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ABSTRACT

Extending AMO techniques of motional control to heavy polyatomic molecules
opens new possibilities for precision measurements of fundamental physics. Though
various laser-cooling and deceleration techniques have been applied to diatomic molecules
throughout the last decade, their application to more complex molecules has hereto-
fore been focused on light species, leaving generalizability to heavy species an open
question. To investigate the high-mass frontier, we here study how to extend motional
control to heavy-atom-containing polyatomic molecules. First, we discuss Zeeman-
Sisyphus deceleration of YbOH, which can be used to decelerate species capable of
scattering only 10s of photons. Then, we discuss radiative slowing and magneto-
optical trapping of SrOH, techniques only extendable to species capable of scattering
~ 10* photons. The last work focuses on spectroscopy of nonlinear molecules to assess
the viability of extending techniques of motional control to more complex species. We
find a dependence of both rotational and vibrational control on symmetry group, and
identify a next-generation candidate for laser cooling. We end with a overview tying
these projects together, and assessing the future of motional control along mass and
complexity axes, including brief suggestions of how complementary methods to those
studied here can further expand into the frontiers of molecular control.
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Introduction

Advancement in scientific progress requires advancement in technology. This is the
foundational principle behind the work presented here. In particular, our work aims
to provide a route for improved measurements of fundamental physics using cold
molecules as probes. Since it is difficult to improve the fundamental sensitivity of
molecules to these phenomena, the advancements we pursue are related to control of

the molecules of interest. Improved control will improve the measurement process it-



self, even with similar or even lower fundamental sensitivity than current-generation
experiments.

We start here with discussion of the physics that we hope, one day, to measure. By
understanding the target phenomena it is then possible to derive how new physics
produces low-energy effects. These effects then motivate certain molecular species as
candidates for measurements, including those used in ongoing experiments. Only after
understanding the molecular structure necessary for the physics applications can we
begin to examine how we can hope to exert motional control over some subset of the
set of physically-relevant species.

We end the chapter with an outline of the remainder of the thesis, in which we
present methods and results of molecular control for species that are indeed sensitive

to some instances of new physics.

1.1 FUNDAMENTAL PHYSICS

1.1.1 THE STANDARD MODEL

The Standard Model is the most accurate microscopic physical model of our uni-
verse. Some of the constituents are intimately familiar to atomic, molecular and op-
tical (AMO) physicists through their omnipresence in the low-energy world, like elec-
trons and photons. Others are rarely encountered in our day-to-day work, like strange
quarks and W bosons. Nevertheless, these too affect the structure of atoms and mole-
cules through their contributions to nuclear structure and dressing of nuclear - elec-
tronic interactions. Indeed, all constituents of the Standard Model are necessary to
describe any interaction of fundamental particles; it is this complexity that gives the

theory astounding precision. An outline of the basic structure of the theory is useful



to understanding how fundamental “particle physics” affects the systems we study in
AMO.

The Standard Model is a quantum field theory (QFT) composed of a number of
fields that permeate all of space. Fundamental matter like leptons and quarks are
described as spin-1/2 fermionic quantum fields. Interactions between these fermions
are represented by spin-1 “gauge bosons”: photons mediate the electromagnetic in-
teraction, W/Z bosons mediate the weak interaction, and gluons mediate the strong
interaction. Lastly, a scalar bosonic field, the Higgs, enables a mechanism by which
fundamental particles are able to acquire mass. The model itself is written as a La-
grangian that describes these fields and their interactions; time evolution of a system
can be derived by solving the Lagrange equations of motion for initial conditions as
with a classical mechanics Lagrangian.

Because the universe is mostly empty, most* of the fields are well-described as har-
monic oscillators which spend most of the time in their ground state when analyzing
typical physical phenomena. “Particles” (either massive or massless) and their inter-
actions appear as excitations of these fields on the mostly-empty background of vac-
uum. The universe remains near the ground state when such excitations are sparse,
which allows us to use perturbation theory to calculate higher-order contributions to
physical processes.

An easy method of visualizing (and, ultimately, calculating) the various orders of
contributions to a SM interaction are Feynman diagrams. In a Feynman diagram,
particles’ motions through spacetime are just shown by lines, with each SM field (or

at least type of field) represented by a different line. Time usually moves left to right,

*Fields related to the strong interaction are the exception to this, though low-energy effec-
tive field theories of these components act as the other fundamental fields.



though occasionally up to down. The particle trajectories can only change when two
or more particles directly interact, which occurs at a vertex. These vertices are not
arbitrary, and can only exist between particles when a term linking two or more fields
exists in the SM Lagrangian. Processes that are “actions at a distance” in nonrela-
tivistic quantum mechanics are distilled into sets of point-like interactions. The par-
ticles that appear internally in a diagram are called “virtual particles.” Virtual parti-
cles’ kinematics are allowed to violate the mass-energy relation of their real counter-
parts. These particles hence do not really “exist,” unless the collision occurs at high
enough CM energy to produce the rest mass of the virtual particle from vacuum.

This diagrammatic formulation, in addition to making it easier to write down math-
ematically what is occurring as we will see, also makes it easier to see that processes
are Lorentz invariant, as the following example demonstrates. Take the dominant con-
tribution to the electromagnetic interaction between electrons: the electromagnetic
field is shown as the exchange of a photon in Fig. 1.1. Changing the inertial refer-
ence frame makes the slopes of particles’ trajectories change, but not the fundamental
process, making it easier to interpret than having to compute the classical electro-
magnetic force in reference frames with different velocities. Working in the center of
momentum (CM) frame for interaction processes ends up being the simplest approach
most of the time.

