactly at the moment of ionization. Even in the non-integer ratio case, we still do not

dissociation

dissociation . .. .
o and ¢; . Once the frequencies and ionization phases

have arbitrary control over ¢
are fixed, the dissociation phase pair is determined entirely by the trap time 7.

As previously mentioned, if there exists a trap time 7y for which the desired dissociation
phase pair is reached, how often this point repeats in time is determined by Tiecurrence Of Eq. .
The code to find Tyecurrence 18 shown in Appendix [C}

Finally, one must also choose the DDG trigger rateﬁ so that the phase slip from shot to shot

is acceptable. If the DDG repetition rate is fppg, then the phase slips per shot are

A¢fgft — o < frot —round< frot )) 7

fopa fopa

4 Again, in the new DDS system, this will be less of a problem as long as the laser trigger rate is commensurate
with both the fros and frr. For more detail, see Appendix Q
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shot __ frf . frf
Agyf® =27 <fDDG round<fDDG)> .

Using the above numbers for fiot and fif and the fact that our DDG has 1 pHz resolution such

that fppg = 10.000000 H z, the phase slips per shot comes out to be

APt £ 0.06098° A@SEt &~ 0.02054°.

rot

This corresponds to ¢t slip of about 6 © in 100 shots or 10 seconds. In the batch mode, this
may be fine because we will only take about 2-3 seconds to prepare all the ion packets. However,
this will be a problem for the throughput mode operation. Therefore, in the non-integer-ratio
case, frequency optimization plays three roles. First, the frequencies should be chosen so that the
packet-to-packet recurrence time is short enough for practical operation. Second, the resulting
phase trajectory should allow the desired dissociation phase pair to be reached at useful trap times.
Third, the frequencies should be compatible with the available DDG timing resolution so that the
shot-to-shot phase slip remains acceptably small.

In summary, when f.o; and f,s do not have a simple integer ratio, the initial ionization
phases can still be chosen arbitrarily through the DDS start phases, while the dissociation phases
are controlled by the trap time 7. The frequencies must then be optimized so that the recurrence
time is short enough for practical use, the desired dissociation phase pair is accessible, and the

phase evolution remains compatible with the laser trigger timing.



Chapter 9

Generation IIT ThF* eEDM signal

9.1 Experimental procedure

9.1.1 Experimental block and switch states

During the edm measurement campaign, we record our data in “blocks”. A block is a
self-contained set of Ramsey measurements taken under a specific experimental configurations,
or switches. Each switch S corresponds to an experimental parameter whose sign can be reserved
between each measurement. Gen. II had four main switches per block: B, R, I, and D. During
a block, we do not apply any feedback (except for the laser frequencies, which are always being
monitored and corrected). Generally, we design a block with appropriate switches such that it pro-
duces an estimate of d. and of various imperfections in experimental condition that are sufficiently
accurate and precise to be useful for meaningful feedback/feedforward corrections that we apply
before the next block. When we design a protocol for a block, there are three main key points to

keep in mind:

(1) Evenly weighted configurations. Within each block, we want each switch configuration
to contribute with the same (or as nearly as possible) statistical weight. In practice, this
means we want comparable numbers of shots or signal (and also comparable SNR) in each
switch configuration; this is because we want the linear combinations that we form at the
end the block to represent the true symmetry projections, rather than being biased by

uneven sampling.
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(2) Differences between switch states should reflect the intended physics. The flip-
ping of a switch state S in a block should change the measurement only through physical
effects that are genuinely S-odd (or S-even). Therefore, ideally, we design the sequence of
the switch states that is i) fast compared to relevant drifts and ii) cleanly implemented,

with minimal collateral changes.

(3) Ramsey fringes near the extrema and zero crossings. In a Ramsey measurement,

the detected asymmetry can be written in a sinusoidal function of the accumulated phase
A(1) x Ccos (pr) = Ccos 2mfT + ¢) (9.1)

so the sensitivity to a small frequency shift depends on where you sit on the fringe. Near
a zero crossing (i.e. ¢r ~ m/2), the slope |dA/df| is maximal, so any small changes in f
produce the largest measurable change in the signal-this is optimal for statistical precision
on f, and therefore for d.. Near a top or bottom of a fringe (i.e. ¢r ~ 0,7) , the
slope is near zero, and thus it’s less sensitive to small frequency shifts. These points serve
to diagnose and decouple the amplitude/contrast offsets and any other non-phase related
systematics from the phase. Therefore, we include Ramsey times that sample both: near
the zero crossings for maximum EDM sensitivity and also near top/bottom to constrain
other parameters (i.e. contrast, offset, etc.). Having these points make the phase extraction
more robust against drifts and contrast changes because the data contain enough degrees

of freedom to separate “phase-like” changes from “amplitude/offset”-like changes.

In the Gen. II implementation, a standard block was constructed from 22 = 8 experimental
permutations of the three switches B, R, and I. The fourth switch D was automatically applied
because the two Stark doublets are always detected simultaneously in each shot. Then, the Ramsey
times for each switch state were adjusted (to correct for any slow drift in the system) independently
based on the previous block data to make sure that the time points are as close as possible to both

the sides of the fringes, where the frequency sensitivity is largest, and close to the beat conditionp_-]
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, where common-mode noise rejection is best and several systematics shifts are minimized.

For Gen. III, the experimental protocols will be different. For instance, because we have fewer
ions per shotE| and longer coherence time compared to Gen. II, it will take longer to determine
where the late-time zero-crossings occur for a fringe. We still want to measure all the switch
combinations close together in time to suppress long-term drift between each block, we may only
have B and D in a block, with additional switches introduced only when combining several blocks
into a larger “superblock”. The final protocol should therefore be chosen only after the dominant

drift timescales in the apparatus have been characterized.

9.1.2 Introduction to switch-state and parity-channel notation

The different experimental switches help us understand and suppress systematics. Therefore,
we need a notation to discuss all the different switch state and the experimental configurations in
which the data are taken. In the next section, I introduce a compact notation that will be used by
Gen. III.

To analyze block data, it is useful to distinguish between two types of quantities: 1) the raw
values measured in individual experimental configurations and 2) the linear combinations formed
from them. I will refer to the former as switch-state values and the latter as parity-channel values.

Here, I assume that a block consists of the eight combinations of the three switches B, D,
and R switches. The extension to N switches is immediate: every factor of 1 /8 below is replaced
by 2V, and additional switch labels are appended in the obvious way.

A particular experimental configuration is specified by the ordered switch-state label
s=(B,D,R), B,D,Rec{£1}. (9.2)

Then, let V(B, D, R) denote the value of some measured or inferred quantity in that switch state.

! Here, the beat condition refers to when the two doublets are in phase.
2 or at least so far in the prototype
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(+1+1+1
(14141
(+1 —1 +1
(9.3)
(+1 41 -1
(=141 -1

(+1-1-1

)
)
)
(=1 —1+1)
)
)
)
)

(—1-1-1

\

In practice, V may represent the signed Ramsey frequency, or any of the fit parameters
appearing in Eq. , or for an experimental parameter such as a stray transverse magnetic field
component B,.

It is first helpful to recall the single-switch decomposition. For a quantity V and a single

switch S, we define the even and odd parts a

vE = % V(S=+1)+V(S= —1)} . V= [V(S =+1) - V(S = —1)] - (94

N

An unslashed switch label denotes the part of the signal that is odd under that switch - ,
whereas the slashed switch label denotes the part that is even under that switch. These expressions
are just parity projections of the raw switch-state values. Simple averaging isolates the part of the
quantity V that is even under the switch S, while multiplying by the switch sign before averaging

isolates the odd part.

3 Note that the equations here can equivalently be written as
V$ _ % [VS:-H + VS‘:—I] 7 VS — % [VS:-H _ VS:_I} 7

using the definition of s shown in Eq (9.3). However, here, I use the form of Eq (9.4) to be extra explicit and also
because for a single switch, the switch-state label s is either V! or V™!, which seems like an exponent.
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In the case of three switches, there are a total of eight parity channels VP:

( )

)
)
)
VP,  pe e (9.5)
)
)
)
)

For the three-switch case, the same logic of averaging applies. For instance, simple averaging

isolates the part of the quantity that is even under now all the switches:
Bk _ L 3 D. b
VEPR = > V(B,D,R). (9.6)
On the other hand, multiplying by the switch sign before averaging isolates the odd part:
por_ 1 5(5, 5, 3
veRt =< Z DV(B,D,R). (9.7)
B,D,R=+1
A quantity that is odd under a combination of switches is obtained by:
Bpg _ 1 PO (R D D
vERR =2 ~ Z BDV (B, D, R) (9.8)
B,D,R=+1
For brevity, I generally omit the slashed (even) switches when writing parity-channel values,

whenever the meaning is clear from context. In this abbreviated notation, the channel is even under

all switches is denoted by a superscript zero:
VBPR =B yBDR = 0, (9.9)

This compact notion was first introduced by the ACME group. Although this shorthand is conve-
nient, sometimes it is hard to see how the quantity is formed. For example, the symbol fZ may

denote the Ramsey frequency that is fully projected B-odd channel, obtained by averaging over
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all other switch combinations. It may also refer more loosely to a difference formed from only two
measurements with B = 41, while D and R are held fixed. In practice, the intended meaning
is usually clear from context. When that distinction matters, however, we use the more explicit
notation me R to indicate that the quantity is odd under B and averaged over D and R.

More generally, this notation can be also used to indicate the value of a switch that is held
fixed while parity combinations are formed over the remaining switches. For example, suppose we
take a block of data in which all eight combinations of B, D, and R are sampled, while another

switch P is held fixed at P = —1. From that block, we can then form parity-channel values such as

VBDR;P—=1

Later, suppose we take a second block under the same conditions, but with P—+41. Then, we can
combine the two blocksE] to form a single “superblock”. This superblock then would contain 16
distinct switch states and can be projected onto 16 parity channels, including channels involving

P, such as

waRP.

