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ABSTRACT

Symmetry is a useful tool for solving problems and is a guide helping us to formulate
new theories to better understand the universe. The violation of expected symmetries
indicates a lack of full understanding and may point towards promising directions
of inquiries. The combined Charge Parity (CP) symmetry is one such expected
symmetry, and it’s violated by a very minute amount in both theory and observations.
Within the Standard Model, we don’t know why it’s here and we don’t know its exact
amount, though it is not enough to explain the observed asymmetry between matter
and antimatter. Hence, studying CP-violating (CPV) physics is a great way to not
only complete the Standard Model but also to find out new physics beyond it. We aim
to measure CPV phenomena in polyatomic molecules. Specifically, we are going to
measure the electron electric dipole moment and the nuclear magnetic quadrupole
moment at a precision higher than ever before. Here I report the progress and
developments we made towards achieving both.
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C h a p t e r 1

INTRODUCTION

1.1 Motivation

In the pursuit of understanding the universe, humanity has gone far. From the early

days of learning from experiences to the scienti�c method of abstract logic deduction

and experimental veri�cation, we now can explain the happenings around us in quite

a convincing fashion. Even under the scrutiny of a curious child, who incessantly

asks 'why?', we can con�dently explain the deep layers of causation, though maybe

with the help of some written records that enhance the human memory, e.g. Google

or Wikipedia. However, when the child inevitably asked the 'why' after we explained

how the Standard Model or general relativity explains their previous question, we

got stumped.

We don't know why there are three generations of subatomic particles in the Standard

Model. We don't know why the Higgs takes on the mass it does. We don't know how

to make the Standard Model compatible with general relativity. These problems are

among the deepest and hardest we have ever faced, after the explosion of discoveries

and new understandings for the past few generations. Of course, it will always

be the case that the problems coming after the solved ones will be deeper and

harder. I prefer now over any period of time in the past, because we understand the

universe better, and have more advanced technologies to help us dig further into the

fundamental workings of the universe. We might fail to answer all of these hard

questions within our lifetime, but they are pursuits worthy of a lifetime.

Because the problems we face are as such, we likely no longer have the luxury

of tackling them with one or two elegant theories or small experiments. Instead,

we will have to prod and probe from all sides, to see the crack in the established

theories, and narrow down the parameter space of the new, one step at a time. One

well-known approach is observing the interactions between fundamental particles

at ever-increasing energy scales, which increases the likelihood of observing new

particles and processes. The Large Hadron Collider is a famous example of such an

approach.

Alternatively, one can try to measure matter and interactions at a normal energy

scale, but with extreme precision. We know from quantum �eld theory that ordinary
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particles are surrounded by the seething quantum �uctuations that contain all the

particles and forces blinking in and out of existence. For these particles and forces,

the higher their energy scale, the shorter they live and the smaller perturbation they

can cause to the ordinary matter. Therefore, the closer we can look at an ordinary

particle, the more exotic new particles and forces we can observe.

In this thesis, I will discuss our work following the latter approach. Speci�cally, we

want to measure the tiny perturbations in ordinary electrons and nucleons caused by

charge-parity symmetry violating (CPV) processes, which I will discuss further in

the following sections. Within precision measurement, there are still countless av-

enues we can choose. The main reason we want to focus on CPV related phenomena

is that many beyond Standard Model theories introduce extra CPV compared to the

Standard Model prediction, and they have the potential to explain many unsolved

mysteries including the baron asymmetry of the universe, dark matter, hierarchy

problems, and �ne-tuning problems. In addition, CPV is not well understood quan-

titatively or qualitatively within the Standard Model[6, 7], so our measurements can

potentially help re�ne the Standard Model.

1.2 Fundamental symmetries and violations

Human has an innate drive towards symmetry, for good reasons. Symmetry helps

solve problems. One of my early fond memories of learning physics is solving

complicated classical mechanics problems simply with the conservation of energy

and momentum. It feels almost like cheating or having a superpower when com-

pared to the cumbersome method of drawing force arrows and balancing forces and

torques, especially when some of them would have 5 pulleys, 6 angled ramps, and

7 frictionless spherical cows. Many of these handy conservation laws come from

continuous symmetries, according to Noether's Theorem.

Symmetries can also be used as an intuitive way to construct our understanding of

the universe. A main aspect of the Standard Model is the gauge theory. By imposing

local gauge invariance, boson �eld, and their corresponding interactions automat-

ically pop out. For example, the existence and interactions of electromagnetism

appear when we try to modify the Schrodinger equation to be invariant under the

local gauge transformation of the form[8]:

	 (®G– C) ! 	 0(®G– C) = 4� 8 j(®G–C)	 (®G– C)– (1.1)

which is a generic transformation that adds a location-dependent phase to the wave-

function.
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Regardless of the genericness, it still feels like quite an arbitrary thing to do, and for

a long time, I had a mental block preventing me from fully comprehending it�that

is, until I read Kane's particle physics book [8]. He talked about how we don't

question where� = <0 comes from as students of physics but will get annoyed

with many quantum physics formulations. Now, I understand that gauge symmetry

is just something people tried and happened to work out, just like seemingly random

auxiliary/helping lines we draw to help solve geometry problems. The reason we

call them symmetries is that similar constructs can be made to understand the weak

and strong forces, and combined with electromagnetic force, their underlying math

is that of the symmetry groups of U(1), SU(2), and SU(3). Hence the success of the

gauge theory not only lies with its ability to describe the physics but also in its use

of universal and expandable concepts of symmetry.

Then there are the discrete symmetries of charge(C), parity(P), and time(T) in-

versions. These are symmetries that we intuitively relate to particle-antiparticle,

left-right, and forward-backward mirroring. In more rigorous terms, symmetry

is observed if all the physics remains constant under the corresponding transfor-

mation. The C transformation is changing all the particles to their corresponding

anti-particles, changing the signs of all the charges. The P transformation changes

the sign of all spatial coordinates. The T transformation changes the sign of the

time coordinates. Naively, we would assume these to be natural symmetries of

the universe, helpful for solving problems and building understanding, just like the

previously mentioned continuous symmetries and gauge symmetries. In fact, we

do use them quite often in dealing with atoms and molecules. Speci�cally, parity

is very commonly used as a label for quantum states, and for identifying allowed

transitions, as will be seen in later chapters.