A physical interaction does not correspond to a single Feynman diagram. Instead,
the interaction is represented by the sum of all diagrams that exist between the in-
teracting particles; each diagram represents a quantum mechanical amplitude for a
route through which the process can go. The total “cross-section” for a collision be-
tween two particles is the absolute value squared of the sum of all possible ampli-

tudes. These cross-sections are typically what is calculated in high-energy physics,



Figure 1.1: Comparison of a “traditional” electrostatic picture of electrons repelling each other to
the tree-level Feynman diagram approximating the process. The slope of the photon representing
the electric field indicates the finite time it takes for the interaction to travel between the two
electrons, a property not easily seen on the left.

since high-energy experiments are often quite literally collisions of particles. Relevant
AMO-type quantities can also be derived from these diagrams, though, as all SM in-
teractions are essentially collisions between SM particles.

Luckily®, not all diagrams contribute to the total cross section equally. Instead,
they contribute relative to how many loops exist in the diagram, where a loop is a
closed subsection of a Feynman diagram. These diagrams represent small additional
effects to the overall process due to higher-order terms in a perturbation expansion.
This expansion is visualized through these loop diagrams by interactions with other
fields in the Lagrangian.

Diagrams with loops are suppressed by the coupling constants of the loop verticies
compared to the loop-free “tree-level” diagrams. A factor of ~ 1/m? accompanies
any virtual particle propagator, including those in loops, where m is the mass of the
particle in the loop. For most SM processes, physical effects are dominated by the

character of tree-level diagrams, with small perturbations added by 1-loop diagrams,

TNot “luckily” per se, but because the SM coupling constants are typically order 1 or
smaller [1].



+ +...

g = 2 + o/27 +...

Figure 1.2: The two lowest order Feynman diagrams for the magnetic interaction of the electron
and the corresponding values of the electronic g factor they produce.

still smaller added by 2-loop, etc. Note that treating these loops correctly requires a
process called renormalization to get rid of divergences in the calculation, but this is
beyond the scope of this review[1].

A simple example, and one that we will use below to understand beyond SM physics,
of how Feynman diagrams easily illustrate perturbations to tree-level structure is the
one-loop contribution to the magnetic interaction as illustrated in Fig. 1.2. This cor-
responds to the first nonzero contribution to g—2. The tree-level diagram of the inter-
action is just a vertex between an electron (or other charged particle) and a photon.

Calculating the strength of the magnetic interaction, H,,, gives
H,, = g5 B, (1.1)

where § in the spin of the particle, B in the magnetic field vector, and the interaction

strength is set by a g-factor of exactly 2. In other words, the tree-level diagram repro-
duces the Dirac equation result for the relativistic interaction between an electron and
magnetic field.

However, we know experimentally that the g-factor is not exactly 2. There are no



other tree-level SM interactions between charged particles and photons (how could
there be?), so one-loop diagrams are necessary to extend the precision of the pre-
dicted interaction strength. In quantum electrodynamics (QED) there is only one
diagram with one loop, seen in Fig. 1.2. A virtual photon dresses the interaction, and
adds a contribution to the overall process. Calculating the interaction strength from
this diagram gives the famous « /27 addition to the g-factor, which brings the SM
prediction to agreement with the measured value to 4 decimal places with a separate
measurement of « [1]. Adding diagrams with more loops improves the agreement fur-
ther; the current precision calculations calculate the contribution from all diagrams
up to 5 loops|2], and agrees with the measured values to 10 decimal places [3]! No-
tably, loops at this level involve all SM phenomena, and thus measurements of the
magnetic interaction of the electron serve as a probe of all SM physics. Of course,
such a probe is not the most accurate way to test an arbitrary SM constituent, but
agreement at this level between theory and experiment ensures that no large unex-
plained phenomena contribute to the interaction of electron and photon to the 5-loop
level in the SM.

The point of this discussion is threefold: to outline what the SM s, to emphasize
its accuracy, and to give a sense of how Feyman diagrams can model familiar low-
energy physical quantities. Our goal is not to teach the reader how to do these nu-
merical calculations (if you want, see Schwartz [1], Peskin and Schroeder [4]), but
rather to provide an idea of how “particle physics” phenomena produce low-energy
observable effects. Understanding how we move from a theory to these effects will

make it easier to understand how mew particles can affect the SM world.



1.1.2 BEYOND THE SM

As powerful as the SM is, it is at best incomplete. There are several large myster-

ies that it cannot explain microscopically. Despite these inefficiencies, it is also un-
clear how (i.e. at what energy or what length scale, with what interaction) the model
breaks. Direct experimental evidence of a particle or interaction that produces an ef-
fect that disagrees with the SM is necessary to pinpoint how exactly a new, more en-
compassing theory fits around it. While some mysteries in the SM are not likely to be
resolved in manners that produce low-energy observable effects, others can be generi-
cally explained by theories that produce signatures that are actually easier to measure
in low-energy experiments than in current colliders. Two particular phenomena in the
latter case motivate the experimental work in this thesis: (lack of) CP-violation in the
SM and dark matter. We first explain what is meant by each of these, and why they
describe universes incommensurate with the SM. Then, using the language of QFTs
described above, we extrapolate how possible BSM models that explain these myster-

ies can produce specific low-energy effects we can hope to measure.

CP VIOLATION

CP violation is the breaking of the combination symmetry of charge conjugation (C)
(swaps particle <> antiparticle) and parity (P). The relative absence of CP violation is
conceptually at the center of a few specific mysteries in the SM.