In matrix form, the transformation between the switch-state s and the parity-state p can be

written in the form of {VP} = T{V3} as:

Vo + + + + + + 4+ + Ve ©
VB + -+ - + - + - Vign ©
Vb + + - -+ + - - Vi ©
vBD 1+ - -+ + - = + Vian ©
— = (9.10)
Vi |+ 4+ + - - - - Vi ™
VBR + -+ - - + - + Vian
VDR + + - - - - 4+ + Vi~
VBDE + - -+ - + + - Vian

4 given that they have comparable precision so that they carry roughly equal statistical weight
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The numerical entries in this matrix depend on the ordering convention chosen for the switch
states and parity channels, but the logic is always the same. If we expand to include not just three
but N switches, the value of 1/8 in the matrix is replaced by 1/2%.

In the matrix in Eq , I write the measured quantity as Vg, to emphasize that the
analysis is carried out using the signed value of V', rather than its magnitude alone.

This convention is one of the main differences between the earlier generations of the exper-
iments and Gen. III. In Gen. I and Gen. II, the extracted Ramsey frequencies were treated as
absolute quantities rather than signed phase-evolution frequencies. For instance, when the mag-
netic field direction was reversed (B — —B), the spin precession direction was also reversed, but
the reported frequency did not. This usage of absolute-value frequencies breaks the intuition that
“averaging over B” results in the B-even part of the signal; the dominant Zeeman contribution is
intrinsically B-odd in the underlying Hamiltonian but becomes “f°”, which appears to be B-even,
because we used |f(B = 41)| and |f(B = —1)| as our measured frequencies. As a result, the book-
keeping of channel labels was effectively shifted. What was treated as the “baseline” frequency was
actually B-odd, and the superscripts on small shifts must have been interpreted relative to that
B-o0dd baseline. In other words, because of the usage of absolute frequencies, the largest term fg
(in Gen. ID’s language) is B-odd, and fP” is D-odd but B-even. This confused me so much for
so many years. For Gen. III, we plan to avoid this ambiguity and confusion by using a signed
quantity for the measured frequency as in Eq ; we will define the phase-evolution frequency
with a consistent sign convention across B. The same rule for switch-state superscripts applies to
¢ and A, which will be discussed in the next section.

We can also invert the transformation in Eq.(9.10))
{(vey =T HVvP},

where 77! is the inverse of the transformation matrix 7. This inverse relation reconstructs the
value of V in a particular switch state from the corresponding parity-channel values. In fact, the

inverse matrix has the same pattern of signs as 7', but without the overall factor of 1/8.
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A simple way to understand the inverse expansion is to begin with a simple case of a single
switch S = £1. Using the definitions of the even and odd components from Eq. (9.4)), we can take

a sum and a difference of V¥ and V5 as:
VErvS=v(iS=+1) V- vS=v(5§=-1)
Then it is immediate to see that the two relations can be combined into the expression
V(S)=V*# 4 SVS. (9.11)

In other words, the switch-state value is reconstructed by adding the even component and the odd
component, weighted by the sign of the switch.

In the three-switch case, the expansion follows the same logic and becomes

V(B,D,R) =V° + BVB 4+ DVP + BDVBP
(9.12)
+ RV + BRVPE + DRVPE + BDRVPPE
where again V0 = VBDR,

Although this result can be obtained directly from the inverse matrix, the expansion is more

transparent and obvious. For instance, the switch-state value V(+1,—1,41) corresponds to

V(+1,-1,+1) =V + VB VP _yBP L y R yBE _yDR _yBPE,

9.1.3 Switch-parity expansion

We can model the evolution within either Stark doublet as an effective two-level system.
Introducing notation that differs slightly from previous generations, we parameterize the effective

Hamiltonian for each doublet as

hl¢C A

A —¢
The diagonal term ¢ contains all contributions that shift the relative energy of the mp = £3/2

states, while the off-diagonal term A contains all contributions that mix them. In the Gen. II
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notation the diagonal term was denoted by fy; here I instead reserve the symbol f for the measured
frequency and use ( for the diagonal energy shiftﬂ
Following Ref. [51], we decompose each matrix element into a dominant modeled baseline

plus residual perturbations:

((B,D,R)= B¢ +6(B,D,R), (9.14)

A(B,D,R) = R(AF + DAPR) + 5A(B, D, R), (9.15)
where B, D, R € {£1} label the experimental switch states. Throughout this section we assume
6L <11, 1AFL IAFPL 16Al < ¢F 104 < |AF], [AT)

In the Gen. II notation of Ref. [51], the quantities ¢(Z, 6¢, AT, AFP, and §A were denoted by f,
8Fo, Ao, AP, and 8D respectively.
In this new notation, the subscript o denotes the dominant modeled baseline amplitudes. The

superscript denotes the switch-parity channel of the full Hamiltonian contribution. Therefore,
BeP, RAE, DRADF
represent the B-odd, R-odd, and D R-odd baseline contributions, respectively.

We use the convention that <(})5 is defined to be a positive baseline amplitude,
& >o. (9.16)

The sign convention used will be discussed more in the later section. With this convention, note
that Cég itself does not change sign when the magnetic-field switch is reversed; the sign reversal is
carried by the explicit factor of B in Eq. .

The off-diagonal baseline amplitudes AF and AP are defined in a similar fashion; they may
be positive or negative numbers, but they do not themselves change sign under the rotation switch.

The R parity of the corresponding Hamiltonian contributions is carried by the explicit factor of R

in Eq. (9:15).

5 The other graduate student in Gen. IIT Anzhou Wang and I collectively decided that we will use the symbol f
to refer to only the measured frequency and use ¢ for any diagonal energy shift in the effective Hamiltonian. This
removes an ambiguity present in earlier notations and avoids introducing additional subscripts and superscripts.
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For instance, using the experimental parameters of fyor = 300 kHz and &0t = 60 V/cm, these
baseline terms are approximately
¢ ~ 100 Hz,
Al ~ 8 Hz, (9.17)

APR ~ —3.8 Hz.
The off-diagonal couplings arise at fourth order in perturbation theory from the combined

effects of rotation and 2-doubling. Following Ref. [51], the corresponding baseline amplitudes are

3 2 1092 €2
hA(})%: 3hwef < hwrot > (18A|| 19dmfgrot>’

2 dmf Srot Aﬁ - d12nfgr20t
, o (9.18)
hADR o Shwef hgwf’ot 9AH - Sdmfgrot
© T \aea )\ -ae )

In writing these definitions, I take wyot to be the positive rotation frequency. It is important to
remember that the dependence on the rotation-direction switch is not included in the amplitudes

themselves[]
In Egs. (9.14) and (9.15)), the quantities

6¢(B, D, R), SA(B,D,R),

represent any residual perturbations that arise from experimental imperfections in the system. Both
quantities follow the same switch-parity notation introduced in the previous section. For instance,
if there is any residual diagonal shift from some imperfection that is B odd, this will show up in
the channel

6¢B  (or, equivalently 5CB$R).

If there is any residual perturbative off-diagonal shift that is odd in DR, it will show up in the
channel

SAPE  (or, equivalently 5ABDR)

6 Again, the switch dependence is carried explicitly by the factors of B and D in Eq. . Therefore, AT and
ADE are switch-independent baseline amplitudes, i.e. do not themselves change the signs based on the switch state.
The full baseline contributions

RAE, RDAS®
are R-odd and D R-odd, respectively. The additional D parity of the second contribution is encoded by the explicit
factor of D and arises from the doublet-dependent structure entering the expression.



222

Comparing coefficients in the switch-parity expansion then gives E]
P =g +och,
Similarly, the full DR-odd off-diagonal component becomes
APE = APR + 5APE,

In a perfect model, one would have 6¢(B,D,R) = 0A(B,D,R) = 0. However, in practice 6¢°

and §A® parameterize deviations from the modeled baseline due to imperfections and uncontrolled

couplings. The summary of the change of notation in the definitions of Eqs (9.14) and (9.15) is

given in Table

Quantity type Gen. II notation Gen. III notation
Dominant diagonal baseline term 1 &

Residual diagonal term with old superscript S ) fOS 5¢BS

Dominant off-diagonal baseline term, R-odd, D-even A Al

Dominant off-diagonal baseline term, R-odd, D-odd AP Aéj R

Residual off-diagonal term with old superscript S SAS SASE

Table 9.1: Dictionary between the Gen. II old convention and the Gen. III new notation used in
this chapter. In the Gen. III notation, superscripts denote the total parity-state of the switches
for that quantity. For diagonal terms, the dominant baseline contribution is B-odd; therefore, the
old superscript S maps to the new parity-state label B.S. For off-diagonal terms, the dominant
baseline contribution is R-odd, so an old superscript S maps to the new parity-state label RS.

With these definitions, we introduce the signed measured frequency

J(B,D,R) = B fun(B, D, R) = B\J<(B, D, R + A(B, D, R (9.19)

This convention differs from the Gen. II choice, in which the measured frequency was taken to be

positive by definition. Here the explicit factor of B removes the special role of the B switch in

" The form here is already very intuitive. However, mathematically, we can do the expansion using Eq. (9.12)
very explicitly as the following:

(CO+B§B + D¢P 4+ BDCEP +R<R+BRCBR+DR§DR+BDRCBDR)
=B¢ + (6¢° + B6¢P 4+ Do¢” + BDS¢PP + R6¢CT + BRSCP® + DRSCPHR + BDROCPPF)
Then, we look for terms with B from both sides and equate then we get ¢Z = ¢& + 5¢”. Note that the explicit sum
over all the parity-state with that particular switch multiplied, as shown in Eq. , establishes exactly this.
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the channel decomposition: the dominant Zeeman term appears in the B-odd channel fZ, and a
perturbation that is odd under D appears directly in the D-odd channel fP.

