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Abstract

The Standard Model of particle physics has tremendous explanatory power, and while

cosmological evidence assures us that it is incomplete, we have never observed a convinc-

ing signature of its violation in a laboratory setting. Extensions of the Standard Model

proposed to solve one or more of the theory's open questions generically allow for

violation of fundamental, discrete symmetries such asCP symmetry, and cosmological

processes such as baryogenesis point toCP violation as a fundamental ingredient of our

cosmos. Searches for a permanent electric dipole moment (EDM) of the electron inside

polar molecules are sensitive probes of newCP violating physics, and these experiments

have constrained newCP violating physics to beyond energy scales that are directly

accessed at the Large Hadron Collider. EDM experiments with polar molecules are

typically limited in sensitivity by either molecule number or coherence time. An elec-

tron EDM experiment in ultracold, trapped polyatomic molecules promises to extend

the new physics reach by many orders of magnitude, but there are a number of major

technical challenges with these experiments, including molecular beam deceleration and

high-resolution spectroscopy of cold, free radicals. This thesis reports the development

of new technologies and methods for control and measurement of polyatomic molecules

in support of next-generation EDM measurements.
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Introduction

�The tradition of all dead generations weighs like

a nightmare on the brains of the living.�

Karl Marx,The Eighteenth Brumaire of Louis

Bonaparte

In his 1894 dedication of the Ryerson Physical Laboratory at The University of Chicago,

Albert A. Michelson remarked [1]:

While it is never safe to a�rm that the future of Physical Science has no marvels

in store even more astonishing than those of the past, it seems probable that most

of the grand underlying principles have been �rmly established and that further

advances are to be sought chie�y in the rigorous application of these principles

to all the phenomena which come under our notice. It is here that the science

of measurement shows its importance�where quantitative work is more to be

desired than qualitative work. An eminent physicist remarked that the future

truths of physical science are to be looked for in the sixth place of decimals.

Michelson's assertion proved prescient for several reasons. First, and with some irony,

it is certainly the case that there have been a number of tremendously �astonishing�

discoveries and observations since he made these remarks. The development of the

special and general theories of relativity and quantum mechanics is foundational to our

understanding of the universe at the largest and smallest scales. A person witnessing

the advent of this new science would likely �nd it far more than a perturbation of the

principles that were ��rmly established� prior.
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In the intervening century between Michelson and ourselves, the Standard Model

has become the most precisely tested theory of the natural world, with corroborative

measurements in both tabletop and collider settings. For example, the magnetic moment

of the electron has been measured to part per1013 precision, con�rming Standard Model

calculations [2]. No departure from the Standard Model has ever been demonstrated

convincinglyon our planet, though tensions between theory and experiment exist

in a preliminary way. Perhaps we �nd ourselves in Michelson's position, where the

�underlying principles� have been determined and all that remains is to con�rm the

quantitative details to ever greater precision. Unfortunately, or fortunately as it may be,

the Michelson's distinction between quantitative and qualitative is a complicated one

when it comes to the Standard Model.

Cosmological observations tell us that the Standard Model is not complete. Galactic

rotation and the angular power spectrum of the Cosmic Microwave Background (CMB)

tell us that26:8%of the mass-energy in the universe is comprised of �dark matter,�

which gravitates but interacts only weakly with the matter we observe directly [3].

Furthermore, the accelerating expansion of spacetime could imply that68:3%of the

mass-energy is made of �dark energy,� which contributes to spacetime properties in

distinct ways from matter and radiation [3]. The measly, remaining4:9%is the ordinary

matter we have measured and characterized with stunning precision.

There are major outstanding problems in the ordinary matter sector we know so well.

The quantum �eld theory calculations that miraculously predict the electron's magnetic

moment are �endishly di�cult when applied to bound systems of quarks�protons,

neutrons, and the nuclei they comprise. A panoply of nuclear models and calculational

methods exist to generate predictions of behavior for even the simplest of nuclei [4]; it is

therefore safe to say that the quantum chromodynamics (QCD) that governs the nuclear

sector of ordinary matter is not understood at the level of quantum electrodynamics

(QED), and predicted QCD properties generally have larger error bars than those of

QED.

Furthermore, beyond the interpretation of the Standard Model as we have it, there are

issues with the structure itself. For example, one asks why there are three generations of

each Standard Model fermion? Other mysteries include the mass ordering of neutrinos,

the extremely low value of� QCD perhaps hinting at an underlying symmetry, the reasons

for and consequences of the value of the Higgs mass, and the apparent �ne-tuning of

Standard Model constants. These are not issues with the Standard Model per se, but

they may be pointing to viable model extensions that provide more satisfying �answers.�
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Physicists are thus in a situation where more correct models may be developed that

di�er in signi�cant qualitative ways from the Standard Model as we know it. One

approach is to directly produce new particles and interactions in high energy colliders

in order to uncover their properties. Another approach is to appeal to Michelson's

�science of measurement,� and search for clues in the sixth decimal place and, in fact, far

beyond. This �precision measurement� approach is not limited to uncovering the truth

of our own models to greater depths, although this is valuable. When experimental

measurements access higher precision, they are indirectly probing physics due to higher

energy particles and interactions. The hope is that we may one day demonstrate

an unambiguous violation of Standard Model predictions in a system that is well-

understood and precisely measured on or just outside our home planet. We have the

best possible chance to do this by building experiments that can probe new physics

beyond the Standard Model (BSM) at the highest and most inaccessible energy scales.

This thesis details contributions to experiments searching for BSM physics that violates

CP symmetry. In the rest of this chapter, we discuss fundamental discrete symmetries

and their violation and motivate whyCP violation is a promising avenue to search for

new physics. Then we survey recent experiments measureCP violation in the electron

and nuclei in polar molecules. Finally, we introduce e�orts to build an experiment to

measure theCP-violating electric dipole moment (EDM) of the electron in trapped,

polyatomic molecules.

1.1 Fundamental symmetries and their violation

We begin our study of physics in the world of mechanics. We �rst write down the forces

on a set of particles and integrate the di�erential equations that describe their behavior.

Then, we recast these vector di�erential equations into simpler scalar equations for

energy that vastly simplify the calculation. When we proceed to electromagnetic

theory, we write down the equations for the force between charges, using the laws of

mechanics to solve for their motion. Through abstracted notions of electric �eld and

electric potential, we are able to simplify problems using Gauss' law and by appealing to

symmetries in the problem. This story�using symmetry to simplify complex physical

problems�plays out again and again in physics.

The �rst example given is a description of Noether's theorem, where continuous sym-

metries imply conserved quantities. In the case of mechanics, time, translation, or

rotational invariance lead to conservation of energy, momentum, and angular momen-
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tum, respectively. In the second example, we �nd that geometric symmetries can greatly

simplify complicated integrals. In this case, the symmetries need not be continuous. For

example, the integral of an odd function that exhibits re�ection symmetry about they

axis over a symmetric interval[� a; a] is zero. In this case, the oddness or evenness of a

function is a discrete symmetry.

In quantum mechanics, the Hamiltonian operator governs the time evolution of a

system, and its symmetries determine the symmetries of the resulting wavefunctions.

Observables are written as expectation values of a particular operator for these wave-

functions. These observables amount to integrals of products of wavefunctions and

operators, and the integrals can be simpli�ed through the symmetry of the integrand.

For example, the spherical symmetry of an atomic Hamiltonian implies that the angular

parts of the wavefunctions are spherical harmonics, whose integrals are easily written

down in a coordinate-free manner (see Chap. 5 of [5]).

Many of the laws of physics conserve so-called fundamental discrete symmetries like

charge (C), parity (P), and time (T). The C, P, andT operations invert matter

into antimatter, coordinates (~r ! � ~r), and dynamics (t ! � t), respectively. It is

apparent that Maxwell's equations and the Newton's law of gravitation are symmetric

with respect toC, P, andT. It was only when weak interaction decays were studied that

P-violating physics was discovered, leading to the distinction between right-handed

and left-handed particles [6, 7]. SinceP violation was �rst discovered,C, T, CP, CT,

andPT violation have also been observed, either directly or indirectly assuming that

CPT is an exact symmetry of nature.1

The Standard Model contains a certain amount of discrete symmetry violation, but its

extensions generically posit greater violation of some of the symmetries listed above, such

asCP. Precision experimental tests of symmetry violation both constrain (symmetry-

violating) BSM theories and may shed light on the incongruities between experimental

tests of the Standard Model and cosmological evidence that the model is incomplete.