The only CP violation in the SM occurs in the Cabibbo-Kobayashi-Maskawa (CKM)
matrix, which describes the weak interactions of quarks [5, 6]. The amount of vio-
lation can be described by a complex phase which determines the relative strength

of a CP-even and CP-odd part of the interaction. In the CKM matrix, the phase is



of order unity, indicating close-to-maximal CP violation [6]. Though it is perhaps
odd that the symmetry is broken at all, there are actually two other possible terms
in the SM which could, in principle also violate CP. The first is the Pontecorvo—
Maki-Nakagawa—Sakata (PMNS) matrix, which is analogous to the CKM matrix

but related to the weak interactions of neutrinos [6]. The CP violating phase is cur-
rently contested and may or may not indicate CP violation [6-8]. The second is the
Oocp term in the QCD Lagrangian related to the strong interactions of quarks. This
term naively appears when writing down the QCD Lagrangian [5, 6, 9]. However, the
CP-violating phase in this term has been bounded to be smaller than 10719 [10, 11],
somewhat anomalous given the typically order-unity size of coupling coefficients in
the rest of the SM. While this 6 parameter is generically allowed to take any value,
no other coupling constant in the SM is consistent with zero to measurement resolu-
tion, which raises questions of whether this term is “randomly” zero or zero because
the model is an inaccurate representation of some other physics that can explain the
smallness of the term. The odd size of this coefficient, especially in light of the nearly-
maximal CKM matrix CP violation, is known as “the strong CP problem.”

A reasonable question to ask is: so what? Perhaps there is just less CP-violation
in the universe than is abstractly possible. (Un)fortunately, the small amount of CP
violation that occurs is also a macroscopic issue. As is, the SM is fundamentally in-
compatible with many models of the formation of our universe [5]. In particular, the
universe today is almost 100% matter, with essentially no anti-matter. Yet the laws
of the SM are nearly symmetric between the two. Unless the initial ratio of matter
to antimatter was fine-tuned to evolve into the distribution we see today, new laws
of physics are necessary to be able to generate such asymmetry from a more generic

distribution. In a seminal 1967 paper, Sakharov noted that laws violating C symme-



try alone (which do differentiate between matter and antimatter) are not sufficient
to generate such violation, because formation of matter particles of one parity would
be equalized by formation of antimatter particles of the opposite [12]. CP symmetry
must also be sufficiently violated to generate an asymmetry between matter and anti-
matter formation [12]. Though there is some CP violation in the SM, it is insufficient
to explain the degree of asymmetry we observe [13]. Thus the lack of CP violation
in the model finds itself at the crux of both micro- and macro-scopic mysteries of the
SM.

Various theoretical resolutions to one or both problems have been conceived within
a field theory framework by introducing new quantum fields/particles that would not
have previously been detected. A famous example turns the 6gcp coupling coefficient
from a number into a quantum field. The ultralight particles produced as excitations
of this field are called QCD azions [14]. Such a field can have a non-perturbative non-
zero expectation value in the early universe, which “turns on” the 0gcp interaction
and allows substantial CP-violation from the SM term. As the universe expands and
cools, the field value can relax to near-zero at current day, masking any signature
of the previously strong SM interaction. Plentiful other theoretical solutions involve
adding massive CP violating particles, with small interactions to SM species that sim-
ilarly allow the generation of baryon asymmetry during the early universe [5, 15]. The
effects of such particles would also be nearly imperceptible today due to their large
masses (recall the 1/m? suppression), but would have been more active participants in
physical processes at earlier times, when the temperature and density of the universe

were substantially higher.
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DARK MATTER

A separate issue (at least nominally) with the SM is that it is unable to provide a
microscopic description of the largest mass contribution to our universe, dark matter.

There is plentiful astrophysical evidence of dark matter [16]. Famously, the ve-
locities of solar systems near the edge of galaxies are far too fast to be explained by
regular kinematics if light-emitting matter (e.g stars) dominates the mass distribu-
tion [17]. Other analysis of collisions between two fast-moving galactic clusters, re-
ferred to as the Bullet Cluster, reveals a discrepancy between the cluster centers of
mass (determined by gravitational lensing) and the center of the solar mass distri-
bution. Lest these examples seem like they may be explained by contemporary mis-
understandings of the universe, gravitational clustering of the ancient universe, as
observed in cosmic microwave background fluctuations, are not explained by SM mat-
ter distributions alone, but seem to indicate large amounts of additional mass were
present in the early universe as well.

Though some of these phenomena can be easily explained by modifying Newtonian
gravity at large length scales, it is difficult to get any particular model to agree with
all astrophysical observations [16]. A simpler solution is that there is actually a lot
of mass in the universe. If such matter exists, it does not interact readily with light,
giving rise to the term dark matter. For a while, it was conceivable that dark matter
could be comprised of SM or SM-adjacent phenomena, like large amounts of neutrinos
or primordial black holes [18]. SM neutrinos are now known to be incompatible with
the observed kinetic energy of dark matter. Primordial black holes are now generally
disfavored, though not entirely ruled out, by more stringent experimental bounds and

better theoretical understanding of black hole formation.

11



Most current hypothetical solutions to the dark matter problem model it as a new
particle in the quantum field theory paradigm. Such a particle would appear to mostly
interact with the other SM particles through gravitation to match current observa-
tion. Akin to the above discussion of CP violation, though, there is theoretical moti-
vation for other interactions to exist between SM and DM particles. In particular, the
formation of dark matter from an earlier radiation-dominated universe likely neces-
sitates some interaction with SM particles, though the identity of this interaction is
capable of taking many forms [19].