We expand Eq. in powers of the small perturbations to obtain (with the convention
@ >0,

BA?  §¢A*  BA! .
208 2(¢P)? 8(¢)?

f(B.D,R) =~ B¢ + 8¢+

%BCOBqL 6C

+ o (A + (AP™)? +2D AJASY + 2R(AF + DAFP) 56+ GAF] (9020
0

- 2@2‘2 [(AF)2 + (AFP)? + 2D AFAFP + 2R(AF + D AFP) 6A + (5A)?]
0

+n
where 6¢ = 6¢(B, D, R), A = A(B, D, R), and §A = 6A(B, D, R). Because ¢§ has been defined
as a positive amplitude, there is no separate sgn(g“(? ) appearing in this expansion. Note with the
Gen. III signed-frequency convention of Eq. , the dominant sign of the measured frequency
is set by B.

Equation may now be projected into the various parity channels. For example, the

D-odd channel is
1 - e~
D _
fP=3 ~ Z D f(B,D,R). (9.21)
B,D,R=%1

Applying this projector to Eq. (9.20]), only terms whose parity-state is D survive the summation,

giving
¢ 2(¢5°)* (65°)?

B(6A)? &
200 2(¢P)?

+%ZD

(2R(A§ + D AEPYSA + (6A)2)] (9.22)

where I have again used the shorthand notation for 6¢ = 5{(3, D, R) and 6A = 5A(B, D, ]:Z) In the

Gen. III notation, the eEDM-sensitive channel is f” (which used to be fPB in Gen. II notation),
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and the 6¢P term includes the edm-induced energy shift. Since the dominant baseline term B((’)B
cancels in the summation, the leading nonzero contributions to f? are already perturbative.

The appearance of SABPE and SABE in Eq. is purely a consequence of the Gen. II1
new notation convention. In the Gen. I notation, superscripts on the Hamiltonian coefficients were
“net” switch labels defined relative to the dominant switch parity of each matrix element, rather
than the literal parity of the full term. For the diagonal element, the dominant term was B fg,
so an old diagonal superscript .S corresponded to literal parity channel BS. For the off-diagonal
element, the dominant term was RA, so an old off-diagonal superscript S corresponded to literal
parity channel RS. In particular, the Gen. II baseline coefficients A? and AP did not themselves
denote the literal parities of the full terms: RAY is R-odd, while RD AP is RD-odd. In Gen. III, we
therefore write these as RAOR and RDA(])%D , reserving superscripts exclusively for the actual parity-
state of these quantities and subscript to denote that these quantities are the modeled baseline
contributions. With this convention, the Gen. II quantities § fPZ, SAPB and AP correspond in
the Gen. III literal notation to 6¢?, ABPE and SABE respectively.

Although the coefficients appearing in the projected channel expansion no longer carry ex-
plicit switch factors, their channel assignment can be checked by tracing each term back to its parent
term in the full frequency expansion. For example, the contribution AOR SABDPR/ Cég originates from

the term (BR/(P)AFSA in Eq. (9.20). Then, for that contribution only we have

(BR/CB)AL SA = é S b @f AR 5A(B,D,R)>
0

B.D et
R
_ Ao > B ~R<6A° + BSAB £ DSAD 4 RSAR
A
B,D,R=+1
+ BDSABP + BRSABE + DRSAPR + BDR 5ABDR).
R ~ o~ ~ ~ ~ ~ o~ ~ o~
8A93 > (BDROAY+ DROAP + BROAP + BDoAT
% B,D,R=+1
+ RSABP £ DSABR 4 BSADPR 4 5ABDR)
A0 5ABDR
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where the only surviving term is JABPE,

Similarly, we can project Eq.(9.20) into the B-odd channel, giving us

B,D,R=+1
5, (AF)? + (AFP)?
_ ¢ b
+|6¢B + AFSAR + AP SAPE _5¢B (A2 + (AfP)? _ 5¢BD AFAFP
& 2672 (G")?
1 _ | B(5A)? ) . N
+- Y B ( B) - g . (2R(AOR+DA§D)5A+ (6A)2>

8 B,D R=+1 2Co 2(607)

(9.23)
where 6¢ = 6¢(B, D, R) and 6A = 6A(B, D, R).

In this new notation, the B-odd channel fZ contains the dominant Zeeman transition fre-
quency. Its leading term is the baseline Zeeman splitting C(? , followed by the dressed-state correction
from the baseline off-diagonal mixing. The leading perturbative diagonal contribution is 6¢?, which
represents any residual B-odd diagonal shift not captured by the baseline coefficient C(’)B

Unlike fB, the fully even channel f° (or equivalently, fﬁwR) has no zeroth-order baseline

contribution, since the dominant Zeemna term B(J® cancels in the channel average.

=S pBb R

8 .~
B,D,R=+1
AR SABR | ARD §ABDR AR)2 ARDY2 ARARD
= [5¢0 4 00 +Bo g —5C0( 0) +B(20 ) _ s¢PR00
o e @) 021
1 B (6A)? 6¢ _ s
DY ; ) — s (2R(AF + DAFP)OA + (04)?)
D Ty

where 6¢ = 6¢(B, D, R) and 6A = §A(B, D, R).

8 To reiterate, in the new Gen. III notation, baseline quantities are denoted by the subscript ¢. Any residual
perturbations are written with é with the superscript indicating their switch parity.
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In f9, the leading diagonal term is §¢°, i.e. the part of the residual diagonal shift that is even
under B, D, and R per 6¢° = 5CEIDR. In practice, this term is a natural place for effects such as a
non-reversing magnetic field or an imperfect B-chop, provided those effect are also even under D
and R. In that sense, the Gen. III channel f° now plays the role of the old Gen. II f& channel.

For instance, if the actual diagonal Zeeman term is
{(B,D,R) = B¢ +6¢°,

then C(])B represents the positive amplitude of the reversing magnetic field contribution, while §¢°
represents the non-reversing magnetic field contribution. In terms of magnetic fields, this convention
corresponds toﬂ

C()B = 3gF,UBBreV7 |5<0’ = |3gF,UB(SBnr’

for reversing Biev = Brot and non reversing By magnetic fields.

For the R-odd channel, we have

fR_g Z Rf(-évba-é)
B.D R=t1
_ [sen, AFOAP £ AIPSAPD (AP + (AP pp AFAEP
& 2(¢5°)? (6)?

1 - | B(6A)? ) - -

+- Y R ( B) — g, 5 (2R(A0R+DAORD)5A+(5A)2)
¥ pbAes 2 2%)

+ ..

(9.25)
with 0¢ = 5C(B, D, R) and 0A = 5A(B, D, R) The R-odd channel f% is perturbative at leading
order. The first nonzero diagonal contribution is §¢*¥, which contains residual R-odd diagonal
shifts. In practice, this channel contains R-odd effects such as the charging-current systematic and

Berry-phase-related shifts.

9 B.r can be written as § B°
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9.1.4 Sign definitions for chops

Here, I define the sign conventions for the main experimental chops used in the Gen. III used
in this chapter. For the magnetic field chop, B=+1 corresponds to the case in which the effective
rotating magnetic bias is parallel to &.ot. Equivalently, this is the sign for which the time-averaged
bias BBef points along é'rot.

For the doublet chop, I follow the Gen. II convention: D = +1 denotes the upper Stark
doublet, while D = —1 denotes the lower Stark doublet.

For the rotation chop, I follow the laboratory-frame convention
Erot = Erot [fc cos (wrott) + Ry sin (wrott)] .

With this definition, R = +1 corresponds to rotation from +& towards +4, in other words, positive
rotation about the +2 axisF;G]

A summary of these sign conventions is given in Table

Chop Definition of the +1 state
B effective rotating magnetic bias parallel to & et

upper Stark doublet
E.ot Totates about the +2Z direction (towards South in the prototype)

o

Table 9.2: Sign conventions for the main experimental chops used in this chapter.

Additional chops will be defined later as needed. For example, the I chop denotes which
doublet lands on which side of the phosphor screen. The P chop labels the polarization state set

by the quarter-wave plate angle of the strobing laser which pumps the mg states.

9.1.5 Quick note about the sign convention for the measured frequency

In Gen. III, the measured frequency is defined as a signed quantity, as in Eq. (9.19). The
sign of the reported frequency is tied to the switch label B. Actually, once the measured frequency
is treated as a signed quantity, the corresponding Ramsey phase accumulation in Eq. (9.1]) must

also carry that sign convention.

10 This points South, in the prototype apparatus.
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We also need to choose a convention for the sign of C(])B; this depends on how we assign the
sign of (P to the two physical orientations of Byet. With the convention above, B = +1 corresponds
to the case in which the effective magnetic field is parallel to the rotating electric field. At the time
of writing, we do not have an experimental data on the sign of g for ThFT. For HfF ', gr < 0,

therefore here, I further assume that this is also true for ThF™. If we take

Bmp = (=5) = (+3) = =3,

then the dominant Zeeman shift will be

COB = *SQF#BBrot/h >0

for the B = +1 state
No matter what convention we use for the measured frequency, determining the sign of d.

from a measured fP requires a consistent set of sign conventions.