However, starting in 1956, physicists realized and experimentally proved that none

of these symmetries are exactly observed by the universe. It means, that our universe

is di�erent from the mirror universes where the spatial coordinates of everything

are �ipped, the signs of charges are all �ipped, and the �ow of time is �ipped.

These are very surprising to our intuitions, except maybe the last one. We learned

early on in our physics education, that along the arrow of time, entropy always

increases. However, that is a consequence of probability and statistics. Almost all

the fundamental laws of physics will stay the same if the signs of time coordinates

are �ipped in the equations. For a more in-depth discussion, see the chapter on

time-reversal symmetry in ref. [6].
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As for parity and charge symmetry, we understand quite well why they are violated;

in fact, in the Standard Model, weak force interactions are said to maximally violate

C and P symmetry [8]. We expect the combined CP symmetry to hold, which

intuitively makes the double-negatives-make-positive kind of sense, and, we can

imagine that the mirror universe made out of antiparticles and inverted coordinates

will have the same physics. However, that is not the case, CP symmetry is still not

exactly observed. The violation of CP symmetry is very small, but we don't know

why and we don't even know how much is it within the Standard Model.

For example, the most well-known part of the CPV in the Standard Model is

the Cabibbo�Kobayashi�Maskawa, or CKM matrix describing quark mixing. It

contains a CPV parameter in the form of a complex phase angle. We have measured

it to be of order unity, with uncertainty on the level of10%. That is a fairly large

value. However, the CPV observable arose from it is very small. A lepton analog

exists in the form of the PMNS matrix that describes neutrino mixing. Due to the

weak interacting nature of neutrinos, the CPV parameter in the PMNS matrix is

much less well-measured and less understood.

A more detailed discussion of this lack of understanding will be in the next chapter.

What's perhaps more intriguing is that discrepancies in the amount of CPV between

theory and observation point toward new physics beyond the Standard Model. One

famous example is the baryon asymmetry of the universe or the matter-antimatter

asymmetry problem. From cosmological observations, we know that our universe is

made exclusively from matter instead of antimatter. Since matter and antimatter will

annihilate each other to create photons, we measure the imbalance between matter-

antimatter to be the ratio between matter and photons in the current universe. Based

on observations such as the cosmic microwave background, the ratio is measured to

be around10� 10, which is much bigger than the expected value of10� 26, calculated

from the Standard Model[9, 10]. Hence, there is intense interest in studying CPV

physics, not only to better understand the Standard Model but also to look for new

physics beyond it.

Currently, the only symmetry out of C, P, and T, that holds exactly is the simultaneous

inversion of all three CPT. That is, inverting all three of these, will result in a universe

that works exactly like ours, according to the CPT theorem, and it must be true for

the Standard Model to work, as we understand it. Therefore, another way of studying

CP violation is to study the violation of time inversion symmetry. In this thesis, I

will use CPV and T-symmetry-violation interchangeably. Technically, the quantities
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we are trying to measure here violate T symmetry, though we tend to use CPV more,

for simplicity, convention, and the deeper physics motivations.

1.3 Electron electric dipole moment

The �rst thing we want to measure is the electron electric dipole moment (eEDM). It

is easy to see why the electron having permanent EDM would violate time symmetry.

Let's assume that the eEDM is aligned with the intrinsic spin of the electron in our

universe. Then in the universe with time �owing backward, the electron will spin in

the opposite direction, while the EDM, which is related to static charge distributions,

remains the same. As a result, the electron EDM and spin will be anti-aligned in that

universe, clearly distinguished from our universe[11]. A more rigorous description

is that the electric dipole is P-odd, T-even while the spin is P-even, T-odd. As a

result, an EDM together with a spin violates both P and T.

Such an argument will work the same if we assume the opposite: electron EDM and

spin being anti-aligned in our universe. We know that these two aligning and anti-

aligning are the only valid assumptions to make because we will have to introduce

an extra quantum number otherwise, which is not compatible with known physics

and chemistry. Due to the Pauli exclusion principle, no electron can have the same

quantum numbers; that's why in atoms each orbital can only accommodate two

electrons�one spin up and one spin down. Introducing an extra quantum number

will increase the number of electrons in each orbital, which is not observed in nature.

Based on our understanding of the Standard Model, even though somewhat incom-

plete, we know that the electron almost certainly has EDM, though it is predicted

to be exceedingly small, far beyond our current capabilities to measure it. In terms

of high-energy physics experiments, we will have to upgrade our existing collid-

ers' energy scale by several orders of magnitude. As mentioned in the previous

chapter, CPV is not well understood even within the Standard Model. As a result,

during the course of my graduate study, the calculated eEDM1risen from the CPV

physics in the Standard Model has been modi�ed upwards and currently stands at

1•0 � 10� 354cm[7]. Compared to the previous calculation of1•0 � 10� 384cm [12],

that is a 3-orders-of-magnitude change in the prediction.

Such a dramatic change in prediction won't be as surprising if one takes into account

that we understand very little about the CPV sources in the Standard Model. The
1Rigorously speaking, what's predicted is the e�ective eEDM, where CPV interactions between

electrons and nucleons were taken into account.
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main sources of CPV are the CKM matrix, the PMNS matrix, and the\ angle. The

�rst two matrices come from the weak interactions, mixing quarks and neutrinos

respectively. They can be parameterized to have one CP-violating phase each.

While we don't quite know why they exist, we are able to measure them. In the

case of the PMNS matrix, the most up-to-date measurement still leaves the CPV

parameter with a� 30%uncertainty [13], because neutrinos who only interact via

weak force are notoriously hard to measure. Similarly, the CKM matrix is also

a result of the weak force, and its values are also not precisely known, though a

bit better than the neutrino ones. The value of The�\ angle is a parameter of the

CPV term in the strong force, which can take on any value between zero and2c.

However, current experiments like neutron EDM measurements have constrained

its value to be extremely close to zero,�\ Ÿ 10� 10 from neutron EDM measurement

[14], leading to a �ne-tuning problem called the strong CP problem.

It is easy to see why measuring EDMs is crucial in advancing our understanding of

CPV physics, both in and beyond the Standard Model. There have been quite a large

number of experiments trying to measure it at higher and higher precision. Just

like the calculation of it, there have been multiple new developments throughout my

graduate study. The �rst is the ACME collaboration setting a new limit on eEDM

with ThO molecule beam measurement in 2018 [15]. The second is a measurement

done with the trapped molecular ion of HfF+ at JILA in 2022 [16], which is, at

the time of writing, the most precise measurement that places an upper bound of

4•1 � 10� 304 cm on eEDM. Compared to the theory calculation, the gap is now

"only" 5 orders of magnitude.