While minimal BSM extensions just add new particles ad hoc that can explain the
DM density, many others add particles capable of resolving multiple theoretical dis-
crepancies of the SM at once. QCD axions are one such example, capable of resolving
the strong-CP problem and possibly the matter/antimatter asymmetry. Dilatons are
another example, which can signify the existence of other dimensions that are com-
pactified to small scales, indicating evidence of certain string theories [16]. We will
not look for effects of these particular models, though the fact that many dark matter

candidates also can explain additional phenomena can make the motivation stronger.

1.2 LOW-ENERGY EFFECTS

To search for direct evidence of CP violation or dark matter, it is necessary to un-
derstand what effects possible solutions would create. Though alternatives have been
considered, models of larger theories are typically still embedded in a quantum field
theory framework. This embedding makes it possible to use the same Feynman dia-
grams as with SM processes to model how new particles change or add to interactions

between SM particles.
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1.2.1 EDMSs

Many CP violating new particles are typically modelled as massive bosons. Such par-
ticles were historically favored because they naturally appeared in supersymmetric
(SUSY) models which would contain bosonic counterparts to all SM fermionic parti-
cles (and vice versa). Though the simplest SUSY models have since been ruled out by
experimental work (including of the type we will study), CP violating bosons generi-
cally exist in many other BSM models that are poorly bounded by measurement [15].
The existence of heavy unknown particles is separately well-motivated around current
LHC mass sensitivity limits because electroweak symmetry breaking occurs around
this scale [1]. Such a heavy new particle need not be CP violating, which continues to
motivate high-energy experimental work. However, if a new particle is both of large
mass and has CP-violating interactions with SM particles, CP-violating perturba-
tive effects can arise in low-energy systems. This turns out to be true even if the CP-
violating massive particle is much more massive than any conceivable collider could
produce, and thus offers a unique probe of fundamental physics complementary to
traditional high-energy experimental methods.

To understand the origin of these effects and why low-energy experiments provide
such an advantage, it is useful to compare Feynman diagrams that include a hypo-
thetical new particle, y, that couples to the electron. As noted earlier, Fig. 1.3 shows
the first-order correction to the electron g-factor. If the new particle that replaces the
virtual photon in the diagram has some complex vertex interaction, the interaction
that led to a modification of the magnetic dipole moment of the electron now also
dresses the electric dipole moment (EDM), as seen in the same figure. The size of this

dipole moment is found to be related to sin(6¢cp)/ mi, where sin(fcp) is the imag-
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Y
~0/2m ~(@/2m)sin(0CP)(1/my?)

Figure 1.3: Comparison of 1-loop diagram contributions to the magnetic dipole moment (MDM)
and electric dipole moment (EDM). The MDM diagram is explained in the text and in Fig. 1.2.
The EDM diagram looks similar, but is modelled as arising from a massive particle x in the loop

which has an complex phase (designated by the cross on the line). These factors end up multiply-
ing the result of the loop contribution from the MDM by sin(6cp)/m?.

inary (CP-violating) part of the coupling to the electron and m,, is the mass of the
new particle, via analogous computation to determining the g — 2 modification [15].
Notably, the EDM size depends predominantly on these two parameters and SM val-
ues; it is not a many-dimensional parameter space. If the new particle does not di-
rectly couple to the electron, two-loop (or higher) diagrams will eventually produce
some coupling, and correspondingly an EDM. These EDMs will be, of course, further
suppressed by the masses of the particles in the intermediate loops, but these are typ-
ically smaller than the new particle mass. The power of these EDMs is that there is
essentially no measurable SM background around current sensitivity [20]: due to the
small amount of CP-violation in the SM, the largest a SM electron EDM can be is
calculated to be 5 orders of magnitude below current experimental sensitivity [21].
Since there are no SM Feynman diagrams that contribute to this interaction to a very
high degree of perturbation theory (4 loops), even very massive new particles can pro-

duce a larger-than-SM electron EDM.
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We understand the more general effects of these CP violating particles by noting
that CP violation is equivalent to T violation, or time-reversal symmetry violation.
The CPT theorem that dictates the joint symmetry of C, P, and T must be conserved
if Lorentz symmetry is locally conserved in any Hermitian QFT [5, 22]. It is easy to
see that a permanent electric dipole moment violates T symmetry. To do so we first
note that the EDM of a spin-1/2 particle must be aligned or anti-aligned to the spin,
as other orientations would change the fundamental representation of the particle (i.e.
would no longer transform like a spin-1/2 particle under symmetry operations). When
such a system is placed in an electric field, it feels a Stark shift £ = —d - E analo-
gously to the Zeeman shift in a magnetic field. Unlike the Zeeman shift, however, the
Stark shift for a permanent EDM reverses sign under T-reversal since dx 55 —d
while £ L5 E. The generalization comes by noting that the EDM is not the only such
T-odd electromagnetic moment; higher order P-odd electromagnetic moments are sim-
ilarly T-odd, such as the magnetic quadrupole moments, electric octupole moments,
etc., which can only occur in nuclei since electrons do not have large enough spin
to support such moments. In fact, each of these can be linked to BSM theories via
variations of the Feynman diagram in Fig. 1.3. Which particle(s) in the SM the new
physics couples to most strongly will determine which of these symmetry-violating
moments is largest, and thus searches for any of them in both leptons and nuclei
are complementary when nothing is known experimentally about the nature of BSM
physics. Though there are other potentially observable effects of BSM CP-violation,
T-violating electromagnetic moments (generally referred to together as EDMs) are
a generic consequence of any such interaction [5]. As such, despite our derivation of
the effect from a SUSY-style symmetry violating particle, measuring any such EDM

is sensitive to a broad range of CP-violating effects that may appear in a BSM the-
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ory. All of these moments can arise from models with few new parameters and with
extremely small SM background. Thus, all of these moments are attractive targets for
measurement schemes with high sensitivity.