In the following section, we look at one cosmological mystery that hints at furtherCP

violation than what is provided in the Standard Model.
1CPT symmetry is intimately related to Lorentz invariance [8]. Some exotic BSM theories posit

CPT violation [9].
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1.2 Baryon asymmetry of the universe (BAU) andCP violation

One major problem with the Standard Model that was not already mentioned is the

baryon asymmetry of the universe (BAU). Restated, the4:9% of our universe that

is made of matter contains no free antimatter. If there were portions of our cosmos

that contained regions of antimatter, we would expect to observe gamma rays from the

annihilation between matter and antimatter regions, which are not observed in gamma

ray spectra [10].

There are two commonly cited, independent pieces of evidence for the observed asym-

metry between baryons and antibaryons� , where

� =
nB

n

�

n �B

n

� 6 � 10� 10; (1.1)

and wherenB , n �B , andn
 are the number densities of baryons, antibaryons, and

photons, respectively. The �rst observation is the observed primordial abundance of
3He, 4He, D, 6Li , and7Li from Big Bang nucleosynthesis (BBN) [11]. The second

is the anisotropy in the CMB angular power spectrum, which is caused by energy

density perturbations due to the coupling between baryons and photons [12]. Both

observations point to� � 6 � 10� 10.

Sakharov posited three conditions that would allow for baryogenesis with a baryon

asymmetry, which are [13]:

1. Baryon number (B) violation

2. C violation andCP violation

3. Departure from thermal equilibrium.

The �rst condition ofB violation requires that a process produces more baryons than

antibaryons. The third condition ensures that baryons and antibaryons have enough

time to annihilate before rapid spacetime expansion freezes out collisions. The second

condition requiresC violation, ensuring that baryon excess-producing reaction rates

are larger than antibaryon excess-producing reaction rates. In order to see whyCP

violation is required, we consider a process that violatesC but not CP.

Consider a particleX that decays into two right-handed quarksqR . If we haveC

violation, then we could have that

� ( X ! qRqR) 6= �
� �X ! �qR �qR

�
; (1.2)
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where� denotes the reaction rate for the process. However, ifCP is an exact symmetry

we must also have

� ( X ! qRqR) + � ( X ! qL qL ) = CP
�

� ( X ! qRqR) + � ( X ! qL qL )
�

(1.3)

= �( �X ! �qR �qR) + �( �X ! �qL �qL ): (1.4)

Taking the chirality of the quarks into account,CP symmetry does not produce the

BAU. While Standard Model and BSM baryogenesis scenarios have been described

elsewhere and are beyond the scope of this thesis, we suspect thatCP violation is an

essential ingredient in generating the BAU [14].2.

The Standard Model containsCP violation in the quark sector. The CabibboKobayashi-

Maskawa (CKM) matrix, which describes the relationship between mass eigenstates

and weak eigenstates of the three generations of quarks, contains a single complex phase

typically denoted byei� 13 that causesCP violation. Speci�cally,CP violation can occur

in the quark sector in Feynman diagrams where all three generations of quarks are

involved. However, because the o�-diagonal terms in the CKM matrix are much less

than1, diagrams that involve all three quarks are suppressed, and the corresponding

observables can be di�cult to measure.

Interpretation of theCP violation within the Standard Model and its consequences

for baryogenesis is an active area of research. For this thesis, it is su�cient to note that

BSM theories generically permit larger amounts ofCP violation than is a�orded by

the Standard Model, which has a direct bearing on open questions of cosmology and

particle physics such as baryogenesis. A precision search forCP violation is a fruitful

strategy for constraining the wide array of BSM theories that are proposed, including

supersymmetric models [16].

1.3 MeasuringCP violation in low-energy polar molecules

Fraunhofer's work measuring the spectral lines of atoms was a prelude to today's

marvelously precise characterization of atomic systems, particularly enabled by the

invention of the laser. Precision measurement in atoms and molecules can be used to

measure and set stringent bounds on new particles and forces, such as theCP violating

objects that are predicted in numerous BSM extensions. Though atoms and molecules
2There are also exotic models that predict thatCP symmetry was spontaneously broken andCP

symmetry is only violated at the Standard Model level today [15]
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are low-energy systems,CP violating particles and interactions at high energy scales

can couple to them, generatingCP violating electromagnetic moments at atomic

energy scales. Theorists use chiral e�ective �eld theory to connect high-energy physics

to their low-energy consequences, described through a set of e�ective parameters [17].

TheCP violating moment of particular interest for the work described in this thesis,

and for which tremendous progress has been made in the last decade, is the (permanent)

electric dipole moment (EDM) of the electron, denoted byde. Before proceeding, we

�rst show that the electric dipole moment of the electron violatesP andT symmetry.

For a dipole moment~d in an electric �eld~E, the electric dipole interaction is given by

ĤEDM = � ~d � ~E (1.5)

/ � de
~S � ~E; (1.6)

where~S is the electron spin angular momentum operator. There are several reasons

typically given for why~d must lie parallel to~S. For the thesis author, the most

convincing argument relies on the Wigner-Eckart theorem, which when applied to

the electron posits that all observables its are proportional to the electron's angular

momentum. In the case of the bare electron, this angular momentum refers to the

spin ~S. If this statement were not true, then the electron would possess another

quantum number associated with the orientation of~d, which would have widespread

(and unobserved) rami�cations for spin statistics and orbital occupation in atoms.

Applying the parity operationP to the above expression, we �nd that~S ! ~S, as it

is an angular momentum operator (parity even). On the other hand,~E ! � ~E under

P because electric �elds are generated by charge distributions through Gauss' law.

Therefore,ĤEDM has odd parity. We repeat this procedure forT and �nd thatT takes
~E ! ~E and~S ! � ~S. ThusĤEDM is alsoT odd. By appealing to theCPT theorem,

we conclude that̂HEDM is alsoCP odd. A measurement of a nonzero value for the

electron EDM (eEDM) would implyCP violating physics.3

A recent calculation demonstrates that the Standard Model actually predicts an e�ective

value ofde � 10� 35 e cm [18]. When the work in this thesis began, calculations had

previously neglected a semileptonic interaction that ultimately increased the estimate by

three orders of magnitude. Nevertheless, as discussed later in this section, the Standard

Model limit is �ve orders of magnitude lower than constraints set by experiments.
3If the electron were not a fundamental (point) particle, and its EDM were proportional to a charge

distribution in physical space, one would erroneously conclude that~d is P odd and thatĤEDM is P
even, unlike the case when~d is proportional to~S.
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EDM searches are then a generic way to probe for newCP violating physics in a

(largely) model independent and virtually background-free manner, with clear pathways

to continue approaching the Standard Model background.

In analogy to measurements of the electron magnetic moment~� , one of the most

precisely measured quantities in physics, one can determine~de by observing the spin

precession rate of the electron in an electric �eld~E. For a �small� value ofde, the best

measurements will make use of the largest values of~E that are attainable. Unfortunately,

a bare electron in an electric �eld would simply accelerate away. Furthermore, steady-

state electric �elds generated in a laboratory are limited to� 100 kV=cm before

�eld ionization of materials is engaged. Neutral atomic and molecular systems, on

the other hand, do not experience net forces in electric �elds, and the electric �elds

between electrons and protons in atoms are� 1 GV=cm scale�a four to �ve order-of

magnitude enhancement. In particular, the electric �eld experienced by an electron

with wavefunction overlapping a heavy nucleus is enhanced by a factor of between

Z 2 � Z 3 due to relativistic length contraction and �nite nuclear size e�ects [19].