To put that into perspective, the eEDM measurements have been improved by 3

orders of magnitude in the past two decades, largely thanks to the innovative devel-

opments of new platforms like diatomic molecule beams and diatomic molecular

ion traps. Taking into account the possibility of further re�ning Standard Model

calculations, and larger eEDMs resulting from new physics, it won't be surprising

if we are going to see non-zero measurements soon in the following few decades.

Granted, further improving precision is going to be harder and harder. That is why

we are excited about developing a new platform of trapped polyatomic molecules

for eEDM measurements.

Another way of thinking about the current progress in eEDM measurements is how

they put constraints on possible new physics. Many beyond Standard Model new

physics would introduce CP-violating new forces or new particles, such as super-



7

symmetry models, baryogenesis theories, and two Higgs models. These new forces

or particles would generically introduce a CP-violating phase when interacting with

the electron on the one-loop level. The interaction Feynman diagram is analogous

to that of the electron anomalous magnetic moment, and a simple estimation of

the mass scale of the new physics can be done by comparing it to the one-loop

calculation of electron anomalous magnetic moment [17]. Using such estimation,

the current eEDM limit sets a constraint on the mass scale of the new physics to

" & (6 U1  2)40 TeV, where6 is the e�ective coupling strength of the new particle

to the electron, andU � 1  137 is the �ne structure constant [16]. Under the

assumption that the coupling is of the same order of magnitude6 U1  2 � 1, and the

CP phase factor of the coupling is of order unity, we can say that the current eEDM

experiments are probing new physics on the mass scale of� 10 TeV, which is an

order of magnitude higher than that of the Large Hadron Collider.

1.4 Nuclear magnetic quadrupole moment

Another T-violating phenomenon we want to measure is the nuclear magnetic

quadrupole moment (nMQM). Just like EDM, any elementary particle possess-

ing an MQM will break T symmetry, but unlike EDM, electrons can't have MQM,

because it's a tensor quantity and can only exist in angular momentum� � 1 sys-

tems, which requires working with nuclei having nuclear spin� � 1. The observable

of nMQM in molecules can be expressed as/ ( )̂ =̂, where( is the valence electron

spin,)̂ is the rank 2 tensor relating MQM shift to the nuclear spin orientation, and

=̂ is the internuclear axis direction [18]. The( is the only T-odd quantity, while all

the others are T-even. As a result, the nMQM is T-odd.

Similar to EDM, we can have a simple picture to intuitively understand why it

violates T symmetry. nMQM can be understood as an EDM orbiting the nuclear

spin (see Figure 1.1). As we go into the T-reversed universe, the nuclear spin, just

like the electron spin will reverse direction. The EDM will also reverse direction

as we have argued in the previous chapter, being a T-odd quantity. However, the

orbit of the EDM will also go in the other direction when the time is reversed. As a

result of these two reversals canceling out each other, the MQM will stay in the same

direction. Hence, in the T-reversed universe, the nuclear spin direction relative to

the MQM direction is opposite to the relative direction in our universe, which means

that the physics is di�erent between the two universes, and T-symmetry is violated.

While both eEDM and nMQM violate T-symmetry, they largely arise out of di�erent
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Figure 1.1: An intuitive picture of the nMQM, where� is the nuclear spin.

physics. The nMQM can be caused by orbiting nucleons having EDM, just like the

intuitive picture in the previous paragraph. In a spherical nucleus, the valance

electron is a main contributor; However, in a quadrupole-deformed nucleus more

nucleons will be able to contribute, so deformed nuclei are much preferred for the

purpose of measuring nMQM [19, 20]. Aside from the nucleon EDM, nMQM can

also arise from P,T-odd internuclear forces and interactions. They come from various

underlying CPV processes in the Standard Model, including the QCD CP-violation

(the\ angle) and �avor-changing weak interactions described by the CKM matrix.

Perhaps more exciting, are the contributions from beyond Standard Model CPV

hadronic physics, which, depending on the models, can be orders of magnitudes

larger than the contributions from the Standard Model nucleon EDM and P,T-odd

nucleon-nucleon interactions [19].

While eEDM will also have some QCD contributions, largely due to the quarks and

gluons in the quantum �uctuations surrounding the electron, the nMQM is a much

more direct manifestation of hadronic CPV physics. In experiments using atoms

and molecules, the nMQM will interact with the valence electron magnetically,

resulting in induced eEDM. Fortunately, the magnitude of that will be proportional

to the nuclear spin projection, so its e�ect can be distinguished from the actual

eEDM. nMQM will be a great compliment search not only in terms of the underlying

physics, but also in terms of the observable that is the same as eEDM, but easily

di�erentiable[21].
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In a CPV-sensitive molecule with a nuclear spin larger than 1/2, we are expected to

see three T-odd observables: eEDM, nMQM, and nuclear Schi� moment (NSM).

Without going into too much detail, the NSM is the unshielded component of the

nucleon EDM. Any electronic moment of the nucleus will be naturally shielded

by the electrons but NSM becomes observable due to the relativistic e�ect of the

valence electron and the mismatch of the charge distribution and EDM distribution

of the nucleus, an e�ect greatly enhanced in deformed nuclei [22, 23]. In general, it

is harder to interpret than the nMQM, which is not shielded because of its magnetic

nature [19]. All three observables have coupling parameters that describe the

sensitivities of the molecule to them. These parameters are calculated using ab

initio or semi-empirical methods. Therefore, it is crucial to test the reliability of

these methods before we can reliably interpret any results [18].

Compared to the eEDM, the interest in nMQM is relatively new and there are not

a lot of previous results. Currently, the limit is set by, interestingly, an eEDM

experiment on Cs, in 1989 [24]. That limit is not often discussed as there are

more modern and precise experiments to measure the nuclear Schi� moment, which

arises from similar underlying physics sources as the nMQM [21]. Currently, the

best constraint for new physics in the hadronic sector is set by the nuclear Schi�

moment set by eEDM measurements done with Hg atoms [25]. Adapting modern

molecular CPV search methods to MQM-sensitive molecules is a challenge, but will

result in orders-of-magnitude improvements in sensitivity to hadronic CPV physics.
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C h a p t e r 2

MOLECULES

2.1 Why polyatomic molecules

As discussed in the previous chapter about eEDM, the recent decade of progress

in eEDM measurements is dominated by new platforms of molecules. There is

a simple explanation for why that's the case: molecules provide several orders of

magnitude enhancement to the eEDM sensitivity via easy-to-align internal E-�elds.