9.2 Brief notes on systematics

As we saw, with the Gen. III signed-frequency convention and new parity-state notation,
several channel names differ from their Gen. II counterparts even though the underlying physical
effects are the same. In Gen. II, channel labels were tied to the older “net-superscript” convention,
whereas in Gen. III they follow the actual parity-state of the measured signed frequency. As a
result, effects that previously appeared in channels such as f2% or fPP are relabeled in the new
notation. For example, the charging-current systematic and the Berry’s-phase contribution, which
were previously associated with the BR channel, now appear in the R channel; the eEDM signal
moves from fPB to fP: the dominant frequency f° becomes fZ; and the old f? channel becomes the
switch-even channel f9, corresponding to a non-reversing magnetic field. Likewise, the transverse-

magnetic-field effect at the second harmonic of &4, which in the Gen. II convention contributed

11 This should be regarded only as a convenient bookkeeping convention for the sign of the effective Zeeman
splitting. In the actual Ramsey measurement, the relevant signal is constructed from combinations of the in-in and
anti-in measurements, and these two configurations have different signs for Amp. Thus, the sign assignment should
not be interpreted too literally as arising from a single fixed choice of Ampg.
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to fB and fBE, is relabeled as contributing to fO and f# in Gen. III. Table summarizes several
common examples of this relabeling. In each case the underlying systematic or signal is unchanged;

only the channel name shifts because the explicit B factor is absorbed into the Gen. III signed

frequency.

Physical quantity / effect Gen. II channel Gen. III channel
Dominant transition frequency  f° fB
Non-reversing magnetic field B 10
Charging-current effect fBE fE

Berry’s phase fBE ¢B B, £

eEDM signal DB P

Transverse B with 2wyet fB, fBR fo, i

Table 9.3: Translation of several commonly used channel labels from the Gen. II convention to
Gen. III convention. The physical effects are unchanged; only the channel names differ because the
signed-frequency definition moves the dominant B factor from the channel label into the measured
frequency itself.

Table is useful as a dictionary between the Gen. II and Gen. III channel labels. How-
ever, although the Gen. II and Gen. III experiments share many common features, there are also
important quantitative differences in their systematic errors due to differences in the underlying
spectroscopic parameters. In particular, the off-diagonal mixing terms are larger in ThFT under
the experimental parameters, so several familiar imperfections can produce larger systematic shifts
in Gen. III than they did in earlier generations.

In this section, I highlight some systematic mechanisms that require additional care in
Gen. III. The goal here is not to provide a fully exhaustive or rigorous list of all possible Gen. I11
systematics, but rather to motivate a somewhat different “attitude” toward both old and new sys-

tematics in light of the stronger state mixing and the signed-frequency notation introduced above.

9.2.1 Systematic consequences of enhanced off-diagonal mixing

The larger off-diagonal terms At and AP in ThFT result in the measured transition fre-
quency being more strongly “dressed” compared to HfF ™. More importantly, these off-diagonal

mixing terms generate cross-terms between diagonal and off-diagonal effects in systematics. This
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can be seen explicitly in the D-odd channel. Retaining the leading terms from Eq. (9.22)), one finds

(AF)? + (AFP)?
2(¢5°)?

AFAFP | AFSAPPE - AFP SAPE

D~ |6¢P —5¢P )
/ o (¢F)? 3

—6¢Y (9.26)

where the omitted terms are higher order in the residual perturbations.
Equation ([9.26]) shows that larger Al* and AP modify the systematics picture in three dis-
tinct ways. First, the usual diagonal D-odd magnetic response, represented by d¢P, is renormalized

by the factor
(AF)? + (AFP)?
2(¢8)?

Second, a residual switch-even diagonal perturbation 6¢'—for example, a non-reversing magnetic

1—

field—can leak directly into the D-odd channel through the cross-term

RARD
_5<0A0§02 .
()

A non-reversing magnetic field is dangerous not only through any ordinary D-odd g-factor mis-
match, but also because off-diagonal dressing converts part of the switch-even magnetic shift into
a false fP signal.

To make this more explicit, suppose the usual diagonal magnetic contribution is written as

5P| = (59F> 5¢0.
Bnr gr

Then Eq. (9.26)) becomes

sgr  ARAFP (A2 + (AFP)? 59F] A SABDE 4 AP sABR

Dzéo
U N eI T &

(9.27)

This motivates the interpretation of the bracketed quantity as an effective magnetic sensitivity of
the dressed states. In particular, even if the ordinary dgr/gp contribution is tuned small, the term
proportional to AFAFP /(¢P)? can still produce a residual D-odd shift.

The effects mentioned above about the off-diagonal terms have been extensively studied
during the Gen. II systematics studies (for instance, see Refs. [I5 51l [60]. However, these effects

will become more critical in Gen. III because the terms Aé% and Aé‘w are larger. This can be easily
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seen in Eq : both coefficients scale linearly with the Q-doubling frequency w,s, so a larger
wes leads directly to stronger rotation-induced mixing between the mp = 43/2 states.

With the larger off-diagonal terms, Gen. III has to be think carefully about systematics as
these effect will play a more prominent role in determining how technical imperfections project into

the measured frequency channels.

9.2.2 One subtle consequence of large off-diagonal mixing: Berry phase

In Gen. I1I, we have developed a method of applying localized /2 pulses using RF drive and
rings. One very useful consequence of that work is that additional RF drives may also be used to
“shim” quantities such as dgp/gr or the baseline mixing terms AY and AP, This project was led
primarily by another graduate student Anzhou Wang, and a more detailed discussion is given in
his thesis.

During the development of these techniques, Anzhou Wang and I spent a great deal of
what our advisor calls “unstructured playtime” where we discussed possible consequences of such
shimming. In particular, it seems that with an additional RF drive, it might be possible to tune
the effective magnetic sensitivity, represented by the bracketed quantity in Eq. to zero.

With the magnetic sensitivity shimmed to zero, one might naively think that the Berry-phase
contribution to be removed as well. The reason is not that Berry phase is itself a magnetic effect,
but rather that it can produce a shift in a nonscience channel such as f° and f%, which then enters

the science channel through the familiar leakage pathway

()
gr

From this point of view, tuning the magnetic leakage coefficient dgr/gr to zero would seem to
suppress any contribution to fP arising from a Berry-induced shift in f°.

This conclusion, however, is not generally correct once the eigenstates are appreciably mixed
by the off-diagonal coupling A. In the pure |mp| = 3/2 limit, the dressed-state correction is zero,

but when A is sufficiently large, the eigenstates are no longer pure basis sates. Then, their o,
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expectation value is reduced to

R < S SR S
=) = (CB)2 + A2 <1 2(469)2)'

It is therefore natural to define an effective Berry coefficient for the dressed state,

9B eff = JBerr - - ; .
eyt GBery ede @
where gperry is the Berry coefficient seen by the pure |mp| = 3/2 states, and gperry,es is the

corresponding coefficient seen by the dressed eigenstates.
This expression contains both D-even and D-odd components. In other words, because the
two doublets experience different baseline mixing, the Berry response is not the same for D = +1

and D = —1. The resulting D-odd fractional mismatch is

59Berry/gBerry ~ _AORAORD/(CDB)2

Thus even if the ordinary magnetic sensitivity is tuned small using an additional RF drive, a
residual Berry-phase contribution can remain.

This term looks a lot like the term that shows up in the “ordinary” effective magnetic sen-
sitivity in Eq . The similarity is not accidental: both arise because the dressed eigenstates
have reduced o, character once the states are mixed by A. However, the two quantities describe
different physical responses. The ordinary effective g factor in Eq characterizes the response
of the science channel to a real residual magnetic field, whereas ggperry characterizes the response to
a Berry-phase-induced frequency shift. Although both are dressed by the same off-diagonal mixing,
they do not track one another. The magnetic response contains an intrinsic mismatch dgr/gr, while
the Berry mismatch arises primarily from the differential dressing of the two doublets. Because
of this, tuning the magnetic response of f to zero does not generally eliminate the Berry-phase
response.

I emphasize this point here because it illustrates a broader lesson about the relationship

between Gen. IT and Gen. III. The two generations share many experimental techniques, but subtle
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quantitative differences can alter the relative importance of particular systematics. In Gen. II, the
Berry phase was treated as affecting both doublets identically to a very good approximation. That
approximation was reasonable becuase the corresponding mixing terms were much smaller. Using

the Gen. II values, Alf = 0.6 Hz and A"’ = —0.9 Hz, and taking ¢ ~ 100 Hz, one finds

6gBerry ~ (06)(_09) =5.4 x 1075-

Y9Berry 1002

Compared to the ordinary dgr/gr ~ 2 x 1073, this is a small effect.
However, for Gen. III, the corresponding parameters are much larger. Taking AY = 8 Hz

and AJP = —3.8 Hz, and again (> ~ 100 Hz gives

(SgBerry ~ (8)(_38) =3.04x1073

JBerry 1002

This is now comparable to §gr/gr ~ 2 x 1073, Therefore, if Gen. III operates in a regime with
Cég ~ 100 Hz, the Berry phase should no longer be treated purely in the |mpr = 3/2| picture, but it
should be analyzed in the dressed-state basis[”]

Considering Berry phase in the dressed-state picture is only one consequence of having larger
baseline mixing terms AOR and Aéw . Larger mixing terms are also expected to increase the impor-
tance of magnetic systematics, as Trevor Wright explored for Gen. III in Ref. [60]. More generally,
the enhanced off-diagonal mixing in Gen. III will have (many more) additional consequences that

remain to be explored.