In summary, the ideal atomic system is comprised of a heavy nucleus to maximize the

e�ective electric �eld on the electron, a nonzero electron spin, and aS orbital electron

with maximal overlap with the nucleus.4 The �rst-order energy shift due toHEDM for

an atomic eigenfunctionj i is given by

� E = h jĤEDM j i : (1.7)

Becausej i is an eigenfunction of the �eld-free atomic Hamiltonian, which is parity

symmetric,j i is either parity even or odd, or in other words,

Pj i = �j  i : (1.8)
4Closed-shell atoms and molecules with no unpaired valence electrons are not sensitive to the eEDM,

but can be used to measure the (unscreened) EDM of the nucleus, known as the nuclear Schi� moment
(NSM). Open shell systems with nuclear spinI > 1 can be used for measurements of theCP violating
nuclear magnetic quadrupole moment (NMQM). Our lab is building an experiment to measure the
NMQM for 173YbOH with I = 5=2. HadronicCP violation is equally interesting to new physics in
the leptonic sector, if not more so, but the Hutzler Lab NMQM experiment is beyond the scope of this
thesis.
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Remembering that̂HEDM is P odd,

� E = h jĤEDM j i (1.9)

= h jP � 1PĤEDM P � 1Pj i (1.10)

= h jP yPĤEDM P yPj i (1.11)

= h j � PĤEDM P y � j  i (1.12)

= h jPĤEDM P yj i (1.13)

= h j � ĤEDM j i (1.14)

= �h  jĤEDM j i (1.15)

=) � E = 0; (1.16)

where we appealed to the unitarity of the parity operator in line three and that parity

anticommutes witĥHEDM in line six. There are therefore no observable consequences

of the eEDM on �eld-free atomic eigenfunctions. This situation is recti�able by

applying an external electric �eld to polarize the atomic wavefunctions, breaking the

parity symmetry of the Hamiltonian and the resulting wavefunctions. An external

electric �eld has the e�ect of mixing states of opposite parity and inducing an electric

dipole moment in the atom, a process called polarization. To summarize, a polarized

atom with an induced electric dipole moment allows for a nonzero observable energy

shift due to the electron's permanent electric dipole moment.

For small applied �elds, the degree of polarization is inversely proportional to the

energy di�erence between nearby opposite parity states. In typical atomic systems, the

closest states of opposite parity are electronic levels likeS andP states in hydrogen,

with � 100 THzfrequency spacing. Therefore, the maximum polarization achievable

in an atomic system under even large laboratory electric �elds is a mere� 10� 3.

Polar molecules containing heavy nuclei with electron orbital overlap provide eEDM

sensitivity for the same reasons as for atoms, but they generically contain much closer

states of opposite parity opposite parity states that are much closer in energy. In

general, the �rst two rotational levels (see Chap. 2) in heteronuclear diatomic molecules

like YbF are split by� 10 GHz, allowing appreciable polarization in lab �elds of

� 100 kV=cm. Other molecules, likeThO experience rotational perturbations that

split a single rotational line into closely-spaced states of opposite parity called parity

doublets. The
 -doublets inThO are spaced by a mere� 360 kHzfor theJ 00= 1

state, allowing full polarization in �elds less than10 V=cm [20, 21].

The basic measurement scheme is shown in Fig. 1.1. First, an atom or a molecule

is placed in a magnetic �eld~Blab to split the magnetic sublevelsj � M i (which are
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Figure 1.1: Basic EDM measurement scheme. The spin precession phase between
T-reversed states is measured when~Elab is aligned and anti-aligned with~Elab . The red
colored states have both Stark and Zeeman shifts applied. The di�erence in phases' +

and' � is proportional tode.

connected by theT operation). Then one applies an external electric �eld~Elab either

parallel or antiparallel to~Blab . Then, one prepares an equal superposition ofj � M i ,

which is allowed to precess in~Elab . Because~Elab is applied, the electron is able to access

and precess under the large internal electric �eld within the atom for a time� . One can

show that the di�erence of the total precession phase for~Elab parallel and antiparallel to
~Blab leaves a total phase proportional only tode. The e�ect of ~Blab cancels and allows

for a sensitive, di�erential measurement of a very small quantityde. The quantum

projection noise-limited sensitivity of this protocol forN precessing atoms is given by

�d e =
~

2jPjE�
p

N
; (1.17)

wherejPj is the degree of polarization,E is the magnitude of theinternalelectric �eld,

and� is the spin precession time. Molecules with closely-spaced opposite parity states

are chosen to allowjPj � 1, and molecules with large valence electron overlap with

a heavy nucleus are chosen to maximizeE. Molecules with parity doublets likeThO

provide an additional advantage because the atoms can be prepared spectroscopically in

states with opposite orientation without reversing~Elab . Imperfect reversal of~Elab can

lead to systematic errors when combined with non-reversing~Blab or elliptical AC Stark

shifts arising from, for example, optical substrate birefringence [21].
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State-of-the-art eEDM experiments with largeN and low� � 1 ms have been

conducted in cryogenic molecular beams of bothThO (ACME Collaboration) and

YbF (Imperial College EDM) [22, 23]. At the same time, a recent eEDM experiment

using trappedHfF+ ions, where� � 1 sand much smallerN , set the most current

best limit ofjdej < 4:1 � 10� 30, surpassing the previous limit ofjdej < 1:1 � 10� 29

set by ACME II [24].5

Trapped molecule experiments also occur in relatively small region in space, which

is much easier to shield from stray magnetic �elds than several-m long beamlines.

Over the last decade, EDM experiments in molecules have improved the limit onde

by an astounding order of magnitude, constraining newCP violating particle masses

at one loop to over40 TeV [24, 26]. The reach of eEDM experiments is therefore

probingCP violating physics at energies an order of magnitude beyond what is directly

accessible in the Large Hadron Collider.

There is then currently a tradeo� between the long interaction times a�orded by

molecular ion traps and the large numbers of neutral molecules generated in beam

experiments. Diatomic molecules likeYbF are laser coolable using techniques adapted

from atomic laser cooling, but lack the parity doublet structure ofThO [27]. Similarly,

diatomic molecules likeThO with states of nonzero orbital angular momentum in

the ground state do not permit laser cooling. Polyatomic molecules�the motivating

system of this thesis�combine the high yields when produced in cryogenic beams,

systematic error rejection from parity doublets, and the use of laser cooling and trapping

techniques.

1.4 Towards EDM experiments in trapped polyatomic molecules

In this section, we brie�y overview the opportunities and challenges a�orded by poly-

atomic molecules for a next-generation eEDM measurement. While we defer discussion

of the origins of the relevant molecular structure to Chap. 2, there are a number of

features in some classes of polyatomic molecules that make them attractive for EDM

experiments.

While diatomic molecules possess a single vibrational mode (stretching), polyatomic

molecules generically have additional vibrational modes associated with stretching

and bending. For example,SrOH has stretching modes for theSr � O andO � H
5The eEDM sensitivity forN trapped molecules is a more complicated expression than 1.17. See

Eq. 7.31 in [25].
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bonds, as well as a mode corresponding to theO atom bending motion. When this

bending mode is coupled to the rotation of the molecule, an orbital angular momentum

corresponding to rotations of the bending atom, labeled by the quantum number`, is

formed. There are two degenerate bending modes (in-plane and out-of-plane) that

are split by the rotation by� 10 MHz into states of opposite parity. In paramagnetic

molecules, these bending modes have both sensitivity to the eEDM as well as parity

doublet structure for systematic error rejection, with very small splittings that enable

full polarization in extremely modest� 10 � 100 V=cm lab �elds [28]. Unlike in

ThO, where the EDM science state is theH 3� 1 excited state with a4:2 mslifetime,

the bending modes in polyatomic molecules occur in the ground electronic state and

can have lifetimes on the order of� 1 s[28, 29]. Even ifThO could be trapped, the

lifetime in the science state is too short to be able to make use of the longer integration

times; this limitation is generically untrue for EDM sensitive polyatomic molecules.

As discussed further in Chap. 2), molecules composed of a heavy atom withs2

valence structure ionically bonded to a single-electron accepting ligand likeF, OH, or

OCH3 permit laser cooling. These molecules leave a single electron remaining on the

heavy nucleus in an2� orbital (analogous toS orbitals in atoms), which enable laser

cooling schemes using suitably modi�ed methods from atomic laser cooling. Polyatomic

molecules with this structure combine the coolability with generic, EDM sensitive

bending mode parity doublets.

Because the2� ground state has an unpaired electron spin and no orbital angular

momentum, it is sensitive to magnetic �elds to �rst order, in contrast to theH 3� 1

state inThO with zero �rst-order Zeeman shift. The additional structure of polyatomic

systems, however, provide avenues for rejection of electromagnetic noise despite �rst-

order sensitivity. In particular,~Elab can generically be chosen to tune the science

stateg-factor to near-zero while maintaining EDM sensitivity and polarization. In

collaborators' 2023 measurement, the EDM spin precession protocol was demonstrated

in an optical dipole trap of ultracoldCaOH, where this zerog-factor method was used

to increase the coherence time from0:5 msto 30 ms[30]. This experiment was not

conducted with any magnetic shielding, and with magnetic shielding coherence times

closer to1 sshould be possible. Additional work in our group has posited that the

same magnetic tuning can be used to eliminate magnetic �eld sensitivity for transitions

as well as states, with demonstrations currently underway in174YbOH [31].