To elaborate, the experimental observable of eEDM is an energy shift proportional

to the e�ective E �eld the electron experiences. Let34 be the electron EDM,� � � "

be the Hamiltonian term or the energy shift of the eEDM, and� 4 5 5be the e�ective

E �eld. We have� � � " = � 34 � � 4 5 5, by the de�nition of � 4 5 5, which depends on

the details of the electronic structure of the atom or molecule. It will require extra

considerations if we are trying to measure it inside atoms or molecules. Intuitively,

we expect the electrons in atoms to experience zero E-�eld on average. Even when a

strong external E �eld is applied, we would expect the charge to redistribute and end

up in an equilibrium where the electron experiences no net E �eld. That is similar to

the nuclear Schi� moment mentioned in the previous chapter. According to Schi�'s

theorem, in non-relativistic quantum mechanics, there can be no �rst-order Stark

shift proportional to the electric dipole moment of either the electron or the nucleon.

However, as electrons travel through the nuclei, they experience relativistic speed;

thus, we can evade the screening by noticing that, while the E �eld averages out to

zeroh®� i = 0, the interactionh®34 � ®� i 6= 0, because the dipole moment experiences

Lorentz contractions [26]. In fact, we now know that for atoms with heavy nuclei,

the e�ect of eEDM is actually relativistically enhanced by a factor of� / 3, and

nMQM is enhanced by a factor of� / 2 [27].

For atoms, because they can never be fully polarized in any realistic lab E �elds, the

e�ective E �eld � 4 5 5is proportional to the applied lab E �eld� ;01, so� � � " / � ;01

[25]. Typically, the polarization achievable in atoms, with a realistic maximum lab

E �eld of � 100kV/cm, is on the level of� 10� 3, far away from the full polarization

of 1 [11]. It is not the case for molecules, as some molecules can be easily fully

polarized and provide the full strength of the internal E-�eld, which is much larger

than the� 4 5 5achievable in atoms. In other words, molecules can realize the full
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relativistic enhancement of eEDM. Also, when molecules are fully polarized, they

are e�ectively fully aligned with the applied E �eld, so �uctuations in� ;01 won't

directly translate to �uctuations in� 4 5 5and thus the CPV observable� � � " . In

comparison, the uncertainty for eEDM measurements in atoms is� � � � " / � � ;01,

and the applied E �eld, especially a strong one, is extremely di�cult to set up to

be precise and stable. Thus molecule experiments suppress some of the strongest

systematic uncertainties. It is not surprising that we have seen a full pivot of the

CPV precision measurement �eld toward molecular platforms in the recent decade.

Currently, the leading edge experiments are the ACME ThO molecule beam exper-

iment and the JILA HfF+ trapped molecular ion experiment [15, 16]. Compared

to atoms, molecules in general are considerably more complex in structure. One

major challenge that we face in working with molecules is the inability to cycle

photons, without signi�cant additional e�orts. Photon cycling is arguably the most

crucial tool for manipulating atoms and molecules with lasers. A simple two-level

system can continuously be excited by absorbing a photon and then drop back to the

ground state by emitting a photon. Such photon cycling process is not only used

in laser cooling, slowing, and trapping, but is also necessary for e�cient detection,

population pumping, and state preparation.

In molecules, there are additional vibrational and rotational states that can become

potential dark states which will be further discussed in the next section. If a molecule

falls into these dark states when it's cycling photons, it will no longer be addressed

by the lasers. As an example, the ACME experiments used the ThO molecule for

its high CPV enhancement and good polarizability. The electronic structure that

enabled those things in ThO also makes cycling more than a few photons impractical.

Polyatomic molecules, on the other hand, open up the possibility of �nding a

species that o�ers similar enhancements and allows photon cycling. YbOH is one

such promising molecule; it belongs to a class of molecules that has an unpaired

valence electron, which we cycle photons on, localized away from chemical bonds

such that the interactions with lasers will be less likely to perturb the vibration and

rotation motion of the molecule [21].

Another signi�cant feature for polyatomic molecules is the generic existence of

parity doublets with energy splittings much smaller than any generic parity splittings,

which are the rotational splittings in diatomic molecules. Parity doublets with small

splitting are structures that enable polarization in small E �elds. The existence of

the E �eld breaks the parity symmetry of the free space and thus mixes the opposite
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Figure 2.1: A simpli�ed picture of polarization arising from parity doublets mixing
in applied lab E �eld.

parity eigenstates. As shown in Figure 2.1, when fully polarized, the two mixed

eigenstates become states that have de�nite dipole moments in the lab frame: one

pointing along the E �eld and the other pointing opposite to the E �eld. In other

words, when the molecule is in either of these states, it has a de�nite orientation in

the lab frame, �xing the internal E �eld direction, which becomes the e�ective E

�eld � 4 5 5for our CPV observable� � � " .

Polyatomic molecules will generically have structures providing parity doublets

with small splittings, as a consequence of reduced symmetries. Speci�c to linear

polyatomic molecules like YbOH, the generic feature that provides such doublets

is the; doublets, which will discussed further in the next section. Fully polarized

molecules not only give strong enhancement to CPV sensitivity but also give rise to a

useful feature called internal co-magnetometer. With it, we can �ip the sign of� 4 5 5

without needing to �ip the sign of� ;01, which is a strong method of suppressing

systematic errors related to the applied �elds. Typically, an eEDM experiment will

measure a quantity%that is the sum of two� � � " with �eld-related systematic

error � � canceled:

%= � 0;86=43� � 0=C80;86=43= (� � � " + � � ) � (� � � � " + � � ) = 2� � � " – (2.1)

where� 0;86=43and� 0=C80;86=43are the energy shifts caused by eEDM being aligned
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Figure 2.2: Continuing from Figure 2.1, the polarized states o�er a way to change
the e�ective E �eld without the need to change the applied lab �eld.

and antialigned with the internal E �eld of the molecule. It is e�ectively the same

as �ipping the external E �eld direction and measuring the energy shift di�erence,

but it is practically impossible to precisely apply an E �eld of equal strength but of

the opposite sign in the lab.