9.2.3 Brot, Erot?

So far, in Gen. I and II and also in the Gen. III prototype experiments, we have used the

laboratory-frame magnetic field gradient as a way to apply a Zeeman shift; the micromotion driven

12 Note that this estimate quantifies only the differential dressing of a Berry-phase response that is diagonal in the
pure-state basis (i.e. a contribution entering through ¢° term. It does not include Berry-related imperfections that
enter through residual off-diagonal perturbations like the SABE and SABPE terms in Eq . These terms provide
an additional pathway by which rotating-field imperfections can enter the D-odd channel, and their sizes will depend
on the detailed structure of the field inhomogeneities, rather than only on AF, AFP, and ¢£. These effects will, in
general, become more important in Gen. III as the baseline mixing terms are larger.
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by the rotating electric field samples this magnetic field gradient to result in the effective rotating-
frame magnetic bias:

B (r) = (B(r + ryot(t)) - Trot(t)), - (9.29)

In this way of generating the magnetic field, the spatial inhomogeneity of the rotating electric field
enters mainly through the micromotion orbit r,.t and its position dependence. This is the same
mechanism that was discussed in Chapter |7, where a spatially varying ry(r) could change the
effective Zeeman shift sampled by the ions.

For the Gen. III apparatus, we are considering the possibility of applying an actual rotating
magnetic field Biot, using a set of wires carrying currents driven at wyot. In this case, the rotating
electric and rotating magnetic fields are two distinct fields, each of which can have its own spatial
structure. Then, instead of Eq. , it is more natural to define the longitudinal rotating-frame

magnetic field as

Bff(r) = <Brot(r,t) : é’mt(r,t)>t, (9.30)

where é’rot is the instantaneous direction of the rotating electric field

& grot(rat)
Eoop = ot 9.31
* = [Eron(r, )] (9-31)

which sets the molecular quantization axis. In the direct-drive of the rotating magnetic field, the
longitudinal Zeeman shift is controlled by the overlap between the rotating magnetic and electric
field, rather than by the magnetic field gradient sampled by the micromotion orbit.

With the new Gen. III notation, the longitudinal overlap Bﬁﬂc contributes to the diagonal
shift ¢, whereas the imperfections of the overlap generate additional mixing and contribute to the

off-diagonal term A. The imperfections in the rotating fields appear in the perturbative quantities
6¢(B, D, R), SA(B,D,R).
Suppose that we have the fields of the form:

Eror(r,t) = E(r) [cos (wrott + G5 (r))% + sin (wrort + ¢E(r))y] : (9.32)
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and similarly

Biou(r, ) = Bo(r) [cos (wrott + G5 (r))% + sin (wroet + ¢B(r))y} : (9.33)

where ¢ and ¢p are phases of the rotating electric and magnetic fields, respectively. With this,

Eq. becomeﬁ
B (r) = Bo(r) cos (0px(r)), (9.34)

where I define a relative phase or misalignment angle by

OpE(r) = ¢p(r) — dp(r). (9.35)

Equation shows that the effective longitudinal Zeeman bias is controlled by both the local
magnitude of the magnetic field By and the local alignment between the rotating magnetic and
electric fields, which is very intuitive.

The ideal situation corresponds to no spatial structure in the rotating magnetic field By such
that

BO(r) = BO) GBE(P) =0 or T,

giving us

Bﬁﬁ(r) = igo.

In other words, the rotating magnetic field is either parallel or antiparallel to the rotating electric
field direction, and both fields are spatially uniform.

To see how deviations of the fields contribute to this ideal case, we write
Bo(r) = By + 6Bo(r), Opp(r) = 0pk + 00pE(r), (9.36)
with |68y < By and |60pE| < 1. We can then expand Eq.
B (r) ~ By cos (Op) + 6Bo(r) cos (Apr) — Bosin (0pr)60px(r), (9.37)

to first order. We see that the first term is the intended common-mode bias. The second term

shows how the spatial variation of the rotating magnetic field amplitude contribute to the shift.

13 T use the trig identity cosacosb + sinasinb = cos (a — b)
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The third term is the shift caused by the spatial variation of the alignment between the rotating
magnetic and electric fields.
The rotating field imperfections can be described by using the same parity-state notation

introduced earlier in this chapter.

5¢P o (6B5T)P,
I
(9.38)
SAP o (6BST)P
where p are all the possible parity stat shown in Eq. (9.5) and <SB‘iff is any transverse component
of the effective magnetic field.
Expressing this way, once the residual field imperfections are written as contributions to
0C (B,D,R) and (5A(B,D,R), their effect on the measured Ramsey can be organized by their

switch channel. For the EDM measurement, the parity channels that matter most are those in the

D-odd channel as in Eq. (9.22). At leading order, these terms are
(5CD, 5C07 5ABDR’ (5ABR.

The diagonal terms d¢P and 6¢° arise from imperfections that modify the effective longitudinal
bias field Bﬁﬂ. For example, a D-odd change in the overlap between the rotating magnetic and
electric field contributes to 6¢”. A nonreversing longitudinal component contributes to 6¢°. By
contrast, the off-diagonal terms SABPE and §ABR describe imperfections that do not simply shift
the longitudinal Zeeman splitting, but instead generate mixing between the dressed basis state.
Physically, these could arise from transverse components of the rotating magnetic field relative to
E.ot due to imperfect synchronization between the rotating electric and magnetic fields, ellipticity,
or higher-harmonic structure in either field.

One subtle point is that the magnitude of &y(r) of the rotating electric field does not appear
explicitly in Eq. . This is because the longitudinal Zeeman shift depends only on the direction

of the rotating electric field £,¢, rather than on the field magnitude itself

14 Note, with the rotating magnetic and electric field, in theory, there would be two rotation-related chops; one for
the electric field, R and another for the magnetic field Rp.
15 If I pause and think about it, this is pretty obvious, but it is still amusing because I've spent a lot more time
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However, for systematics, this does not mean that the inhomogeneity of £, is irrelevant. A
spatially or temporally varying electric field magnitude still can alter the dressing of the states and
therefore change quantities such as Cég L0C, AR, AOD R and 6A. In this sense, we still have to care
about the homogeneity of the rotating electric field magnitude.

The main point of this discussion is that once the rotating magnetic field is generated inde-
pendently, imperfections in the two fields must be analyzed as separate sources of systematic error.
As shown in Eq. , the imperfections in the rotating magnetic field relative to the rotating
electric field can shift the longitudinal magnetic field, and therefore shift the Zeeman splitting.
Therefore, spatial inhomogeneity, transverse components, ellipticity, and higher harmonics of the

applied rotating magnetic field provide new pathways to d¢ and JA.

9.3 Sensitivity in Gen. III prototype

In this section, I estimate experimental sensitivity of the Gen. III prototype.

9.3.1 Long coherence time and scatter

By using the octupole trap configuration discussed in Sec. we were able to observe a
Ramsey fringe out to late times of approximately 18 s, as shown in Fig. [9.1

The initial Ramsey contrast is not ideal, and the ion number is also limited by several signal-
loss mechanisms discussed in Chapters 4] and We do observe a decay in the Ramsey contrast
at long times. At the moment, however, it is not clear whether this reduction is due to a genuine
dephasing mechanism, imperfect field stability/homogeneity, or simply the decreasing signal-to-
noise ratio sat long interrogation times.

Nonetheless, with this data, we can try to estimate the quantum projection noise (QPN)

limit and compare it to several experimentally observed scatters, following the general procedure

thinking about the inhomogeneity of the rotating electric field being mapped onto the Ramsey frequency with the
applied Baxgraa. In a way, by using the rotating magnetic field, we have essentially transferred the issue of the
inhomogeneity to the magnetic field.
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of Ref. [4I]. Returning to Eq. the Ramsey measurement gives

A(tRamsey) ~ C'cos (QbR) =C COS(27TftRamsey + ¢)>

where C' is the Ramsey contrast and ¢g is the accumulated Ramsey phase.
Near a zero crossing of the Ramsey fringe, the measured asymmetry is approximately linear

in phase. I define the upper- and lower-doublet asymmetries as

Nju — Nyu
Py = 1

— ~ O, 9.39
Ny + Npo R (9.39)

~ C¢11L27 Y1 =

where d)’é and (]5ZR are the Ramsey phases for the upper and lower doublets, respectively. Here, Nyu
refers to the number of ions detected to be in the state 7% of the upper doublet, and similarly for
the other populations. When the upper and lower doublets are in phase, the phase difference is

proportional to
A = oy — o1 ~ C($% — ¢g).

According to Ref. [41], the QPN limit for this differential asymmetry can be expressed as

2 1 =2
qpN _ 1=y 7 9.40
O—Ago \/ Nu + Nl ( : )

where N,, and NN; are the total detected ion numbers for the upper and lower doublets, respectively,

formed from the two adjacent cycles used to construct the asymmetries. Explicitly,
Nu:Ni,“"i‘NT“, Nl:Nu—I—NTl.

These numbers are the total ion numbers that enters the calculation of each doublet asymmetry.
Therefore, when we are forming the scatter on the asymmetry, these numbers are not divided by
2, even at the zero crossingm

It is also useful to compare this QPN floor with several experimentally measured scatter met-

rics. For instance, if we assume no correlation between the upper and lower doublet asymmetries,

16 Although each output port, N| and Ny, contains approximately half of the ions at the zero crossing, the variance
of the asymmetry goes as
o} o 1/N,

with N the total number of ions in both outputs.
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then the total scatter is just
Ouncorr — (0-9201@ + 0'37[)1/2, (941)

where o,, and o, are the standard deviations of ¢, and ¢;, respectively. We can also define
this total uncorrelated scatter with ion number normalization to reduce the contribution from
shot-to-shot ion production noise.

With simultaneous detection of both doublets, we can form correlated noise rejection. In a
given experimental shot, Ny« and N|; are measured simultaneously, and therefore they share the
same fluctuations in ion production, state preparation, and state detection. The same is true for
between Ntu and Ny. In addition, when the upper and lower doublet Ramsey fringes are in phase,
they also share any common-mode phase fluctuations. We can use these correlations to calculate

the correlated differential scatter as

Xy = 0(Pu— 1) (9.42)

9.3.2 eEDM sensitivity

We can now use these scatter estimates to estimate the corresponding sensitivity to d.. In
this calculation below, I use the QPN limit, assuming the apparatus can be operated near that
limit.