The existence of the EDM alone does not particularly motivate low- or high- en-
ergy experiments one way or another. However, we will show that low-energy systems
(molecules, in particular) can enhance a measureable effect of an EDM in a way that
is not replicated in collider experiments. Combined with high-precision measurement
techniques, this enhancement increases the sensitivity of low-energy experiment sig-
nificantly beyond what is achievable in colliders in certain regions of parameter space.
Our work tries to measure the electron EDM, so we describe the enhancement factor
for that explicitly. Other enhancements exist for nuclear moments in AMO systems as
well [23-28].

The enhancement comes from the way in which the EDM is measured in a molecule.
The naive approach to measuring an EDM would be to put an electron in a large
electric field and measure the resulting Stark shift. However, such an experiment does
not produce very stringent bounds: large fields necessary to generate a measurable
Stark shift accelerate charged particles away quickly, correlating measurement time
inversely to energy shift. A solution, as first pointed out in Ref. [28], is to instead use
a bound system like an atom. That an energy shift due to EDM direction exists in
such a bound system is not obvious: the bound nature of the system seems to imply
that

(d-E)y=d-(E)=0, (1.2)

a conclusion known as Schiff’s theorem. However, this theorem can be evaded in rel-

ativistic systems, which prevents the factorization of the Stark matrix element into a
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fixed dipole moment and average electric field. Roughly, length contraction changes
the relative energy shift of an EDM when it is close to the nucleus versus far away,
such that the total energy shift need not be zero [29]. In an atom, spherical symmetry
still leads such an effect to be identically zero. However, polarization of the electronic
wavefunction can create a measurable non-zero shift in the polarization frame. This
effect is largest when the polarization is between s- and p- type orbitals, since higher
angular momentum orbitals do not allow the electron to approach the nucleus. The

resulting Stark shift is parameterized by the “effective field” defined as
(W|d- E|l) = kd - E.py, (1.3)

for some numerical constant x of order unity, where the formula implicitly describes
the effective field in the maximally-mixed case where [¢) is evenly composed of s and
p character [30]. Some qualitative arguments, backed up by actual calculations, show
that the relativistic effects that contribute to E, 77 scale as 1/Z3, where Z is the num-
ber of protons in the nucleus [22, 31]. For bound systems with heavy nuclei, the Stark
shift from an EDM can be equivalent to the electron being in a ~ 1—100 GV /cm elec-
tric field [32-34]. This is the enhancement factor that fundamentally comes from the
fact the electron is in a bound system. Lab fields cannot be realized at this strength,
and hence measurement of molecular EDM Stark shifts intrinsically are capable of
resolving smaller EDMs than tests of bare electrons in any measurement scheme.

Full lab-frame readout of such a Stark shift is difficult in an atom, since the large
energy gap between atomic orbitals makes it difficult to highly mix s- and p- type
orbitals. However, polar molecules naturally mix these orbitals to form molecular

eigenstates due to chemical bonding and concomitant orbital hybridization. Field-
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free molecular eigenstates are parity eigenstates; they typically have superpositions

of the spin in both directions making an EDM Stark shift unresolvable in the bare
states. Additional polarization of the molecule in the lab frame is necessary to align
the molecular axis, along which the EDM shift occurs, to a lab-frame axis. This is a
simpler issue to solve than atomic polarization, as molecules generically have more
closely spaced states of opposite parity than atoms. For example, atomic parity only
changes with electronic state, which are typically spaced by ~ 500 THz. Molecular
parity at least changes with rotation (0E ~ 10 GHz), and some molecules have even
more closely spaced doublets due to internal angular momentum like A—doublets,
¢—doublets, or K —doublets (AE ~ 0.01 — 100 MHz). This combination of consid-
erations means that an ideal EDM measurement will use a high-mass, highly-polar
molecule that is easy to polarize in the lab frame. To resolve the smallest Stark shifts
possible, such experiments use Ramsey-type spectroscopy to measure the phase ac-
cumulation due to an EDM in an aligned molecule. These techniques are capable of
measuring extremely small (< 1 mHz) frequency shifts, which further increases the
sensitivity of an experiment. The specific details of how these schemes work is beyond
the scope of this work (but can be found in Refs. [21, 35-39]); the relevant point is
that molecular systems offer both intrinsic and technical advantages that enable much
higher precision measurements of EDMs than any other known technique.

Some molecular states offer additional structure that is useful in rejecting system-
atic errors in a real experiment, so called “parity-doublets”. While polarization be-
tween any states of opposite parity offers some projection of the molecular axis (and
hence effective field) on the field axis, states of opposite parity that arise from the
same magnitude of angular momentum in different directions offer something more.

In such a case, not only will the polarized states be highly aligned with the molecular
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axis, but states of both orientations along the field axis will exist [40]. Switching the
relative direction of the field and Ee #f direction can then be done spectroscopically,
which provides an additional tool to detect non-reversing fields capable of producing
a false EDM shift. There is also a third manifold of states with no lab-frame dipole
moment, which could also be useful for shelving or systematic detection. The origin
of these parity-doublets can be from any angular momentum around the molecular
axis, and include £2/A-doublets in linear molecules from electronic orbital angular
momentum, /—doublets in linear polyatomic molecules from vibrational angular mo-
mentum, and K /K,-doublets in nonlinear molecules from rotational angular momen-
tum around a molecular axis. While not all molecules used in EDM searches have this
structure, our work will focus on identifying candidates for next-generation experi-
ments, and having such structure is beneficial if it is attainable with all other desired

properties.