The fact that polyatomic molecules can have parity doublets even smaller than that

of the diatomic molecules, and require a much smaller applied E �eld to be fully

polarized, will further suppress systematic errors and simplify aspects of the mea-

suring apparatus related to applying the �elds. Of course, alongside the amazing

advantages, polyatomic molecules also bring a higher degree of complexity, which

will require extra e�ort to control, just like how the transition from atoms to di-

atomic molecules brought requirements of a higher degree of sophistication to the

experiments. Fortunately, the �eld of manipulating molecules has progressed sig-

ni�cantly in the past decade, and many technological advances have enabled the �rst

demonstration of laser cooling and trapping of the �rst polyatomic molecule, CaOH

[28]. I will discuss some of the challenges associated with polyatomic molecules,

or molecules in general in the next section, and have more discussion, in the follow-

ing chapter, about new developments that will enable precision measurements with

polyatomic molecules in the near future.

2.2 Molecular structure

Figuring out molecule structure can be boiled down to doing many-body physics.

We can't solve problems involving more than two interacting bodies exactly, so we
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Figure 2.3: A basic molecule structure with� electronic ground state (no electron
orbital angular momentum). Electronic states that aren't� will look very di�erent.

have to come up with methods of approximation to both undertake calculations and

form intuitive understandings. In order to understand molecules, we use angular

momenta to describe the quantum states of the molecule and the coupling between

these angular momenta helps us understand the interactions and selection rules.

Also, we separate the molecule wavefunctions into separate ones corresponding to

electronic structures, rotational structures, vibrational structures, etc, according to

the Born-Oppenheimer approximation, and treat many interactions perturbatively.

Here, I will mostly discuss features and results relevant to the following chapters,

mostly in ways that I personally �nd intuitive to understand, instead of a full treatment

of molecule structures with angular momentum algebra. For that, see [11, 29].

ELECTRONIC STRUCTURE: most of the concepts are familiar or exactly the

same here as typical atomic physics. There are some slightly modi�ed state labels

to signify it's a molecule state and accommodate extra angular momentum quantum

numbers. For example, we use s, p, d, etc to label the orbital angular momentum

of the valance electron in atoms. In molecules, we instead use� , � , � , etc for the

projection of that momentum onto the internuclear axis. There are more physics

related to chemical bonding and how atom electronic states are mapped before and

after chemical bonding. These are beyond the scope of this thesis and will not be

discussed in detail here. Ultimately, thanks to polyatomic molecules not relying on

electronic parity doublets and the fact that molecules like YbOH have the valence

electron localized around the metal nucleus, their electronic states can be largely
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treated similarly as atoms' and we don't have to elaborate on the chemical bonding.

Here, we will mainly consider the electronic state label, typically in the form of

- 2( +1� (+  � )

 (2.2)

for most of the molecule electronic states we deal with in this thesis. The X

symbolizes the fact that this is the ground electronic state. The excited states are

labeled by A, B, C, etc. instead, usually determined by the time sequence of when

these states are discovered. Sometimes~- is used instead of- , to symbolize the

fact that it's a polyatomic molecule state. The� is the projected orbital angular

momentum labeled with� , � , � , etc for angular momenta of 0, 1, 2, etc. The( is

the valence electron spin. The
 is the total electron angular momentum projection

onto the internuclear axis
 = � + � , with � being the electron spin projection,

though
 is commonly omitted in practice. The+  � label is only used for states

with � = 0, and they symbolize the parity of the lowest rotation level in that state.

Such a labeling scheme is generally suitable for most electronic states in linear

molecules. The exception that is important for us is the label for molecules in

states with bending mode angular momentum. We use such bending states for our

precision measurements, and the scheme used for them is2( +1 (+  � )
% , with everything

staying the same except = � + ; and%= � + � + ;. ; is the bending mode angular

momentum that will be further discussed in the vibration structure discussion.

VIBRATIONAL STRUCTURE: this is where polyatomic molecules introduce most

of the new complexities compared to diatomic molecules. Just by adding one

additional atom, we have to introduce three new quantum numbers to label the

vibration state of the molecule. Previously with diatomic molecules, we only need

one quantum number to denote the vibration mode of the two atoms stretching. The

main thing of note for this stretch motion vibration mode is that, unlike rotational

structures, there are no fundamental selection rules that can limit the transition

dipole moments. As a result, a large amount of new dark states for molecules are

states with higher vibration quantum numbers.

With linear triatomic molecules like YbOH, we conventionally use(a1a;
2a3) to label

the vibration modes, wherea1 anda3 are the quantum numbers for the stretch modes

between the two neighboring atoms,a2 denotes the quanta of bending motion, and;

is the quantum number for the vibrational angular momentum that's projected onto

the internuclear axis. See Figure 2.4. Fora2 = 1, the only possible value for; is 1,
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Figure 2.4: A schematic demonstrating how the vibration motion of a linear triatomic
molecule is labeled. For the bending motion, there are two orthogonal components.
They can be described as the orthogonal bending motions of left-right and in-out
directions. Or in the case ofa;

2 labeling,a2 is the total bending vibration quanta and
; is the bending rotation quanta.

so we often just omit it and use (0,1,0) to label the lowest excited state in bending

mode.

While a1 anda3 are similar to the diatomic molecule stretch motion, it's the bending

motiona;
2 that introduces a lot of new interactions as well as the all-important parity

doublet with small splittings. In another way, bending motions can also be labeled

by two quantum numbers for the two bending motional modes that are orthogonal

to each other, which is probably more intuitive to imagine. Mathematically these

two ways of labeling the bending modes can be transformed between each other.

Intuitively, we can imagine the superposition of the two orthogonal bending motions

can be re-imagined to be a bent linear molecule rotating around the internuclear axis,

almost analogous to how linear and circular polarizations of light work. For the

purpose of calculations and understanding interactions, we prefer using thea;
2 label

since we care about the angular momentum;.

; is the source of the parity doublets with small splittings that linear polyatomic

molecules generically have. We can see why the energy di�erence between a state

with +; and another with� ; would be much smaller, in terms of the moment of

inertia. For example, compared to the end-to-end rotation, the rotation around the

internuclear axis of a slightly bent linear molecule has a much smaller moment

inertia, and thus the energy scale involved is much smaller.
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As an angular momentum,; also introduces interactions with other angular momenta.

Since we are going to use the bending mode of YbOH for measuring CPV physics,

it is crucial to take these new interactions into account. For example, the interaction

between electrons and the vibrational angular momentum will introduce extra energy

shifts in the spin-orbit splitting, as well as cause extra vibronic coupling between

states of di�erent electronic and vibrational quantum numbers [30]. It can be handy

since it couples some of the states that previously were forbidden transitions.