For each doublet, the measured Ramsey asymmetry is

near a zero crossing of the fringe. Here, C' is the Ramsey contrast, and ¢% and gbﬁq are the Ramsey
phases of upper and lower doublets, respectively.
There are two equivalent ways to define an EDM-sensitive differential channel. The first is

the raw differential asymmetry:

AA=A, — A, (9.44)

for which

AA ~ C(¢% — ¢') = CAgp. (9.45)
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The second is the half of the raw differential channel
Ap= ——"—, (9.46)

for which

u 4l
Ap ~ cw = C4B. (9.47)

The eEDM is inferred through one of these measured asymmetry channels. Using a generic

asymmetry A,

Then, using the noise on the measured signal A to be o4, the uncertainty in d. is

oA . gA
|0A/dd.|  |0A/O¢Rr| |0¢r/Dd|’

5de = (9.48)

where in the second equality, I used chain rule to directly relate d. to the measured A. The side
of the fringe, where the slope is maximal, is the operating point for the eEDM measurement, i.e.
|0A/0¢R| = C.

If we use the raw differential asymmetry AA = A, — A;, and therefore the raw differential

phase measurement A¢pg, then
O(AdRr)  4EgT
od.  h

Combining everything together, we get

5dle)air _ h

— OAA- 949
40Eeff Tcoherence ( )

Here, 5d§ajr denote the sensitivity of de from a pair of measurement in—in and anti—in that forms
an asymmetry. E|

From Fig. the QPN-limited scatter of the raw differential asymmetry is approximately

QPN
TRy ™~ 0.25

17 Note if T instead used the half-difference channel Ap = w, then §dP¥* =

oaa/2, both expressions give the same final sensitivity.

h .
o o O . Slnce g =
2CEetf Tooherence Ap Ap



242

around 12 s. Using C' ~ 0.3, this yields an estimation of
§dP* ~ 2.5 x 1072 ¢ cm. (9.50)

The sensitivity per v Hz must then be corrected for the full acquisition time of one in—in /anti—

in pair. Since one pair requires two shots total,

N, = 0dP*" /2 (Teonerence + Thead) = V26 x 2.5 x 1072 ~ 1.3 x 107%" ¢ cm/VHz, (9.51)

where for the last one, I have used 1-second dead time.

This crude estimate is also assuming that we can determine upper and lower doublets un-
ambiguously. In the prototype apparatus, that assumption is not strictly valid, since the doublet
contrast is less than 1. In the future generation apparatus, we expect the statistical sensitivity to
improve—we will have higher ion number through an improved trap geometry, operation at larger
frot, have a higher Contrasdg , and potentially reduced residual hydrogen partial pressure. We also
expect to improve the experimental duty cycle, which will further enhance the statistical sensitivity.
Most importantly, we will be able to operate either with batch or continuous-mode, which should

increase the sensitivity further.

8 This is an ongoing effort in our group to increase initial contrast



Chapter 10

Conclusion

The work present in this thesis focused on understanding and extending the coherence time of
the Gen. IIT ThF™ eEDM prototype experiment. The limitations on the coherence (interrogation)
time were broadly divided into two categories: loss of signal and loss of coherence. I also presented
several proof-of-principle steps towards continuous-mode operation, as well as the demonstration
of long-coherence Ramsey spectroscopy in the prototype apparatus.

Looking back, reaching long Ramsey coherence in the prototype took considerably longer than
we initially expected. In the earlier JILA eEDM experiments, many of the mechanisms discussed in
this thesis were either absent or small enough not to be limiting. Extending the interrogation time
from the few-second scale to the tens-of-seconds scale changed this; effects that were previously
secondary became important and often the experiment improved only by solving one limitation and
then discovering the next oneE Even the “simple” task of holding on to the ions for long enough
became a nontrivial experimental challenge.

The Gen. IIT apparatus is now being designed and constructed with the lessons from the
prototype in mind. The prototype has clarified several essential design requirements: improved
vacuum and material choices to reduce residual-gas collisions, better magnetic “cleanliness” and
field control, more robust rotating-field generation, improved trap geometries with larger effective
depth, and timing protocols compatible with high-throughput operation. It is likely that new

limitations will appear as the apparatus improves, but the work in this thesis provides a framework

L Tt never ends...
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for identifying them and separating their effects on signal, trap lifetime, and Ramsey contrast.
The JILA eEDM experiment, especially the Gen. III apparatus, is a very complex experiment.
I think it is very remarkable that such a large and technically demanding apparatus can be operated
by a relatively small team of graduate students and postdocs. As the group moves from the
prototype toward the full Gen. III apparatus, we plan to decommission the prototype soonE| The
prototype has served its purposes: it demonstrated long coherence Ramsey spectroscopy with ThFT
and identified the main experimental requirements for turning that capability into a high-sensitivity
eEDM measurement. I hope that the studies presented here will serve as a useful foundation for

the next stage of the experiment.

2 Big sad face
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Appendix A

Calibration of IG and RGA

For the neutral gas measurements discussed in Chapter 4l we needed an estimate of the
absolute partial pressure of gas in the apparatus. Both ion gauges and residual gas analyzers
(RGAs) have species-dependent responses, so the raw pressure reading is generally not equal to the
true partial pressure of the gas of interest. In this appendix, I describe the calibration procedure
we used to determine empirical response factors for the ion gauge and the RGA.

The ion gauge used here is a Bayard-Alpert ionization gauge (Agilent UHV-24p). Standard
Bayard-Alpert gauges conventionally report nitrogen-equivalent pressures, so gas-dependent cor-
rection factors must be applied for other species [I10]. Such correction factors for Bayard-Alpert
gauges are reported in several references, such as the ion gauge manuals [IT10]. However, our RGA
(SRS RGA200) did not come with an equivalent calibration for our operating conditions. We

therefore calibrated both instruments against a common reference.

Al Calibration of ion-gauge and RGA readings

To obtain quantitative partial pressures of the ion gauge and the RGA, we calibrated both
against a Baratron capacitance manometer. The calibration setup is shown in Fig. This follows
the standard approach for vacuum-gauge calibration, where the instrument under test is compared
against a reference gauge under well-controlled conditions. Because a capacitance manometer is
essentially insensitive to gas species, the Baratron served as the reference gauge for this calibration

[106}, 109].
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Figure A.1: Calibration vacuum chamber used to calibrate the ion gauge and the residual gas
analyzer (RGA) against a Baratron capacitance manometer. From a small upstream reservoir, gas
is admitted through a leak valve into the calibration chamber. The pressure decay in the reservoir
with the known volume (outlined with dotted line) determines the gas throughput. An orifice
placed just upstream from the turbomolecular pump limits the effective pumping speed at the
chamber to about ~ 10 L/s. The resulting steady-state chamber pressure provides the Baratron-
based reference pressure, and this is compared to the readings from the ion gauge and the RGA.
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Upstream of the calibration vacuum chamber, we prepared a small gas reservoir consisting
of the leak-valve assembly and associated fittings, with volume of Vieq ~ 12.5 ccE| For each gas
species, the reservoir was filled with the leak valved closed. Then the gas was admitted into the
calibration chamber as we opened up the leak valve, and the pressure of the reservoir was monitored
with the Baratron.

Rather than attempting to model the conductance of the leak valve directly which is hard
to do, we instead inferred the gas throughput from the pressure decay of the upstream reservoir.

Assuming isothermal expansion, we have

(A.1)

where @ is the gas throughput from the reservoir into the calibration chamber in Torr L/s and Pyes
is the reservoir pressure.

The calibration chamber was pumped by a turbomolecular pump through an orifice placed
immediately upstream of the pump. The size of the orifice was designed such that for No, the
effective pumping speed was ~ 10 L/ SE| The steady-state gas pressure in the calibration chamber

is then

Q
Seff .

Pret g = (A.2)

This pressure provides the reference value against which the ion-gauge and RGA readouts are
compared.

As an example, Fig.|A.2(a) shows a representative Baratron measurement with Ny. After the
reservoir was filled with the leak valve closed, the leak valve was opened and the Baratron pressure

in the reservoir began to decrease approximately linearly. From the measure slope, we have

~ 8.7 x 10~* Torr/s,

dPres
dt

! The reservoir volume was measured by filling the assembly with methanol. We then weighed the contained
methanol and converted the measured mass to volume using the density of methanol.

2 For a thin aperture in the molecular-flow regime, the conductance scales approximately as oc M ~*/2 for a gas
species with mass M. Accordingly, the effective pumping speed was calculated separately for each gas species.

1/2
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together with Vies = 12.5 x 1073 L and Seff N, ~ 10 L/s, we infer a chamber pressure

(8.7 x 10=* Torr/s)(12.5 x 1073 L)
(10 L/s) ~ 1.1 x 106 Torr

Pret Ny = ~ 1.1 x 107% Torr.

At the same time, the RGA measured a nitrogen partial pressure of approximate 9.9 x 10~7 Torr,
while the ion gauge read 1.05 x 1075 Torr. Therefore, for N, both instruments agree with the
Baratron-based reference at the ~ 10% level.

9290 Baratron measurement
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Figure A.2: Example of a Baratron measurement for No. After the upstream reservoir is filled, the
leak valve was opened slightly around 11:47, which resulted in an approximately linear decrease
in the reservoir pressure. The measured slope, indicated with the green line, together with the
known reservoir volume of ~ 12.5 cc and effective pumping speed of ~ 10 L/s, is used to infer the
steady-state Ny pressure in the calibration chamber, with Eqs. and .