Since beginning this thesis work, and as illustrated by the aforementionedCaOH result,

many of the steps to conduct an eEDM experiment in trapped polyatomic molecules
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have been demonstrated by the PolyEDM collaboration, consisting of the groups of

Nick Hutzler (Caltech), John Doyle (Harvard), Amar Vutha (University of Toronto),

and Tim Steimle (Caltech and Arizona State University). The moleculeCaOH is

not particularly useful for setting an EDM limit because of the light mass ofCa that

does not provide intrinsic EDM sensitivity. In 2018, the collaboration began working

in earnest to study, laser cool, and trapYbOH towards a next-generation eEDM

measurement withPeV energy reach [28]. However, unforeseen low-lying perturbed

states inYbOH due to innerf shell excitations of theYb atom prevented laser cooling

without several years of a challenging spectroscopy e�ort. Such an e�ort is underway

in YbF, which su�ers from essentially the same issue [32�34]. Furthermore, laser

slowing ofYbOH proved di�cult and lossy, requiring further research and development.

Therefore, the collaboration switched toSrOH (see Sec. 6.4) as a nearer-term eEDM

measurement platform, which had been laser cooled and has since been trapped in a

magneto-optical trap (MOT) [35].

While rules of thumb hint that particular molecules are likely viable for a next-generation

eEDM experiment, years of spectroscopy have been required historically in order to

be able to address viability in a de�nitive manner. Furthermore, laser deceleration

of molecules produced in cryogenic beams has been a challenging and ine�cient

prerequisite for laser cooling and trapping. This thesis describes our e�orts to develop

new technologies in support of next-generation precision measurements with trapped

molecules, particularly to overcome the severe hurdles of laser deceleration and survey

spectroscopy. Chap. 2 provides a brief overview of the atomic and molecular structure

referenced in this thesis. Chap. 3 details the construction and operation of a1 K

cryogenic beam source for atoms and molecules along with typical experimental and

simulation methods used to study molecular beams. Chap. 4 discusses possibilities for

e�cient deceleration of molecular beams, simulations of these methods, and apparatus

construction to test Zeeman-Sisyphus deceleration in particular. Chap. 5 surveys a

experimental testing with a prototype, permanent magnet Zeeman-Sisyphus decelerator

in beams of cold23Na and39K. Chap. 6 describes spectroscopic e�orts for theSrOH

eEDM experiment and a novel technology for simultaneous, broadband, high-resolution

spectroscopy of cold, free radicals. Finally, Chap. 7 provides brief concluding remarks

and an outlook for the work described in this thesis.



14

2
C

h
a

p
te

r

Review of Atomic and
Molecular Structure

�There is a great rock which is full of tenderness

and a�ection, which is obvious and ever clearly

perceived, which is soft, which is omnipresent and

eternal. Within it countless lotuses blossom. Their

petals sometimes touch one another, sometimes not,

sometimes they are exposed and sometimes they are

hidden from view. Some face downwards, some

face upwards and some have their roots

intertwined. Some have no roots at all. All things

exist within it though they do not.�

Vasistha's Yoga, translation of theYoga

Vasis.thamby Swami Venkatesananda

In this chapter, we brie�y survey some principles of atomic and molecular structure

that are relevant to the work described in this thesis. The discussion here is a digest

of important facts and physical arguments. For a more thorough understanding of

(linear) polyatomic molecular structure, especially their vibronic structure as it relates

to precision measurements, the reader should consult previous theses in the Hutzler

Lab [36, 37]. For an overview of molecular structure as a whole, the reader can consult

textbooks such as [5, 38, 39].

This thesis describes experimental work using23Na, 39K, 40CaF, 174YbOH, and
88SrOH, and these species will be used as exemplar atoms and molecules to illus-

trate particular principles. In this thesis, we adopt the common convention where a
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double-primed symbol corresponds to ground statesj 00i and a single-primed symbol

corresponds to excited states (e.g.,j 0i ).

2.1 Overview of alkali atomic structure

Atoms are bound and charge-neutral systems of nuclei and electrons, held together

through Coulombic attraction. Consider an atom composed ofZ protons. The

Hamiltonian for this general atom is given by

Ĥatom =
~2

2me

X

i

r 2
i �

X

i

Ze2

4�� 0r i
+

X

i 6= j

e2

4�� 0jr i � r j j
; (2.1)

wherei; j label each electron,r i is the radial distance of electroni from the center of

the nucleus, andme ande are the electron mass and charge, respectively. The �rst

term is the kinetic energy of all the electrons, the second term is the energy due to

electrostatic attraction between each electron and the nucleus, and the last term is

the energy due to electrostatic repulsion between individual electrons. Finding the

analytical eigenstates and energies for this Hamiltonian is intractable, but we write it

here to indicate an important fact with deep consequences.

In particular,Ĥatom is spherically symmetric, which implies that the angular parts

of the wavefunctions are given by spherical harmonics, or by spherical tensors in a

coordinate-free representation (see Chap. 5 of [5]). Because important operators such

as~d = � e~r and ~S can also be written as spherical tensors, an algebraic procedure

can be followed, using for example the Wigner-Eckart theorem, to write down the

expectation value of an observable up to a so-called reduced matrix element, which

contains the remaining electronic structure �content� of the observable. These reduced

matrix elements are ultimately determined by experiment. While the spherical tensor

algebra can be cumbersome, it is a powerful and exact tool enabled through the study

of symmetry.

Of course, for a multi-electron system, there is an additional complication that electrons

are fermions and therefore subject to anti-symmetrization rules, which lead to increas-

ingly complex descriptions of the electronic wavefunction with increasing electron

number. One important approximation in atoms is to assume that �lled shells act

essentially to screen the full nuclear charge of the proton. One can see this by applying

Gauss' law to determine the potential of a spherical nucleus with uniform charge+ Ze

surrounded by a uniformly charged sphere with charge� (Z � k)e. Due to spherical
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symmetry of the Hamiltonian, �lled electron orbitals are spherically symmetric as well.

The consequence is that the properties of atomic states are largely determined by the

valence electrons.

Single atomic electrons are described by the quantum numbersn, l , ml , andms,

corresponding to the energy level, total orbital angular momentum, orbital angular

momentum projection, and spin orientation (up or down). For multi-electron systems,

the way these angular momenta couple is nontrivial and depends strongly on the size

of the nucleus. A common coupling scheme isLS coupling, where all the values

of ~l and~s for each electron are added to form~L and ~S, the total orbital angular

momentum and total spin angular momentum operators. This distinction is immaterial

for single-electron systems.

An array of perturbations tôHatom cause shifting and splitting of degeneracies in

atoms. This thesis will not endeavor to enumerate them, but will instead group them by

energy scale. The �ne structure perturbations in atoms arise from a relativistic coupling

between~L and~S, and the �ne-structure splitting can be parametrized by an additional

term in the Hamiltoniana ~L � ~S. The quantum numbersL andS are no longer

�good,� but instead the quantum numberJ corresponding to~J = ~L + ~S describes the

eigenstates (following the usual angular momentum addition rules). This gives rise to

an atomic term symbol2S+1 L J , whereL = 0; 1; 2; 3 is written asS; P; D; F; ::: and

J = L + S.

Another set of perturbations, classi�ed under hyper�ne structure, are caused by the

interaction of the electron's combined spin and orbital angular momentum~J with

the nuclear spin~I . Similarly, the interaction can be written as~I � ~J , and the total

angular momentum operator~F is formed, with associated quantum numberF . Each

level given byJ is split into levels with di�erent values ofF for each allowed relative

orientations ofJ andI , as with the �ne structure. A pictorial representation of the

e�ect of perturbations on alkali atoms is shown in Fig. 2.1.

Transitions and couplings between states of di�erentS, L, J , I , andF are determined

through �selection rules� that arise from the same angular momentum algebra applied

to di�erent spherical tensor operators. For example, allowed electric dipole transitions

between ground statej 00i and excited statej 0i are determined by the matrix element

� eh 00j~rj 0i . Similarly, the Stark and Zeeman e�ects for an atom can be determined

by evaluating matrix elements for� e ~r � ~E and� ~� � ~B, respectively. A basis is

chosen for the atomic eigenstates, a Hamiltonian is constructed using matrix elements

computed through spherical tensor algebra, and the Hamiltonian is then diagonalized
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Figure 2.1: Perturbations in atoms that cause splittings. The Coulomb interaction, �ne
structure splitting, and hyper�ne structure splitting are represented from left to right
for an alkali atom withI = 3=2. The perturbations that cause overall energy shifts,
such as the Darwin and Thomas precession terms, are not represented here.

to determine the eigenstates exactly. One subtlety here is the use of an �e�ective

Hamiltonian� approach, whereby Hamiltonians are calculated and diagonalized for

the ground and excited states separately and perturbations are modeled using e�ective

interaction terms such as~L � ~S. In reality, atoms have many excited states and a full

Hamiltonian considering all states would be cumbersome for calculation and provide

limited physical insight. Moreover, the �ne structure contains contributions from many

di�erent physical sources, but all of them are grouped together under the e�ective

interaction~L � ~S. The portions of the �ne structure that lead to overall energy level shifts

(as opposed to splittings) are included as part of the unperturbed Hamiltonian because

energy levels for many states2S+1 L J in atoms have been measured experimentally.