ROTATIONAL STRUCTURE: while polyatomic molecules can introduce more

complexities, in the case of linear molecules like YbOH, we can treat their rotations

exactly like diatomic molecules because of symmetry. We only consider the rota-

tion around the axis that is perpendicular to the internuclear axis, the end-to-end

rotation. The rotational structures are typically not too big of a problem for laser

manipulation, aside from introducing a new angular momentum, since we can often

prevent rotational dark states by using selection rules. We commonly use# as the

label of the rotational quantum number of a state. However, in di�erent labeling

schemes called Hunds' cases, we sometimes only use the label� for the combined

angular momentum of rotation and electron orbit. All these are just approximations,

but we choose di�erent Hund's cases for a more intuitive understanding of what's

going on, and sometimes simplifying calculations. There are also cases where we

use# to label the combined angular moment of the electron orbit, the end-to-end

rotation, and the vibrational angular moment.

While angular momentum coupling is something we are familiar with in the atoms,

usually in the form of spin-orbit coupling, it is far more prevalent and messy in

molecules. Molecules introduce more angular momenta that will interact with each

other and a natural reference axis in the form of an internuclear axis. Therefore, it is

helpful to introduce schemes to facilitate calculations and intuitive understanding.

That is where the Hund's cases come in. Depending on the relative strength of

the various angular momentum couplings, di�erent angular momenta and their

projections are used as good quantum numbers, such that when using them as the

basis for e�ective Hamiltonian matrix calculation, the matrix elements will largely

stay diagonal, making it easier to calculate and interpret the resulting eigenstates.

Such calculation will be further discussed in the next section.

One important case for us is the Hund's case (a). It is for the case where the spin-

orbit coupling is stronger than that of the rotation and the angular momenta like

orbital angular momentum and electron spin are strongly coupled to the internuclear
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axis. As a result, the projection of these angular momenta on the internuclear axis

are good quantum numbers. For example,� for the spin( Projection,� for the

orbital ! projection, and
 for the sum of the two.

The other important case for us is case (b). It is for the case where projections

to the internuclear axis are also important, but the spin-orbit interaction is weak

or non-existent. An example is the� electronic states where the orbital angular

momentum is zero,� = 0. In case (b), the rotation angular momentum# is a good

quantum number, unlike case (a).

We exclusively use the Hund's case (a) coupling scheme for calculations, even for

the states that are more appropriately described by case (b). Hund's cases are

just schemes for organizing angular momentum couplings. Ultimately they don't

change the underlying physics or calculations. By using a single case for calculating

everything, we simplify the basis set and matrix elements preparations with the

sacri�ce being interpretation di�culty. However, in practice, the interpretation is

not hard in our cases.

FINE AND HYPERFINE STRUCTURE: there are some new features still worth

mentioning. Firstly, there's a new term for spin rotation interaction, which is

analogous to the spin-orbit coupling commonly seen in atoms and molecules as

well. Secondly, there are extra hyper�ne terms concerning nuclear spins outside

the atom where the valence electron is from, and they can interact, usually very

weakly, with the valence electron's spin, orbit, or other angular momentum. As an

example, for YbOH, both the Hydrogen nucleus and the Yb nucleus carry nuclear

spins and can interact with the valance electron spin. As a result, we typically

require multiple labels, like� and� 1 for YbOH, where� is the typical total angular

momentum, and� 1 is the total angular momentum excluding the hydrogen nuclear

spin. Fortunately, in the case of polar molecules like YbOH, the valance electron is

localized almost exclusively at the metallic core, far away from the bonding region

and thus far away from other nuclear spins. As a result, the hyper�ne splitting

caused by the other nuclear spin is typically very small and won't cause meaningful

di�erences in most cases. for example, the hydrogen nuclear spin hyper�ne is not

resolved in high-resolution spectroscopy of the171YbOH and173YbOH [18]. They

do contribute to the extra "degeneracies" of the systems, so while we can treat their

energy level to be the same, we have to keep in mind the actual number of sublevels

thanks to the hydrogen nuclear spin.

All these complex structures, ranging from unresolved hyper�ne to the� 10THz
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level large splittings caused by vibrations, make new approaches possible but also

make life di�cult for the experimentalists. We try our best to use clever labelings

and classical analogies to paint an intuitive picture of the molecule structures. At

the end of the day, we sometimes also just have to "shut up and calculate!".

2.3 Calculations: e�ective Hamiltonian

Continuing the theme of approximation, the method of calculation we use is called

e�ective Hamiltonian [31]. Every mathematical description of the world can be

boiled down to equations with some amount of parameters that we can �t using

measurements from experiments. Ideally, we would like to have a set of equations

with only a small amount of parameters that are the fundamental constants of the

universe, and we can conduct ab initio calculations to describe how a complex

system like a molecule will behave. Unfortunately, that is not the case.

What we have currently, is a model where we need to have a handful of free

parameters for each electronic state of each molecule, and depending on the level

of approximation needed, more and more parameters are needed for a good �t.

Nevertheless, the model we have is quite a clever one, with strong predictive power

and a good ability to paint an intuitive picture of the underlying physics. However,

it is important to keep in mind that while all the terms and parameters have speci�c

and descriptive names, they are still approximations, good ones, but sweeping some

details under the rug. That is why it's called the e�ective Hamiltonian.

The general procedure is we �rst come up with a basis set of states with all the

relevant quantum numbers. Then, for each electronic state, we put together all

the e�ective Hamiltonian terms describing all the needed coupling and splittings

together in the form of matrix elements in the chosen basis. By diagonalizing the

matrix for each electronic manifold, we will get the resulting eigenvalues as the

energy levels, and the resulting eigenvectors as the eigenstates correspond to the

energy levels. If we want to calculate the transition dipole moment and branching

ratio between di�erent eigenstates, we can then use the dipole operator to connect

the derived eigenstates and calculate the amplitudes.