We repeated this procedure for several gas species. The resulting ratios Ppeas/Pret are sum-

marized in Table [A]] as

Pmeas Pmeas

—_— Cig.qg = .
’ g
Pref Pref

Craa,y =

For the ion gauge, these ratios broadly follow the gas-correction factors found in the manual [110].
The RGA, by contrast, exhibits a stronger species dependence.

To determine the pressure range over which the calibration remained linear, we repeated the

measurements over approximately 1072 to 5 x 1076 Torr. Figure shows the result for No. The

ion-gauge response remained approximately proportional to the reference pressure throughout this
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RGA response factor IG response factor IG correction factor

Gas Mass (amU) CRGA,g = Pmeas/Pref CIG,g = Pmeas/Pref from Ref. [1 10]

No 28 1.1 1.0 1.0
Ne 20 0.3 0.3 0.3
CO 28 1.3 1.0 1.05
CHy 16 14 1.5 1.5
Ho 2 24 0.5 0.46
He 4 0.6 0.2 0.18
Kr 84 0.5 1.7 1.7

Table A.1: Measured response of the RGA and ion gauge relative to the Baratron-based reference
for several calibration gases. The quantities Crga,y and Cig,y are defined as the ratio of the
instrument reading to the reference pressure Ppeas/Pref, for gas species g. The final column lists
the published ion-gauge correction factors for comparison.

range. The RGA, on the other hand, began to deviate systematically from linearity above about
2 x 1076 Torr. Generally, this behavior is consistent with the known nonlinearity response in RGA
measurements at higher pressure due to ionizer space-charge effects and ion—neutral scattering

[108].
A.2 Inferring the pressure at the octagon

In the main apparatus, the leak valve and the RGA were mounted on the same octagon port
as shown in Fig. [A.4{(a), with the leak valve located between the octagon and the RGA. In this
geometry, gas introduced through the leak valve produces a local pressure “enhancement” near
the RGA. As a result, the pressure at RGA is not a good representation of the pressure the ions
experience at the octagon.

To keep the discussion clear, I distinguish between the raw readings from the instruments
and the actual pressures. For a gas species g, we define

raw raw

P(g,corr) — RGA , P(g,corr) _ _IG , A3
RGA CRGA,g 1G CIG,g ( )

where Crga,g and Cig,4 are the species-dependent response factors obtained from the calibration
described above. With this convention, P9 is the best estimate of the true partial pressure of

the gas species ¢ inferred from the corresponding instrument.
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Figure A.3: Measured Ns response of the ion gauge and the RGA as a function of the Baratron-based
reference pressure. The ion-gauge response remains approximately linear to the reference pressure

of the full measured range of 107 to 5 x 1079 Torr. The RGA begins to deviate systematically
from linearity above about 2 x 10~ Torr.
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Figure A.4: Geometry of the experiment used to infer the gas pressure at octagon. (a) CAD
drawing of the relevant portion of the main apparatus, showing the relative locations of the RGA,
leak valve, octagon, differential-pumping chamber, and ion gauge. (b) Simplified schematics of the
two gas-injection configurations used to determine the geometric corrections Gy and L. Left shows
the direct injection configuration through the leak valve near the RGA, used to measure L,. Right
shows the remote injection through the differential-pumping turbo backing line to measure G|.
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The geometric correction was determined empirically using two separate configurations. First,
gas was introduced through the backing line of the differential-pumping chamber turbo pump, as
the right panel in Fig. b). In this configuration, the gas enters the chamber away from the RGA,
so the RGA reading is representative of the pressure at the octagon, rather than being dominated

by a local source, i.e. the leak Valveﬂ We therefore define
P§oy = GyPE™™, (A4)

where G is the ratio between the measured pressure at the octagon (in this case with the RGA) and

the pressure measured by the ion gauge downstream in the main chamber. For No, we measured

as shown in Fig. b). Therefore,
P2 ~ g P, (A.5)

Second, gas was introduced directly through the leak valve, as shown in the left column of
Fig. [A.4(b). In this case, the RGA sees a locally enhanced pressure near the injection point. We

parameterize this by

plgeom) — , placom), (A.6)

where here, L, describes the ratio between the corrected RGA reading and the corrected ion-gauge

reading with the leak-valve injection. For Ny, we found
Ly, =~ 80,

as shown in Fig. [A.F|a).
Combining the two relations of Egs. (A.4) and (A.6]), we can obtain a direct relation between

the RGA reading during leak-valve injection and the pressure at the octagon:

plo) _ Go placom) _ Gg PRGA (A7)

OoCT — Lg RGA - Lg CRGA,g

3 Here, I implicitly assume that there is no additional conductance between the center of the octagon to the RGA,
which may not be completely true, given that the RGA ionizer is on for the measurement.
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Figure A.5: Empirical geometric calibration for No. (a) Corrected RGA pressure as a function of
corrected ion-gauge pressure when Ns is introduced through the leak valve. The slope defines the
local enhancement factor Ly, ~ 80. (b) Pressure at the octagon (inferred from the RGA under
remote gas injection through differential-pumping chamber) as a function of the corrected ion-gauge
pressure. The slope defines the octagon-to-ion-gauge factor Gn, ~ 8. These two geometric factors
together determine the relation between the RGA reading during leak-valve injection and the No
pressure at the octagon.



263

1e—8 RGAcorr=34*(|Gcorr'1.14e'10)

t .

(@]

23]

o

3

[7)]

0 ‘

5 2]

<

O

o

o 1+

[O]

o

o e

S0t | | | |
0.2 0.4 0.6 0.8 1.0

Corrected IG pressure (Torr) le—9
(a)

le—8 OCT = 6.1(0.1)*IG o/

T ]

89& 2.5

L9 '

2c 20 ‘

=

5315

= o

L5

©ax1.0 C

B3 -

§*E 0.5 < <

5 P

S 0.0] ,"‘ | , , :
0 1 2 3 4

Corrected IG pressure (Torr) 1le—9
(b)

Figure A.6: Same analysis as Fig. but for Ho after applying the corresponding species-
dependent response factors for both RGA and IG from Table
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A.2.1 Summary of geometric factors

For N, the obtain values of L, and G are:
L, =~ 80, Gn, ~ 8.
For Hp, the obtained values of L, and G,are
Ly, ~ 34, Gu, ~ 6,

as shown in Fig. [A.6] To calculate Hy pressures in Fig. 1.8, the factors Crga,y and Cig,4 from
Table [A.T] and Ly, and Gy, from Fig. [A.6] are used.
The uncertainty on L, and G is largest for the lowest-pressure points, where both signals

are only slightly above baseline.

A3 Procedure for obtaining the H, pressures in Fig.

Here I explicitly describe how the Hy pressures plotted in Fig. [£.8 were obtained.

Without any additional injection of Hy, the RGA measures
Pi%aa = 6 x 10710 Torr,

at mass 2 amu. Assuming this is from hydrogen, the true baseline pressure of Hs is

raw

Pbg,RGA

~ 2.4 x 1079 Torr.
CRrGA H,

Pbg(HQ) =

This corresponds to the the first point, i.e. the “baseline” pressure, of Hy in Fig.
When additional Hs is introduced through the leak valve, only the increase from this baseline
is propagated through the geometric correction. In other words, the Hy pressure at the octagon is

inferred from the raw RGA reading as

Traw raw raw
Ferea G, PrEéa — Dokkea

Pocr(Ha) =
(f) Crean, Ln, CRrGA H,

with Craa n, ~ 2.5, Gu, ~ 6, and Ly, ~ 34. For the measurement, the raw RGA readings are

2% 1077, 5x 1077, 1.1 x 107%, and 5.3 x 1078 Torr.
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The corresponding inferred Hy pressures at the octagon are approximately
34x10719 55%x1071% 9.7 x 107, and 3.9 x 10~ Torr,

respectively.

A key caveat is that this procedure assumes the baseline mass-2 signal measured by the
RGA is representative of the background Hs already present in the vacuum system. However,
this may not be strictly true, because the active RGA ionizer itself can contribute a hydrogen-rich
background through outgassing or desorption. If that is the case, then the first Hy pressure point
in Fig. is overesimated, and the true baseline Hs pressure in the chamber would be smaller than
the value plotted.

The injected-gas points are less sensitive to this issue, since the pressure increases until
this issue does not have a big contribution to the measurement. This caveat is important when

interpreting whether the observed baseline J = 1 decay rate is already hydrogen-limited.



Appendix B

Anti-Helmholtz configuration

In this appendix, I derive the relation between the on-axis field derivatives of an anti-
Helmholtz coil pair and the frequency shift parameters used in the main text.

In the current-free region near the trap center, the magnetic field satisfies
VxB=0, V-B=0. (B.1)
The magnetic scalar potential is then introduced such that
B(r) = —V&p(r), V20p(r) = 0. (B.2)

Consider a circular loop of radius R centered at z = zp with current I and N turns. Along

the symmetry axis z, the magnetic field is given by [94] [115]

| NI R?
BZOOp(z’ ZO) = > [(z — 20)2 n R2]3/2 . (B3)

Depending on the direction of the current I, the generated magnetic field changes its sign.
For the anti-Helmholtz configuration, we place two identical loops at z = +d with opposite

currents. The on-axis field from this anti-Helmholtz pair is

_ uoNIR? 1 1

B.(2) 2 [R? + (2 — d)2]3/2 N [R2 + (2 + d)?]3/2

(B.4)
We expand Eq. (B.4]) about z =0,

1
B.(2) = 0.B.|oz + iaijz\o 23+ 0(2°) (B.5)
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Derivative at the origin  Value for the anti-Helmholtz pair

B.(0) 0

3o NIR?d
azBZ|0 (R2 —|—d2)5/2
92B:|, 0

150 NI R?d(4d? — 3R?)

3
8sz|0 (R2 _|_d2)9/2

Table B.1: On-axis magnetic-field derivatives at the center of an anti-Helmholtz pair consisting of
two identical circular coils of radius R located at z = +d with opposite currents.