The e�ective Hamiltonian approach is particularly powerful for the molecular setting,

where there are a tremendous number of states within even a single ground state, and

where often two sets of states do not even follow the same angular momentum coupling

scheme.
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We now consider the highly simpli�ed setting of alkali atoms, where there is only a

single valence electron. The ground state is described by the term symbol2S1=2. The

�rst excited states are given by2P1=2 and2P3=2, where they are split by �ne structure

due to their di�erent values ofJ . The �ne structure splitting in theP states of23Na

and39K are both� 1 THz, although this quantity scales approximately quadratically

with the atomic charge. The2S� 2P gap is of the order� 100� 1000 THzdepending

on the particular atom in question, which is typically bridged by light in the visible,

near-infrared, or near-ultraviolet frequency regions. Each state is further split by

hyper�ne structure, where the number of states is determined by the nuclear spinI ,

which is a nucleus dependent quantity. Both23Na and39K haveI = 3=2, which

means that, for example, the2S1=2 ground state is split intoF 00= 1 andF 00= 2 state,

separated by� 1 � 10 GHzdepending on the species. The alkali properties webpage

of Daniel Steck is a great resource to learn more about the properties of alkali atoms

[40, 41].

2.2 Molecular energy levels

Every aspect of molecules, which are bound systems of multiple atoms, is more complex

than that of atoms. The simplest molecule isH+
2 , whose structure can be solved

analytically after making some approximations (see App. 6.1 of [5]). Even in this

simplest possible case, it is apparent that the spherical symmetry of an atom has given

way to a reduced cylindrical symmetry in the diatomic molecule. The loss of spherical

symmetry has tremendous consequences for molecular structure. In particular, the

strong electrostatic �eld along the internuclear axisn̂ connecting each atom has the

e�ect of �pinning� angular momenta we de�ned in atoms, such asS, L, andJ , to

lie along it. The corresponding angular momenta aboutn̂ are given by� = ĥn � ~Si ,

� = ĥn � ~L i , and
 = ĥn � ~J i . In analogy to atoms, we describe molecular states

through molecular term symbols2S+1 � 
 , where� = � ; � ; � ; :::.

While atoms have electronic structure, �ne structure, and hyper�ne structure, molecules

have a much more involved hierarchy of energies (Fig. 2.2). In additional to the elec-

tronic structure from the electrostatic interaction between the atoms and surrounding

electrons, there is vibrational structure due to electrostatic coupling between nuclei,

and rotational structure from the (approximately) rigid rotation of the nuclei. There

are also a number of perturbations�the usual �ne structure spin-orbit coupling for the

electronic states, anharmonic modi�cations to the vibrational energies, spin-rotation
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splitting, parity-doubling, and the hyper�ne structure from both atoms. In linear

triatomic molecules, the other case we will discuss here, there is also a splitting called

`-doubling from the coupling of bending vibration and molecular rotation.

There is one subtlety about symmetry we have elided here. The reduction from spherical

symmetry to cylindrical symmetry is one that is present in the molecule-�xed axis,

or in other words, in the molecule's rotating frame. The molecular Hamiltonian is

also parity symmetric because the electrostatic forces involved all respect parity. The

physical wavefunctions then also have de�nite parity, which are equal mixtures of states

with � � . Unfortunately, the need to distinguish between the lab reference and the

rotating molecule's reference frame arises constantly; angular momenta pinned ton̂

are de�ned in the rotating frame, while total angular momenta, such asJ andF are

de�ned in the lab frame, for example. When computing matrix elements described by

angular momenta in both frames, Wigner rotation matrices must be used to move from

one frame to another. In fact, the situation is quite complex because angular momenta

de�ned in the rotating frame have anomalous commutation relations compared to

angular momenta in the lab frame. For more details, see Sec. 2.3 of [21] and Sec. 5.5.6

of [5].

As a brief illustration of the importance of proper accounting of reference frames, one

often learns in chemistry that polar molecules, such as water, have electric dipole

moments that indicate the polarity of the charge distribution. One might think that

this electric dipole moment violatesCP symmetry and might point to new physics.

This is, of course, impossible because the underlying laws of electromagnetism do not

violateCP. The solution to this apparent paradox is that the molecules electric dipole

moment is being de�ned in its rotating frame. In the the lab frame where the molecule

rotates, this electric dipole moment is averaged over states with spherical symmetry and

is therefore zero in all cases.

For the rest of the chapter, we primarily considerlinear, polar molecules in which a

metal atom withs2 valence (e.g.,Ca, Sr, Yb,...) is bonded ionically to a ligand such as

F or OH, because, as alluded to in Chap. 1, this structure is favorable for laser cooling.

Diatomic molecules and linear triatomic molecules di�er in the presence of bending

vibration and associated perturbations that occur only in the latter, as well as hyper�ne

structure from the additional atom. Otherwise, their structure is largely identical.
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2.2.1 Electronic structure

The electronic structure of molecules is complex. For the case of diatomic and linear

polyatomic molecules with a metal-ligand ionic bond, ligand �eld theory provides an

intuitive and accurate description of the electronic states. For this discussion, we ignore

the vibration and rotation of the molecules.

In an ionic bond, the metal donates a number of electrons to the ligand. Ligands like

F andOH tend to accept a single electron, leaving a singly ionized metal and ligand

(e.g.,Ca+ andF� , which is now closed-shell). The electrostatic �eld from the ionized,

closed-shell ligand then perturbs the states of the metal ion, which has one valence

electron remaining. The presence of an electric �eld will shift the energy levels of

the metal due to the Stark e�ect. It will then split states of di�erent� , forming the

familiar molecular orbitals out of atomic orbitals. For example, the atomicd state will

form a moleculard state split into three projections calledd� , d� , andd� . Finally, the

nearby states with the same projection mix and form the molecular states described by

the molecular term symbol. For example,p� andd� projections can mix to form a2�

molecular state [42].

In CaF, CaOH, etc. the ground electronic state is2� , and the �rst excited state are
2� 1=2 and2� 3=2 which arise from spin-orbit coupling. The next excited state which

is sometimes used in experiments is also a2� state. Traditionally, ground electronic

states are labeled byX , and then subsequent states are labeled asA; B; ::: in order of

increasing energy, though for some legacy cases states are labeled in the order they were

discovered. For our exemplar molecules the �rst� excited states are labeled withA and

the next excited state is labeled byB. In polyatomic molecules, including linear ones,

the labels have a tilde on them, such as~X . This tilde used with linear polyatomics is

inherited from notation used for general polyatomics with non-cylindrical symmetry,

in order to prevent confusion with symmetry labels that denote the symmetry group

representation for the state.

As with atoms, electronic states have energies at100� 1000 THz, with spin-orbit

splittings that are� 1 THz. As with atoms, this splitting can become quite large

with molecules containing heavy metals. In the much heavier174YbOH molecule, for

example, theA2� spin-orbit splitting is� 40 THz [43].
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2.2.2 Vibrational structure

The description of the electronic structure in the previous section assumes that the

electrons are interacting in a �xed electrostatic potential created by stationary nuclei.

In reality, there is an electrostatic repulsion between the nuclei, which leads to an

approximately harmonic con�nement of the nuclei in the molecule. The vibrating

nuclei then perturb the electrostatic potential felt by the electrons.

There are two relevant approximations that allow for a sensible and practical description

of vibrating (and rotating) molecules. The adiabatic approximation considers the nuclear

vibrational motion as slow compared to the electron motion. This can be understood

as due to the dramatic� 2000-fold mass di�erence between the electron and proton.

The consequence of this approximation is that electrons are treated as adiabatically

following the electrostatic potentials as they slowly change with nuclear vibration [44].