In theory, the basis set can be in any arbitrary orthonormal basis that covers the

needed Hilbert space, but usually, we want to start out with something that already

makes intuitive sense and can simplify the matrix diagonalization process. That's

why it's convenient to use the Hund's cases. Di�erent Hund's cases prescribe di�er-

ent sets of good quantum numbers, coming from di�erent underlying schemes for
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coupling angular momentums in sequences. While we can try to use the best Hund's

cases for di�erent electronic states and di�erent molecules to improve calculation

e�ciency, we ultimately decided that it's simpler and easier to communicate within

the lab, to always use Hund's case (a) for basis sets to start a calculation, which

uses the quantum number� – ;–� –
 – �– �– " � , where� is the total angular moment

excluding hyper�ne,� is the total angular momentum,� –� are the electron orbital

angular momentum and electron spin projected onto the internuclear axis,
 = � +� ,

and" � is � projected onto the lab z-axis.

Once the basis is determined, one just has to build a basis set big enough that it

contains all the constituents of the relevant eigenstates. Depending on how o�-

diagonal the interactions being considered can couple, typically, having the max�

number (corresponding to the number of rotation states to include) of the basis set

to be 2 or 3 larger than the eigenstates of interest will be enough. As an example

to illustrate the process, we can consider the basis set for the A state of174YbOH,

which has( = 1  2– ! = 1– �= 0, ignoring the hydrogen hyper�ne. The basis set for

� � 5  2 in Hund's case (a) would have 6 basis vectors, if we don't include the total

angular momentum projected onto the lab z-axis," � . Since we are not going to

include any Hamiltonian terms involving external �elds in the example, the quantum

number" � won't be used in any matrix elements. An intuitive reason for that is

that, without an external �eld acting as a reference, angular momentum projection

in the lab frame is not de�ned. In the form ofj=i = j� –� –
 – �i , these basis vectors

are:

j1i = j� 1–1  2–� 1  2–1  2i (2.3)

j2i = j� 1–1  2–� 1  2–3  2i (2.4)

j3i = j� 1–1  2–� 1  2–5  2i (2.5)

j4i = j1–� 1  2–1  2–1  2i (2.6)

j5i = j1–� 1  2–1  2–3  2i (2.7)

j6i = j1–� 1  2–1  2–5  2i (2.8)

Then it's the di�cult step of �nding the right matrix elements for all the desired

Hamiltonian terms and converting them to the Hund's case (a) basis when needed.

For our molecule, the typical sets of Hamiltonian terms are rotation, spin-orbit,

spin-rotation,� doubling, hyper�ne terms, and the Zeeman e�ect. For more details

on each term see ref. [29, 31]. For our simpli�ed example of A state174YbOH with

6 vectors basis set, we will only include Hamiltonian terms for rotation, spin-orbit,
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and� doubling:

� = � A>C0C8>=+ � ($ + � � 3>D1;8=6 (2.9)

Each of these terms consists of a parameter speci�c to the molecule and electronic

state and some function of the quantum number in the basis vectors. For example,

h=j � ($ j=0i = � (� � � )X(=– =0)– (2.10)

where� is the spin-orbit parameter,� and� are the quantum numbers of the basis

vector j=i , andX is a set of Kronecker Delta functions enforcing selection rules,

which is simplyX(=– =0) = 1 only when= = =0 for � ($ .

The simplicity of this term is due to the fact that we have chosen a basis where

spin-orbit is large compared to other terms, and our basis vectors are chosen to

be eigenstates of spin-orbit. Typically, quantum numbers from both bra and ket

vectors are involved, and the selection rules are more selective. Such as the�

doubling term, which is of the formh=j � � 3>D1;8=6j=0i / X� –� 0� 2. � A>C0C8>=is another

diagonal matrix element withX(=– =0), and it can be derived from the operator form

of � (� � ! � ( )2, with � being the rotation parameter. All matrix element formulas

can be derived from such operator forms using angular momentum algebra, but for

practical scenarios, they can typically be looked up. For both the formulas and

derivations, see ref. [29, 31, 32]

Now with all the ingredients of basis sets and matrix elements prepared, we can

construct the full matrix for each electronic state, and leave the calculation of matrix

diagonalization to the computer. We typically deal with modest-sized matrices,

and the couplings are mostly linear in nature, so it's not very computationally

intensive. The end result will be a set of eigenvalues and eigenvectors, which, as

mentioned before, are the energy levels and eigenstates of the molecule. Based on

the distribution of eigenstates in terms of their energy levels and the constituents of

these eigenstates, we can �nd a Hund's case that's the best �t for the electronic state,

and assign quantum numbers to these eigenstates accordingly.

In our example, the Hamiltonian expressed in our 6 vector basis is a 6x6 matrix

h	 j � j	 i . Diagonalizing it will give the following eigenstates, ordered by their
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eigenvalue:

j0i =
1

p
2

j1i �
1

p
2

j4i = j1  2–�i (2.11)

j1i =
1

p
2

j1i +
1

p
2

j4i = j1  2–+i (2.12)

j2i =
1

p
2

j2i �
1

p
2

j5i = j3  2–�i (2.13)

j3i =
1

p
2

j2i +
1

p
2

j5i = j3  2–+i (2.14)

j4i =
1

p
2

j3i �
1

p
2

j6i = j5  2–�i (2.15)

j 5i =
1

p
2

j3i +
1

p
2

j6i = j5  2–+i (2.16)

The kets after the second equal sign are their new state labelsj�–parityi . These

are the physical observable states. The mixing is a result of the� doubling term.

Basis vectors with equal and opposite� quantum numbers are mixed into parity

doublets. These eigenstates and their new labels are pretty much exactly the same

as the actual A states in 174 YbOH, or even171–173YbOH, just missing some extra

quantum number labels like� for hyper�ne. It just shows how good Hund's case

(a) is in describing the A state YbOH, and how much it can simplify calculations.

Once we have the eigenstates, we can calculate the transition dipole moments be-

tween di�erent states by inserting dipole operators, expressed in Hund's case (a),

between the two state vectorsh	 1j ®3 j	 2i . This is too complex to write down in

general, but one can use the methods of angular momentum algebra to �nd the

expressions for the relevant eigenstates [31]. Together with the energy levels, we

now have the crucial observables we can use to either guide future spectroscopy

measurements or use existing measurements to �t unknown parameters. In ref. [18,

30], we used this e�ective Hamiltonian and spectroscopy experiments to calculate

many important parameters for YbOH, which are crucial for future experiments.