The derivatives of Eq. (B.4) are listed in Table As expected from symmetry, B,(z) is
odd in z, and all even derivatives vanish at the origin.

Plugging in these derivatives into the Taylor expansion, we obtain

2+ 0(2°). (B.6)

3uoNIR?d } e [15MONIR2d(4d2 —3R?)

B.(2) = [(R2 + d2)5/2 31 (R2 + d2)9/2

We now relate the two leading on-axis derivatives to the rotating-frame effective magnetic

field. Let

L = 0.B.|o, C = 92B.)o. (B.7)

The linear term in the anti-Helmholtz field is

BW(r) = —gscfc - gyy + L2z, (B.8)

from V - B = 0 and axial symmetry.
Projecting this field to the rotating quantization axis and averaging over one rotation cycle,

we get

L

Bl = (BO @+ raa(t)) - Fa(t)), = — 57 (B.9)

As expected, the leading anti-Helmholtz gradient produces a common-mode rotating frame mag-
netic field proportional to %asz|0, which we call B,ygrad-

The next contribution comes from the cubic term. The axially symmetric field for the cubic
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field can be written near the origin as

BB (r) = gm(xQ + % —427).

T 16
BZ(;’)(I') = %y(xQ + 9% — 42?). (B.10)
BB (r) = %23 — %Z(JU2 +4?).

which satisfy Eq. (B.1]). Along the axis, we get
C
B(0,0,z) = Ez?’, (B.11)
as required by the Taylor expansion in Eq. E|

Performing the rotation averaging to Eq. (B.10)), we get

Cry
B (x) = IGOt (oo + 2(2° + y? — 22%)). (B.12)

The second term is quadratic in the secular coordinates and therefore produces the spatially varying
frequency shift of interest.

In the main text, I parameterize the induced frequency shift as

$2 y2
f(@,y,2) = fo+ f2 (—2—2+22>. (B.13)

Therefore, comparing Eqgs. (B.12)) and (B.13), we obtain

0 1 50 Hz
= 218ZBZ|0 X s

1

g 3 mG/cm (B.14)
fé)igagm (50 Hz

I 4Rl 3mG/cm /)’

using the conversion factor for fior = 147.5 kHz and & = 60 V/cm. Here, fé%) denotes the
common-mode shift induced by the leading anti-Helmholtz gradient, and f2(40) denotes the quadratic

curvature induced by the next axially symmetric term.

! The linear and cubic terms L and C are the fields associated with the axially symmetric [ = 2,m = 0 and
I =4, m = 0 magnetic multipoles, respectively in the notation used in the main text.
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Appendix C

Timing code

In this appendix, I describe the code used to find short recurrence times near specified values
of frot and f¢ and the corresponding fiacer, which is the triggering rate for the pulsed lasers.
As discussed in the main text, for a DDS with clock frequency fe and n number of bits, the

frequency spacing A fpps and the output frequency f; are given by

fi = KiA fpps,

where K is an integer tuning word.

For the rotating-field and rf frequencies, we define

Kot = g p, Ky =yq, (C.1)

with
ged(p,q) =1, g = ged(Korot, Kit).

Therefore, p/q is the reduced ratio

)

frot _ Kot _ p
frf Krf q

as mentioned in the main text. Defined this way, the integer g is the greatest common divisor of
the two DDS tuning words.

For specified tolerances around the target frequencies of f, © and fr(fo ), the allowed integer

rot
turning word ranges from Kot min t0 Krot,max defined as

[fESB - 6fmt} |

A fpps

Krot,min -

fr((())t) + 5frot]

Krot,max = |: AfDDS
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and similarly for Kyf min and K¢ max.
Then, the code loops through candidate reduced ratios p : q. For each reduced ratio consid-

ered by the code, the allowed values of g must satisfy

Krot,min <gp< Krot,ma)u Krf,min <gq < Krf,maxv

then, the range of g considered by the code corresponds to

Krot,min Krf,min )}
s

Krot,max Krf,max)}
p 7 q

Imax = [max( )

Gmin = [m1n<
b q

Since we are interested in the shortest recurrence time, g is set to the maximum possibility, i.e.
g = Jmax-
With this g, the recurrence time is simply

1
gAfops  fakg

Trecurrence =

As discussed in the main text, this suggests that during one recurrence time, the rotating field
completes p cycles and the rf field completes ¢ cycles and therefore the phase pair (¢yot, ¢rf) returns
to the original value.

The code also calculates a laser triggering frequency close to the desired value fl(aos)er:

flaser = KlaserAfDDS

In order to make the laser trigger commensurate with the recurrence time, we require that ¢/ Kjaser

to be an integer. Then,

1

g
= Klaser A =—A Y
f laser laser fDDS M fDDS M Trecurrence

Therefore, the laser trigger period is an integer multiple of Tiecurrence, and the laser pulses do not
accumulate phase slip relative to either fiot or fir. In the code, I search over possible integer values

of Kjaser that is closest to the desired laser repetition rateE

! Here, I implicitly assumed that the laser trigger comes from the same instrument with the same fui and n,
which will be the case in the Gen. III experiment, with the updated DDS system.
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import math
import pandas as pd
"o User inputs """

f_clk = 125e6

nbits 32

set_f_rot = 300e3

set_f_rf = 100e3

set_f_laser = 10.0

f_rot_tol = 5000.0

f_rf_tol 5000.0

n_result 30

max_term_integer = 100

exclude_integer_ratio = True

""" Calculate DDS settings """

df _Hz = f_clk/2*#*nbits

### calculate minimum and maximum tuning words for f_rot, given f_rot_tol

# DDS

# DDS

# set

# set

# set

# allowed tolerence from set_f_rot, Hz

# allowed tolerence from set_f_rf, Hz

clock frequency, Hz
bits
f_rot, Hz, nominally 300 kHz

f_rf, Hz, nominally 100 kHz

f_laser, Hz, nominally 10 Hz

# number of rows to print

# for p/q ratio, max integer allowed for p or q

# True if want to avoid p/q=integer

# DDS frequency resolution

K_rot_min = math.ceil((set_f_rot-f_rot_tol)/ df_Hz)

K_rot_max = math.floor((set_f_rot+f_rot_tol)/ df_Hz)

K_rf_min = math.ceil((set_f_rf-f_rf_tol)/ df_Hz)

K_rf_max = math.floor((set_f_rf+f_rf_tol)/ df_Hz)

""" Calculate candidates """

results = []

for p in range(l, max_term_integer+1):

for q in range(l, max_term_integer+1):

# if a and b are not reduced ratio, stop and skip

if math.gcd(p,q) != 1:
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continue

# skip integer ratios p/q
if exclude_integer_ratio and gq==1:

continue

# calculate minimum and maximum g, given this ratio p:q

g_min = math.ceil(max(K_roat_min/p, K_rf_min/q))

g_max = math.floor(min(K_rot_max/p, K_rf_max/q))

# if no allowed g, stop and skip
if g_min>g_max or g_max <=0:

continue

# finding the maximum g, which is shortest recurrence time

g = g_max

# given g, calculate f_rot, f_rf and T_rec according to definitions
K_rot = g*p

K_rf = gxq

f_rot = K_rot*xdf_Hz

f_rf = K_rfxdf_Hz

T_rec = 2*xnbits/(f_clk*g)

# given T_rec, find f_laser such that K_laser divides g and f_laser is closest to set_f_laser
K_laser_target = round(set_f_laser/df_Hz)
K_laser_min = 1

K_laser_max = min(g, 2*K_laser_target) # factor of 2 makes sure it also looks at f_laser >10 Hz

best_K_laser=None
best_f_laser=None

best_error=float("inf") # set to inf initially

for K_laser_try in range(K_laser_min, K_laser_max+1):
if g % K_laser_try != 0: # if K_laser_try does not divide g, it is wrong, keep looking

continue




f_laser_try = K_laser_try*df_Hz

error = abs(f_laser_try-set_f_laser)

if error<best_error:

best_error=error

# loop through M_try until the error is minimized

best_K_laser = K_laser_try

best_f_laser = f_laser_try

K_laser = best_K_laser
f_laser = best_f_laser

M =g // K_laser

# now append everything
results.append ({
"T_rec_us": T_rec*1leb,
"M": M,

"f_laser_Hz": f_laser,

# T_reccurent in us
# integer for f_laser

# set f_laser to be commensurate with T_rec

"error_f_laser_Hz": abs(set_f_laser-f_laser),

"K_rot": K_rot,
"K_rf": K_rf,
"K_laser": K_laser,
"f_rot_Hz": f_rot,

"f rf Hz": f_rf,

||gcdll: g’
"reduced_ratio": £"{p}:{q}",

b

""" Sort by shortest recurrence time

df = pd.DataFrame(results)

df = df.sort_values(

# Tuning word for f_rot

# Turning word for f_rf

# Tuning word for f_laser
# f_rot in Hz

# f_rf in Hz

# gcd of f_rot and f_rf

# reduced ratio between f_rot:f_rf

by = ["T_rec_us", "error_f_laser_Hz"], ascending=[True, Truel,).reset_index(drop=True)

cols = ["T_rec_us", "M", "f_laser_Hz'

', "error_f_laser_Hz", "K_rot", "K_rf",

"K_laser", "f_rot_Hz", "f_rf Hz", "gcd", "reduced_ratio"]

273




274

print(df [cols] .head(n_result).to_string(index=False))

Listing C.1: Python code used to search for commensurate DDS frequencies.
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