1.2.2 OSCILLATIONS OF FUNDAMENTAL CONSTANTS

The possible low-energy effects of dark matter are less well defined, in part due to

the large parameter space of possible BSM theories consistent with astrophysical ob-
servation. Weakly-interacting massive particles (WIMPs) were, for a while, the fa-
vored candidate due to their compatibility with SUSY. Experiments in the last sev-
eral decades have now ruled out much of the favored mass range for the most popular
theories. On the other end of the mass range, there is renewed theoretical interest in
dark matter models with 1 eV > m > 10722 eV, called “ultralight dark matter.” Some
such models are also capable of resolving other SM problems (e.g. the QCD axion).
In this particle mass range, the field would have extremely high occupation number to

be consistent with the astrophysical measurements of the DM mass density [5, 16, 19].
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The DM field would then act like a superfluid or BEC; as a coherent field with syn-
chronized oscillations. The amplitude of the field changes in time with period of the
Compton frequency, 7 o< 1/m. To search for candidates of these models, low-energy
experiments search for corresponding oscillations of SM properties, as properties re-
lated to couplings between the DM field and a SM particle will oscillate with the field.
Like is the case with EDMs, the signature of a fundamental oscillation is not repro-
duced by any SM process.

Which properties exactly oscillate with the DM field require some model to under-
stand how it couples to SM particles. The many possible types of ultralight DM are
accompanied by many possible types of SM couplings. The relevant ones for our work
are the “Higgs portal” and dilaton couplings, in which a scalar DM particle has an in-
teraction with the Higgs field or dresses the strength of another SM interaction [16].
Since the Higgs field gives fundamental particles mass, the existence of a Higgs cou-
pling would cause an oscillation of the masses of fundamental particles at the DM
Compton frequency. The dilaton coupling would cause oscillations of various funda-
mental constants, including possibly the mass of fundamental particles. Since much of
the mass of nuclei is not fundamental, but predominantly arises from strong interac-
tions (mediated by gluons), either coupling would likely affect nuclear and electronic
masses differently. Thus, measuring the proton-to-electron mass ratio p conveniently
is sensitive to oscillations of either coupling?. It would require an extreme coincidence
for a DM particle to couple to both sources in the correct way to prevent a net os-

cillation of the ratio. Thus if a DM particle exists and has either dilatonic or Higgs-

fWe are really sensitive to the nucleus-to-electron mass ratio, but conventionally j is the
constant used in similar discussions. Nevertheless, the effects we study are sensitive to oscilla-
tions of either the neutron or proton mass with respect to the electron, and they need not be
the same.
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portal couplings to the SM, then the proton-to-electron mass ratio p = my/me will
oscillate [5]. Each of these interactions is motivated by large classes of BSM physics,
and thus not unreasonable to search for.

Energies of different molecular states depend differently on u, and so oscillation of
the ratio will also cause oscillation of transition frequency between differently sensitive
states [41, 42]. Electronic energy levels all have essentially no net dependence on p
since the energies are approximately determined by E,; =~ e2/a?, where e is the
electron charge and a is approximately the Bohr radius ag = h?/mce?. The more
accurate length scale is the reduced Bohr radius, which does depend on p but only at
the 0.01% level, so it is safe to use the heuristic that there is no substantial electronic
dependence on y. Thus transitions which only change electronic state are insensitive
to variation. In contrast, harmonic molecular vibrational energies depend on /fl/ 2
and rotational energies depend on p~1[41, 42]. The vibrational dependence seen in
the first case by approximating a bond as nuclear masses M(oc mp) on a spring with
k ~ E./R?, where R is the molecular bond length. This length scale is also typically

a Bohr radius, so the vibrational energy goes as

k W2 E, h2E m2et m
Buio = o =M/ 37 ~\[ gz =\ "2~ P ar (L4)

The rotational dependence can be understood by modelling the molecule as a rigid
rotor with moment of inertia I ~ M R? and quantized angular momentum. In such a

case
K2 B K2 thze‘l Me Mee? > Me 15
T MR2T ME T M 2 T YM (1.5)

Erot ~

In both instances, we recover the claimed vibrational and rotational dependence on

1 by using the result above that the electronic energy scale is mostly insensitive to u
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variation.

Anharmonic terms can change the dependence of an energy level further, which can
lead to a enhancement in the relative sensitivity of a transition between two levels.
Arguments like the above for the scaling of other parameters are more difficult, but
discussions of their dependence can can be found in literature [43-45]. The power of
the anharmonic terms does not come from their intrinsic sensitivity, but rather from
the relationship between harmonic and anharmonic energies. In particular, it has
been shown that if the anharmonic contribution to the energy difference between two
states is similar in magnitude to but opposite in sign of the harmonic contribution,
the fractional sensitivity of the transition frequency to p variation is generically very
large [46]. The search for UDM is then reduced to a frequency measurement between
two closely-spaced levels (e.g. ~GHz separation) with different intrinsic sensitivities
and anharmonic contributions. This is convenient, since Ramsey-style spectroscopy is
a well-established technique that is capable of high-resolution frequency measurements
as noted above.