Chapter 4 will present how we used these parameters and similar e�ective Hamil-

tonian to calculate the branching ratios that guided us to �nd a scheme to cycle

photons on171YbOH and173YbOH. It also presents more speci�c details about the

Hamiltonian terms used.
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C h a p t e r 3

EXPERIMENTAL METHODS AND DEVELOPMENTS

3.1 1 Kelvin cryogenic buffer gas beam source
As discussed in previous chapters, molecules have vastly more complex structures
than atoms. Hence, we want our molecules cold not only for reasons similar to that
of the atoms, like lowered Doppler width but also for reasons unique to molecules,
like having more population concentrated in the vibrational and rotational ground
states. The complex structures of molecules also make laser cooling and slowing
on them very difficult. Therefore, ideally, we want to produce our molecules cold,
slow, and in large amounts to begin with. I built a large part of such a molecule
source.

By the time of writing this thesis, the Cryogenic Buffer Gas Beam (CBGB) source
is now the standard workhorse of molecule or even some atom labs [33]. The main
mechanism for how it works is quite intuitive to understand. The target species of
atoms or molecules are introduced to a cell cooled down to cryogenic temperature
and filled with some inert gas, they will thermalize and exit out the cell through an
aperture, after which they can be studied or further manipulated, like being laser
cooled or trapped. Typically, when the target species leaves the cell, its forward
velocity is that of the thermal velocity of the buffer gas at a temperature similar to
that of the cell, which is about 150 m/s for 4 Kelvin and 80 m/s for 1.5 Kelvin, and
many of the internal degrees of freedom also cooled down to mostly concentrate
in ground and low excited levels [29, 33]. Obviously, such initial states are highly
desirable, especially for species that are hard to laser cool and slow.

There are two main methods by which the target species can be introduced. First
is the ablation of solid targets with high energy pulse lasers inside the cell. The
second is introducing target species in gaseous form via a heated fill line into the
cell. These two methods can be combined as well. For example, we can introduce
Yb by ablating a Yb metal target, an excellent ablator, and we can introduce OH
ligands by using a heated fill line to pipe in gaseous water vapor or alcohol vapor.

Typically, the advantage of solid target ablation is its versatility. Most species that
stay in solid form under vacuum can be used as the target, sometimes with the
help of binders like polyethylene glycol (PEG) and laser absorbers like fine-grain
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Buffer gas flow control
Absorption detectors Helium recirculator pump

filter stack for helium
reactant flow control

Pure helium bottle

Figure 3.1: Photo of the back side of the 1 K CBGB source chamber. It shows most
of the gas line structures for operating the CBGB source and the pumped helium 1
K system. A large vacuum chamber used as a dump volume for the 1 K system is
under the table to the left and thus not in the photo. We use the helium from the
pure helium bottle for both buffer gas and the 1 K system. The reactant flow control
is currently not in use, and it used to be used for introducing methanol as reactant
via a heated fill line to the cell.

Yb powder. When ablated by pulsed lasers, most components of the target will be
released in the form of plasma, which will contain a veritable zoo of component
species that will then form molecules and complexes.

The heated fill line is straightforward to understand, though tricky to implement,
due to considerations like heat load and clogging. Most gas will freeze at our
cryogenic temperatures, so we have to heat up the gas line leading up to the cell,
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Liquid nitrogen cold trap
Pulsed YAG ablation laser 

Optics for ablation and absorption
Vacuum manifold

Figure 3.2: Photo of the front side of 1 K CBGB source chamber. The liquid
nitrogen cold trap is used to freeze out contaminants in the 1 K system to prevent
clogging. The pulsed YAG laser is used for ablating targets in the cell. The laser
head is behind the control box underneath the optics table.

but too much heat will prevent the cell from cooling down to the target temperature.
The interface between the heated fill line and the cell is especially tricky since it
have to be somewhat leak-tight, but also thermally isolating. A common failure
mode for the heated fill line is clogging due to gases freezing on the interface. In
general, when correctly implemented, the advantage of the heated fill line is that it’s
more consistent compared to the target ablation method. Especially when the target
species is not a great ablator, the yield difference between shot to shot can be quite
large and hard to average out.
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Cell
Beam

1K stage

4K stage

50K stage

Vacuum chamber

Heat link

Heat link

Gate valve
to beam extension

Figure 3.3: A simple schematic of the 1 K chamber.

Aperture
Ablation snorkelAbsorption window

Opening for target plate
Buffer gas fill line

Figure 3.4: Photo of a typical CBGB cell, with important features labeled.
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Figure 3.5: Example of a target plate with three fresh targets. These are targets with
different ratios of Yb(OH)3 and Yb Powders, glued on with Stycast. The black color
of the target mostly came from the Yb Powder.

50K heat shield Super-insulationActivated charcoal sorbs
4K heat shield Cell

Figure 3.6: Photo of the surrounding structures around the cell. The super-insulation
is multiple layers of thin aluminum-coated mylar, fastened together with Kapton
tapes along the edges, hence the orange color on the edges instead of the shiny silver
color.

The cell is designed to be modular, so it can be easily modified, tested, and optimized.
Optimizing molecule production is an important part of our work, and is always


	Acknowledgements
	Abstract
	Published Content and Contributions
	Table of Contents
	List of Illustrations
	List of Tables
	Introduction
	Motivation
	Fundamental symmetries and violations
	Electron electric dipole moment
	Nuclear magnetic quadrupole moment

	Molecules
	Why polyatomic molecules
	Molecular structure
	Calculations: effective Hamiltonian

	Experimental methods and developments
	1 Kelvin cryogenic buffer gas beam source
	Absorption and fluorescence 
	Spectroscopy: molecule features and common techniques
	External cavity diode lasers 
	State-preparation and spin-precession tests 
	Initial tests of sympathetic slowing/cooling with Rydberg Yb

	Optical cycling in polyatomic molecules with complex hyperfine structure
	Introduction
	Branching ratio calculation
	Method for achieving rotationally closed cycling
	Measuring the number of scattered photons
	Calibration with 41744to4+YbOH
	Spectroscopy of 4171,1734to4+YbOH ^2^+(1,0,0)
	Photon cycling in 4171,1734to4+YbOH
	Conclusion

	Non-resonant cavity for intensity buildup of multiple lasers
	Introduction
	The Herriott cell and modification
	Modeling
	Prototyping
	Performance discussion
	Flexibility and robustness
	Conclusion

	Conclusion and outlook
	Bibliography
	Appendix
	DAQ: experiment control and data taking
	Laser locks: cavity and wavemeter locks
	ECDL details
	Zeeman-Sisyphus slowing 
	Measured lines for ^171,173YbOH photon cycling
	Fluorescence model for laser beam smaller than molecule beam
	Diatomic molecule FCF method and data list