As a result, the electronic equation of motion can be solved at each value of the

nuclear separation,R, giving eigenenergies for every electronic state that are smoothly

connected into functions ofR. Each energyE i (R), wherei labels the electronic state,

is called a potential energy curve, or in the case of multiple vibrations, a potential energy

surface. For example, a triatomic molecule likeSrOH has a multidimensional potential

energy surface due to the two stretch modes and one bending mode coordinate. Bound

molecular states have potential energy curves with minima, and in many cases, the curve

is very close to harmonic for low-lying states su�ciently near the potential minimum.

The position of this minima for a particular electronic state gives the equilibrium

separation,Req, which is ultimately the molecule's equilibrium bond length in that

state.

For each electronic state these harmonic potentials support a number of (approximately)

harmonic oscillator wavefunctions (Fig. 2.2). These wavefunctions are the vibrational

wavefunctions, labeled by the electronic state and the quantum numberv, which

numbers the harmonic oscillator excitation. For molecules likeSrOH, with three

vibrational degrees of freedom, vibrational states in a given excited state are given by

(v1 vj` j
2 v3), where eachv represents the di�erent vibrations from largest to smallest

energy. The middle labelv2, representing the bending mode, has a labelj`j to indicate

the `-doubling component, wherej`j = v2; v2 � 2; :::; `-doubling is discussed in more

detail later in Sec. 2.2.3.

The second simpli�cation is the Born-Oppenheimer approximation, which argues that

the electronic and nuclear motions can be separated into product wavefunctions, because



22

Figure 2.2: The hierarchy of energy scales and interactions for a simple diatomic
molecule that obeys the adiabatic and Born-Oppenheimer approximations. The vibra-
tional branching ratios are determined by the vibrational wavefunctions supported by
the ground and excited state vibrational potentials, in blue and red, respectively. More
complex molecules with less symmetry contain more interactions due to hyper�ne
couplings, additional rotational degrees of freedom, and bending angular momenta.

these motions occur at radically di�erent timescales. Indeed, while electronic states

are separated by100� 1000 THz, the vibrational gaps in a single electronic manifold

are� 10� 100 THz, an order of magnitude smaller. The same separation of energy

scales applies for rotational motion, which we now consider.

2.2.3 Rotational structure and other perturbations

For the same reasons that the rotational portion of the atomic wavefunction is simple to

describe and calculate, the rotational component of the molecular wavefunction is also

considerably �simpler.� This is due to the rigid structure imposed by angular momentum

conservation and the algebraic formalism we use to calculate with it. In particular,

the diatomic molecule wavefunctions are rigid rotor wavefunctions. This is also true

for polyatomic, linear molecules, in which the rotation alongn̂ does not contribute

any angular momentum. Only end-over-end rotation of the molecule, described by

operator~R, whereR = 0; 1; 2; :::. The rotational Hamiltonian is given by

Ĥ rot = B ~R2; (2.2)
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where~J is the total electron angular momentum, andB is the rotational constant

given by

B =
~2

2I
; (2.3)

whereI is the moment of inertia aboutn̂. The energy scale of rotation can be easily

estimated using a typical value for an equilibrium bond length and the masses of nuclei.

Rotational splittings are typically� 1 � 100 GHz.

The complexity of the rotational structure enters via the plethora of di�erent angular

momentum coupling schemes that can be used to form~J for a given molecule. These

coupling schemes arise due to the relative strength of the various interactions that occur

in molecules. Di�erent states in molecules can have very di�erent coupling schemes,

and basis conversions must be used when working with states de�ned in a particular

coupling scheme. A good coupling scheme is one in which the resulting Hamiltonian

will be nearly diagonal, and where the remaining o�-diagonal terms can be treated as

small perturbations. The main two Hund's cases we consider here are case (a) and case

(b).

We start with Hund's case (a), in which the electrostatic interaction is the strongest

and where the spin-orbit coupling is also much stronger than the rotational energy.

In this case,~L is �xed to the internuclear axis, giving the quantum number� . Due

to strong spin-orbit coupling, the spin is also �xed to the same axis, giving quantum

number� . Then� and� are combined to form quantum number
 corresponding to

an operator~
 that lies along the internuclear axis. We form~J = ~
 + ~R, and rotational

states are labeled byJ = 
 ; 
 + 1 ; :::. The A2� states in our exemplar molecules

are well-described by case (a) basis functionsj� �� J 
 IFM F i , where� represents all

other quantum numbers.

In Hund's case (b), the electrostatic interaction is the strongest, but the rotational

interaction is much stronger than the spin-orbit interaction. It is straightforward

to �nd case (b) states by default by considering� states, where� = 0 , since the

spin-orbit interaction is exactly zero. The ground and second excited states in our

exemplar molecules are all described by case (b) basis functionsj�NSJIFM F i . With

no spin-orbit coupling,~S is not pinned tôn, unlike in case (a), andS is a good quantum

number. In this coupling scheme, we de�ne the rotational quantum number to be
~N = ~� + ~R. Then, ~J = ~N + ~S. In this case, the rotational levels are described by

N = � ; � + 1 ; :::. Hund's cases are discussed in detail and shown pictorially in Sec.

6.7 of [5].
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One important rotational perturbation is the spin-rotation interaction, written as a

constant proportional to~N � ~S. One can intuitively think of the spin-rotation interaction

as arising from the magnetic moment created by the rotating electron generating a

magnetic �eld that interacts with the electron spin. This causes the rotational levels to

be split between states where~N and~S are aligned and states where they are anti-aligned.

The spin-rotation splitting can vary from1 MHz � 1 GHz depending on the state

and moments of inertia.

There are a number of other perturbations that occur due to anharmonicities in the

vibrational potentials, the coupling of rotation and vibration (especially pronounced

for highJ rotational states) that is ignored in the Born-Oppenheimer approximation,

parity doubling, and̀-doubling. We brie�y discuss parity doubling and`-doubling

here because they are relevant for EDM experiments in polar diatomic and polyatomic

molecules, respectively. Parity doubling can intuitively be thought to arise from the

fact that orbital angular momentum states with� � aboutn̂ must form superpositions

of good parity in the lab frame. The positive and negative parity states havecos(� � )

andsin(� � ) amplitudes, which lead to di�erent electron cloud density relative to the

axis of rotation. This electron density di�erence leads to a small splitting between

opposite parity states in rotating molecules (see A.4 of [45]). In this case where the�

degeneracy is lifted, the parity doubling is called� -doubling.

Finally,`-doubling is the source of EDM sensitive parity doublets in linear polyatomic

molecules. A bending linear molecule has two degenerate bending motions, into and

out of the plane, respectively. A rotating bending molecule resembles a bent molecule

rotating about the prior internuclear axis, and there is an angular momentum and

projection associated with this bending-rotation. For a linear, non-bending molecule,

the rotation about̂n does not contribute energy, but this is no longer true for a bending

molecule. The degeneracy between the in-plane and out-of-plane bending rotations

is broken due to the usual end-over-end rotation of the molecule, and a small parity

splitting develops between the states for the same intuitive geometric reason as in

� -doubling. In the case of bending vibrations, this phenomenon is called`-doubling,

and it gives rise to the science states usable for EDM experiments.

2.3 Laser cooling molecules

We now brie�y consider requirements for laser cooling molecules and discuss why our

exemplar molecules in this chapter are in principle and in practice laser coolable. As in
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the case of ultracold atoms, laser cooling requires momentum transfer due to repeated

scattering of photons. The ability to continuously scatter photons from an atom or

molecule is called photon cycling. Photon cycling requires that population from the

ground state that gets driven into an excited state decays back into the same ground

state. If instead population leaks into other ground states, additional lasers are needed

to �repump� population into an excited state that decays preferentially to the ground

state. In atomic systems, due to their relative simplicity, only a handful of repump lasers

are required, with acousto-optic modulators (AOMs) and electro-optic modulators

(EOMs) used to bridge hyper�ne splittings. Atomic selection rules, dictated by angular

momentum algebra, ensure that population does not leak into more than a handful of

loss channels.

In molecules, on the other hand, the presence of electronic, vibrational, and rotational

structure greatly complicates the question of laser cooling. Electronic structure is fairly

straightforward in that one can select a species where there is no intermediate state

between the ground and �rst excited state to leak into, and there are electronic selection

rules for dipole transitions, as with atoms. Vibrational closure, on the other hand, is

the primary obstacle for laser cooling molecules. Population excited to a particular

excited vibrational state can in principle decay to all ground vibrational levels. In the

worst case scenario, one would have to deploy a large number of repump lasers, given

the 10 THz-scale spacing between vibrational levels that cannot be bridged through

modulation.