Using this principle, laboratory-based measurements of highly-sensitive transition
frequencies in cold molecules can offer advantages over other techniques in a substan-
tial part of the possible UDM parameter space. The first advantage is related to the
absolute sensitivity of such an experiment. If a suitable transition can be found be-
tween two long-lived molecular states, the absolute sensitivity can be very high; lim-
ited in principle by the uncertainty in a frequency source. Microwave sources can rou-
tinely offer 10716 absolute sensitivity at GHz frequencies, leading to a substantially
improved absolute energy measurement compared to astrophysical measurements
of molecular transitions, which have absolute energy resolution limited by = 2 K

Doppler broadening and/or other large systematic errors caused by relying on distant
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space objects. In addition, the ability to do these measurements over several orders of
magnitude in time offers sensitivity to oscillation frequencies that are not probed at
all by astrophysical measurements. In particular, the bounds from astrophysical spec-
tra come from the fact the molecular sources are very old, and so these results limit
a drift or extremely slow oscillation over universal timescales. However, lab-based ex-
periments can be sensitive to oscillations from approximately the experimental rep
rate (estimated ~ 1 Hz) to the longest timescale of measurement, which can easily be
weeks-to-months, and conceivably over a year. The current laboratory bounds over
this frequency range are set by comparison of atomic clocks for similar reasons. How-
ever, the molecular transitions are intrinsically significantly more sensitive to p vari-
ation than atomic species due the aforementioned structural enhancements, allowing
them to probe smaller coupling strengths [46]. For instance, rovibronic transitions in
molecules can have ~ 10% enhancement factors, compared to ~ 1 for atomic hyper-
fine transitions. In this case, if an oscillation of u took place at 10717 level, a well-
chosen molecular transition would only require 104 fractional frequency sensitivity
compared to the atomic system which would require 1077, Additionally, the smaller
absolute transition scale (GHz) in molecules makes it easier to achieve a lower ulti-
mate absolute frequency sensitivity than atomic sources in the 1-100 THz range. The
lower transition frequency also mitigates some systematics that depend on frequency,
like Doppler broadening. Thus both intrinsic and technological benefits may allow
lab-based molecular searches with closely-spaced states of different sensitivity to cover
parts of parameter space along both the oscillation timescale and coupling strength

axes that are more difficult to probe with other measurement techniques.
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1.3 MOoOTIONAL CONTROL FOR PRECISION MEASUREMENT

Competitive measurement of either EDMs or UDM requires relatively few specific
molecular parameters. As noted above, a molecule for an EDM will in general be
heavy, polar, and with low-lying parity-doublets. A UDM candidate molecule will
have closely spaced states of different fundamental sensitivity to p variation. Though
these are not trivial considerations, there are many such systems that meet these re-
quirements.

To distinguish between systems, we can aim for additional structure benefits. In
particular, though any molecule with the requisite structure will abstractly be a suit-
able choice for an experiment, the degree to which a generic system can be controlled
is low. The greater our ability to exert control over a molecule’s internal and external
state, the simpler it will be to use it as a probe.

Control over internal state is more or less always a qualitative issue: simpler species
have fewer internal states. There is thus a preference for the simplest molecules ca-
pable of delivering us the additional qualities we desire. There is no point in excess
degrees of freedom if a molecule provides no benefits over a simpler species.

Control of an external state in this instance refers specifically to the ability to ma-
nipulate position and/or velocity. Being able to change these variables determinis-
tically is invaluable in managing systematic and statistical uncertainty. In the ex-
treme case, we would specifically like molecules that are fully coolable and trappable
in conservative (i.e. nonradiative) traps. The low temperatures and trap volumes that
have been exhibited in atomic and molecular optical dipole traps [47-49], for instance,
would enable an EDM or UDM experiment to utilize long (> 1 s) Ramsey phase ac-

cumulation times and only require control of external systematics like stray fields over
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< 1 mm? [50]. Even if these techniques are too complex for a given molecular species,
deceleration or transverse cooling can still help increase interrogation time and flux in
an experiment.

No EDM- or UDM-sensitive molecule used in an ongoing experiment is both capa-
ble of delivering all of the desired “physics traits” described above and is compatible
with traditional direct deceleration and trapping techniques. For EDM molecules,
this is because the “parity-doublet” structure in diatomic species can only come from
nonzero electronic angular momentum, which is at odds with structural heuristics for
photon-cycling. Diatomic laser-coolable EDM molecules are currently being studied
([51]), but it will likely be more difficult to do a competitive measurement without
parity-doublets. Studies of u variation in molecules typically use polyatomic molecules
with convenient-to-measure vibrational transitions due to the strong u dependence.
Such species are typically studied in the lab in fast and/or warm beams with corre-
spondingly wide velocity distributions and/or short interaction times [52, 53]. Some
ongoing experiments also use molecular ions, which can be colder, will generally suf-
fer from lower statistics than neutral species [54, 55]. There is an assembled molecule
experiment using KRb molecules searching for p variation that is complementary to
our work [56]; the direct cooling and assembly pathways face different difficulties but
achieve the same benefits in this application.

To what degree techniques of motional control can be extended to polyatomic mole-
cules that are known to exhibit all other structural features desired for a precision
measurement experiment is an evolving question. It is also the foundational question
studied in our work presented here. Though light polyatomic molecules have been
fully laser cooled and trapped ([57, 58]), the degree to which these techniques will be

affected by more massive and complex species that are of interest to next-generation
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precision measurements is as of yet unknown. Previous work in Refs. [50, 59-67] be-
gan to answer this question through initial laser cooling work on the SrOH and YbOH
molecules, candidates for precision measurements identified in [50, 68]. The results
in these works showed that it was possible to least exert 1D forces on these species.
While such results are deeply nontrivial (indeed, unthinkable only 15 years ago), their
utility alone is limited, especially since it may still be possible for similar forces to be
exerted on diatomic species of interest with only modestly more experimental com-
plexity. These results were not clearly sufficient to enable full motional control of a
heavier molecule useful for a precision measurement.