There are no selection rules governing vibrational decays. Instead, vibrational decay

is governed through the Franck-Condon principle, which states that to �rst order,

vibrational branching ratios are determined by overlap integral of the ground and excited

vibrational wavefunctions, called a Franck-Condon factor (FCF). One can understand

this principle intuitively by recognizing that the optical excitation and decay of the

electron to the excited state occurs instantaneously compared to the vibrational motion.

Therefore the electron's excited vibrational state is projected onto the ground state

vibrational basis, an example of the sudden approximation. A molecule is said to be

�diagonal� if its FCFs obeyFCF(v00 = i; v 0 = j ) = � i;j , or in other words, only

transitions between states with the same vibrational quantum number are allowed. This

can only be true exactly if the ground and excited state vibrational potentials were

identical, leading to an identical, orthogonal set of basis functions. In practice, real

molecules are only approximately diagonal to varying degrees, and1%and smaller losses

are possible to a limited set of other vibrational states. In this case, however, the number
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of repump lasers can be� 10, which is far more doable than100.1 This discussion

becomes more complicated for polyatomic molecules, because the potential energy

surfaces are multidimensional, but methods exist to evaluate FCFs for polyatomics as

well.

The molecules composed of an metal withs2 valence bonded to a ligand are all generally

diagonal due to the fact that the metal-centered electron that is optically active does not

participate in the bond, leading to an excited state potential that is very similar to the

ground state potential. Ligand �eld theory considerations from before show that the

electric �eld from the ligand ion mixes thes� andp� states, causingsp hybridization

of the orbital, pushing the remaining valence electron away from the bonding region.

This electron retains overlap with the metal nucleus, enabling simultaneously sensitivity

to CP violation and laser cooling. In polyatomics, the bending vibrations add parity

doublets, giving us all three of our criteria for a trapped EDM experiment. Determining

a workable repumping scheme requires an often lengthy measurement process to

determine vibrational branching ratios as in as in [47]. See Sec. 6.3.6 for a discussion of

a method that could enable more rapid measurements of vibrational branching ratios.

We should not neglect to mention that rotational closure is also an important factor in

laser cooling. Fortunately, rotational transitions are also governed by selection rules,

and following the procedure in [48], whereJ 00= 1 ! J 0 = 0 transitions are driven

largely prevents rotational leakage. Spin-rotation splittings can be bridged with standard

modulation, and microwaves can be used to couple population between rotational states

if needed. Because a laser cooling scheme in which the ground state has higher angular

momentum than the excited state is required for rotational closure, a MOT operated

using these transitions will eventually drive population to dark states. This is a general

feature of so-called Type II MOTs, in whichJ 00 > J 0, but dark states have been

remixed using resonant RF radiation to couple dark and bright states (RF MOT) or by

rapidly switching the MOT laser polarizations in conjunction with the magnetic �eld

orientation.

Here we have omitted discussion of radiative slowing, which also requires the ability to

cycle photons. Deceleration is considered in greater detail in Chap. 4. The combination

of laser slowing and cooling for a general molecule requires� 104 � 105 photon scatters
1There are practical limitations to the quantity of repump lasers that can be implemented in a laser

cooling experiment. In particular, the laser cooling transition scattering rate is reduced as more and more
ground states are coupled to the same excited state via a laser (see Eq. 2 in [46]). To see the intuition for
this fact, note that the two-level system, on-resonance scattering rate is proportional tos0=(1 + s0),
wheres0 is the saturation parameter. Becauses0 / ge=gg, wherege andgg are the excited and ground
state degeneracy factors, the scattering rate decreases as the number of ground states increases.
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before losing population to dark states. Ultimately, the ultracold molecules in a MOT

can be transferred into a conservative optical dipole trap (ODT) for use in precision

measurement. During the years in which this thesis was written,CaF was trapped

in optical tweezers [49],CaOH was trapped in a MOT, ODT, and optical tweezers

[50�52], SrOH was trapped in a MOT [35], and deceleration and 2D cooling ofYbOH

was demonstrated [53, 54]. Our group and our collaborators at Harvard are working

together to produce and study radium-containing molecules such asRaF andRaOH,

which are predicted to be both extremely diagonal and provide103 fold enhancement

to nuclearCP violation due to the octupole deformation in the radium nucleus.

Trapped polyatomic molecules are an important frontier for both ultracold molecule and

precision measurement research. While these additional degrees of freedom generate a

complexity that must be understood deeply and tamed, this complexity enables novel

schemes for quantum state preparation, control, and measurement.
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Molecular Beam
Methods for Precision
Measurement

�And blood-black nothingness began to spin... A

system of cells interlinked within cells interlinked

within cells interlinked within one stem... And

dreadfully distinct against the dark, a tall white

fountain played.�

Blade Runner 2049

Tabletop, precision measurement proposals present candidate atoms or molecules,

describing the features of those species that make them sensitive to new physics and

well suited for the measurement. There has been a tendency in recent decades to shift

towards greater system complexity in order to leverage the additional quantum states

for enhanced sensitivity. For example, the use of polar molecules have improved the

electron EDM limit by about two orders of magnitude compared to limits set by atomic

experiments [24, 26]. These molecules tend to have two or more atoms and unpaired

electrons in the case of electron EDM experiments, and in general producing su�cient

quantities of cold molecules is more di�cult than creating atomic beams.

One method for producing cold molecules is via assembly, where trapped, ultracold

atoms are photoassociated or magnetoassociated into trapped, ultracold molecules. At

the end of this process, the system entropy is low, and no additional laser cooling is

required in order to perform a measurement. Nonetheless, the atomic constituents must

themselves be laser coolable for ultracold assembly to be applicable, and many of the

resulting molecules are not amenable for electron EDM or nuclear MQM experiments.1

1There is a proposal for a Schi� moment measurement, which are performed in closed-shell systems,
using trappedFrAg molecules produced via ultracold assembly [55].
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Another common approach is to produce beams of cold molecules through chemical

reactions that take place through laser ablation of solid �targets� that contain the atomic

constituents of a molecule (possibly in the presence of other gaseous reagents). The

reaction products could include many di�erent atoms, molecules, and atomic/molecular

ions, including the particular molecule of interest. In general, many orders of magnitude

more molecules can be produced through laser ablation compared to using ultracold

assembly, but they are relatively hot and have high internal entropy, populating many

rotational states. Non-reactive gases at cryogenic temperatures can be used to thermalize

the translational and rotational states in molecules and entrain the molecules into cold,

bright beams. This approach�cryogenic bu�er gas cooling�is the primary technique by

which arbitrary molecules, including free radicals, can be produced at cold temperatures.

Molecules produced in this way must be further cooled to �ultracold� temperatures in

order to load them into magneto-optical traps. Due to the di�culties in decelerating

heavy molecules (see Chapter 4), there is an advantage in producing molecular beams

that are as slow (and cold) as possible from their inception. Therefore, we built a 1 K

cryogenic bu�er gas beam (CBGB) source, which we was used to investigate particular

molecules and develop methods applicable to polar molecules generally. This cryogenic

beam source was the primary site of all of the experimental work described in this

thesis.

This chapter provides a summary of relevant details about our CBGB source design,

construction, and performance as well as a brief overview of the most common methods

performing measurements on cold atomic and molecular beams. The construction of

the beam apparatus was completed over two years, and was accomplished primarily by

myself, Yi Zeng, and Phelan Yu, and the reader is referred to other doctoral theses in

the Hutzler Lab for details on particular aspects of this beam source, where appropriate

[36, 37, 56]. Later chapters focusing on particular experimental work describe the

particular modi�cations made to the beam source and simulations that are speci�c

and relevant to those projects. Additionally, a Monte Carlo simulation framework for

studying atomic and molecular beams is described. The simulation framework was

developed over two years by the thesis author.

3.1 Cryogenic bu�er gas beam sources

Cryogenic bu�er gas beam sources are commonly used in molecular beam experiments

because they achieve lower temperatures than e�usive beams and lower beam velocities
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than supersonic beam sources [57]. In many cases, bu�er gas sources can also generate

more intense beams than supersonic sources with molecular pulses of a factor of 10 or

higher duration. Experiments that seek to slow, cool, and trap molecules bene�t from

working with beams that are as bright, cold, and slow as possible. Here we describe

the basic principle of operation of a CBGB source. Quantitative details in terms of cell

parameters are available in the review of bu�er gas beams by Hutzler et al. [57].

3.1.1 Principles of operation

A cryogenic bu�er gas beam source relies on collisions between molecules produced in

the gas phase at temperatures as high as� 10000 Kand bu�er gas atoms at cryogenic

temperatures. Noble gases, such as neon or helium, are commonly used as bu�er gases

due to their negligible chemical reactivity.2. By maintaining bu�er gas densities in a

cryogenic cell to a range ofn = 1014 � 1017 cm� 3, a su�cient number of collisions can

take place to thermalize translational and rotational degrees of freedom of the molecule

before molecules di�use out to the edge of the cell.

By adding a few-mm aperture to the cell, molecules can exit the cell. For a bu�er

gas �ow rate in a typically intermediate Reynolds number regime, the molecules ex-

perience �hydrodynamic enhancement� and become entrained into a molecular beam.

Furthermore, the angular spread of the beam is reduced in cases where the mass of

the bu�er gas atom is less than the mass of the molecule, increasing the brightness

along the beam axis [57]. Because the bu�er gas is itself inert, this method can be used

to produce cold beams of both non-reactive molecules as well as free radicals that are

commonly used for EDM experiments, with typically1010 � 1013 molecules produced

per ablation shot, depending on the species, ablation target, and reaction kinetics.

The two most important timescales that must be understood for creating a bu�er gas

beam source are the di�usion time� di� , the time required for a molecule to di�use out

to the cell walls, and the pumpout time� pump , the time molecules spend in the cell

before being extracted through the aperture. Both of these times tend to be between

1-10 ms. A ratio of these two timescales can be de�ned as


 cell �
� di�

� pump
; (3.1)

2At vacuum pressures, helium does not freeze at any temperature, allowing helium bu�er gases to
be operated at lower temperatures (typically 4 K or lower) compared to neon. Neon bu�er gases do not
contribute extra pressure in molecular beam experiments because neon is e�ciently cryopumped by 10 K
cryogenic surfaces. Helium can also form liquid thin �lms at low temperatures, which can complicate
ablation dynamics. Optimal choice of a bu�er gas is therefore system dependent.
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in order to parameterize the cell extraction. In the �hydrodynamic enhancement� regime,

where
 cell & 1, molecules exit the cell into the beam e�ciently prior to di�using and

sticking to the cell walls. The actual relationship between the extraction e�ciency and

bu�er gas �ow rate depends strongly on the cell geometry and method for introducing

the particular species, but e�ciencies for typical molecules are� 10%, with > 40%

e�ciencies observed in some species [57]. For CBGB operation, thermalization with

bu�er gas atoms should proceed at timescales shorter than both� di� and� pump . Bu�er

gas sources usually operate in the e�usive or intermediate Reynolds number regime,

with particular cell and aperture designs to create slower beams, greater extraction

e�ciency, etc. [58, 59].

For the goal of slowing, cooling, and trapping molecules, the beam forward velocity is

a critical parameter. In the intermediate �ow regime, the beam velocity is determined

by collisions with bu�er gas atoms near the cell aperture, where these collisions lead to

boosting of the molecule forward velocity relative to their thermal velocity. The forward

velocity increases from the e�usive velocity limit linearly with Reynolds number, then

increases sub-linearly until it asymptotes to the velocity for molecules in the supersonic

limit [57].

As discussed in detail in Chapter 4, laser cooling and trapping molecules requires

e�cient deceleration. To further reduce the beam forward velocity, a slowing cell can

be employed. A slowing cell is an additional square cross-sectional region attached to

the �rst cell. The �rst cell is constructed with the typical geometries described above

to achieve large extraction e�ciency. The second cell contains several vents (with e.g.,

copper meshes) for bu�er gas to escape so as to reduce the bu�er gas density. The lower

density reduces the number of collisions between molecules and bu�er gas that occur

in the second-stage, and these collisions reduce the forward velocity of the molecules

without heating them. Thus, a slowing stage allows for generating a cold, e�usive beam

that leverages the high extraction of the �rst stage. However, the second stage reduces

the extraction by a factor of10� 100, which must be taken into account in determining

the overall enhancement in slower velocity classes from using a slowing cell.

3.1.2 Building a 1K cryogenic bu�er gas beam source

The cryogenic beam source consists of two basic subsystems: (1) a vacuum chamber

containing a cryocooler, thermal radiation shields, bu�er gas lines, and cryogenic

cell where molecules are produced, and (2) a room temperature beamline where the
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molecular beam can be manipulated and measured. When the work in this thesis began,

closed-cycle 1K pulse tube cryocoolers had recently become commercially available.

The technology we employed was new and the vacuum system was littered with critical

engineering �aws. Rectifying these issues, along with personnel limitations and supply

chain disruptions caused by the Covid-19 pandemic, greatly delayed the construction

and operation of this cryocooler. The modi�cations that were made to the cryogenic

system were devised by our collaborators, Louis Baum, Ben Augenbraun, Zack Lasner,

and John Doyle, and several of these designs were further adapted for our system by

Phelan Yu (Appendix C of [60]). These modi�cations are brie�y described in this

thesis where appropriate.

Cryogenic vacuum chamber

Cryogenic temperatures are achieved using a Cryomech PT415 pulse tube refrigerator

with a 1K liquid helium pot, housed in a Precision Cryogenic Systems, Inc. aluminum

vacuum chamber. The PT415 cryocooler, pictured in Fig. 3.1(a) has three cold heads.

The �rst two are held at just below 50 K and 4 K, respectively, through the operation

of the pulse tube. The third cold head is cooled to 1.4 K through evaporation of

liquid helium, and adiabatic expansion of the gas through a Joule-Thompson valve.

The helium then relique�es into a pot anchored to the cold head. A copper thermal

switch connecting the 1K and 4K cold heads (Fig. 3.1(b)) can be deployed for initial

cooldown of the 1K cold head to 4 K, promoting helium condensation in the pot. The

thermal switch provided with the system did not supply reliable thermal contact and in

practice had to be toggled repeatedly to ensure good performance, but the switch was

not ultimately necessary to achieve 1K operation.

The majority of modi�cations made to our system revolved around issues with the

manufacturer's initial engineering of this closed-cycle helium loop used to reach1:4 K.

One class of issues revolve around contamination and obstruction of the helium loop,

which obstructs liquid helium condensation and evaporation and prevents 1 K operation.

The adsorber installed as part of this loop contained a dirty, cotton-like material that led

to frequent contamination of the line. Moreover, the supplied scroll pump that creates

a pressure di�erential across the loop contains a elastic tip seal that slowly releases

molecules that can also freeze in this line. In order to ensure contamination-free

operation, this adsorber was bypassed and sent through a liquid nitrogen cold trap

from Oxford Instruments (H6-103 cold trap) attached via a custom adapter plate (H9-

HND0057) to a38 L dewar (IC-38RX-CTI 38 li), with0:5 � m inline VCR �lters. This
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Figure 3.1: The Cryomech PT415 cryocooler. (a) The cryocooler mounted inside
an aluminum vacuum chamber with the 50K, 4K, and 1K cold heads labeled. (b) A
closeup of the thermal switch connection between the 4K and 1K stages. In practice,
this switch needed to be toggled repeatedly before adequate thermal contact between
the 4K and 1K stages was established, though the switch is ultimately not needed for
1K operation when other heat loads are mitigated.

system, shown in Fig. 3.2(b) was designed and assembled by Phelan Yu. The addition

of the cold trap means that the 1K recirculation system is no longer truly closed-loop,

but the large dewar volume allows operation for 7 to even 21 days before needing to

re�ll with nitrogen, which is both manageable and convenient. A large volume of

nitrogen is depleted on initial cool-down of the cold trap, and therefore periodically

�lling it with a single small dewar every 2-3 days allows for largely interruption-free

operation. The adsorbers in the cold trap can become full over an approximate period

of six months to two years, depending on how continuously the cryostat is in operation.

The cold trap would then need to be baked out at100°C. Over the course of this thesis

work, the cold trap was baked out no more than twice.

Another major issue with the cryostat as we received it was the lack of internal volume

in the 1K loop for helium that evaporates out of the pot. In particular, as the system

cools down, the amount of liquid helium that accumulates in the pot is minimal, and

much of the helium stays in the system in gaseous form until liquefaction begins. The

5 psig blowo� valves included in the system easily overpressure given the amount of

helium that has to be loaded into the pot for cooldown and the minimal volume in

the line. There were six blowo�s like these present, and each of them had a30%
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