This work in thesis aims to build upon these prior results. We both test the degree
to which motional control is possible now on relevant precision measurement species,
as well as study more complex polyatomic molecules to asses their compatibility with

such techniques in the future.

1.4 OVERVIEW

We begin our discussion in Chapter 2 with a brief overview of molecular structure.
We review the basic energy structure of the molecules we work with and common per-
turbations that appear. We end this section by explaining how this structure can be
used to construct an optical cycle in a polyatomic species, the building blocks for the
experimental motional control techniques in the following chapters.

From there we move to the experimental section of the thesis, which begins with
a demonstration of Zeeman-Sisyphus deceleration of YbOH in Chapter 3. This tech-
nique uses large Zeeman shifts to remove ~ 10 K of longitudinal kinetic energy with

only a few scattered photons. Though this technique requires some optical cycling, it
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is to a sufficiently low degree that our results here indicate that this technique could
be used to decelerate a wide class of polyatomic molecules, including likely many use-
ful for precision measurements.

In Chapter 4, we present results of laser deceleration and magneto-optical trapping
of SrOH. These techniques are mainstays of the atomic physics world, and have hith-
erto only been demonstrated on a single other polyatomic molecule, CaOH. Their ap-
plication to SrOH is not without technical complications due to the molecular struc-
ture, but does indicate that at least some heavier species can be successfully cooled
and trapped analogously to CaOH and several diatomic molecules. Though these
techniques have stringent structural requirements, these demonstrations indicates that
well-behaved molecules should be compatible with this technique regardless of mass.

Our final experimental chapter, Chapter 5, studies to what degree we expect either
of the previous two techniques (or indeed, any technique reliant on optical cycling) to
be compatible with nonlinear molecules. Such species are generically of interest for
precision measurements due to their vibronic ground state parity-doublets with signifi-
cantly longer lifetimes than any other known parity-doublets, but it was not known
how compatible they are with laser cooling. In this chapter, we conduct measure-
ments of the vibrational branching fractions and study the rotational closure schemes
for three Sr-containing nonlinear molecules, and identify StNHs as a candidate for fu-
ture laser deceleration and deep laser cooling. This investigation serves as a bridge
between the current edge of molecular control and the future; between what we can
control at the moment to a truly ideal species for precision measurement.

We conclude with a review of these works and the story they tell together about
the status of molecular control techniques for species of interest to studies of BSM

physics in Chapter 6. Though the existing proposals in literature for using future
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polyatomic molecules are limited, the work presented here offers confidence that some
of these systems can be controlled to similar degree as simpler species. This work is

thus not only important in and of itself for the results included here, but also strongly
motivates searches for new applications of these types of molecules so as to be able to

fully utilize the rich structure they offer.
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And I won’t tell you where it is, so why do I tell you
anything? Because you still listen, because in times like these
to have you listen at all, it’s necessary

to talk about trees.

Adrienne Rich

Structure of Polyatomic Molecules

Despite containing only a few atoms, the small molecules we work with are consider-
ably complex quantum mechanical systems. Understanding this complexity is key to
being able to select, control, and manipulate molecules to achieve our scientific goals.
This chapter distills the relevant points of molecular structure that one needs to un-
derstand the work in the remainder of this thesis.

Since the work described for the rest of the thesis involves both linear and nonlin-
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ear polyatomics, both cases are discussed when relevant. Unfortunately, the language
used to describe the structure of molecules in each case is usually different, though
the physics is not necessarily. We thus begin our discussions with the case of lin-

ear molecules, and then work through the nonlinear cases, making analogies to other
(simpler) molecules where helpful.

A final note: though diatomic molecules are the simplest molecules, no further
work in this thesis concerns them. As such, we avoid theory describing them entirely,
and direct the reader to the many previous Doyle group theses and other works in lit-
erature written on them [65, 69-74]. Reference will be made to ideas in these works,
though hopefully presented with just enough context for the main points to be clear

without a complete review of diatomic molecular structure.

2.1 BORN-OPPENHEIMER APPROXIMATION

The molecular Hamiltonian is actually quite simple to write down: to lowest orders
in an electrostatic expansion, a molecule is just a collection of charges and dipole mo-
ments. For molecules with I = 1/2 or smaller, these are the only terms. Larger spin
nuclei have higher multipole moment contributions as well, though these terms are
suppressed by powers of the nuclear radius.

In the low-moment (I = 1/2) approximation,

A h 1 1 ZaZge? 1 e? 1 Zye?

H=-- — Vit = + — + — -
2 *;m my g;ﬁ dmeo 124 ; Areo 7 ; dmeg 12;
+I:Ies+ﬂhfa (21)

where the Greek indices indicate sums over nuclei and the Latin indices over elec-
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trons. Stars are used for when a term affects nuclei and electrons symmetrically. In
the Hamiltonian, m is the mass of a particle, Z, is the charge of a nucleus, and 7, is
a vector connecting two particles.

The first term is the kinetic energy of each particle. This can be separated by the
usual methods into the center of mass (CM) energy and the kinetic energy relative to
the CM, which allows us to work in only internal coordinates.

The second and third terms are electrostatic interactions between two nuclei or two
electrons, respectively. The fourth term is the electrostatic interaction between nu-
clei and electrons (hence the different sign). The last two terms consist of interactions
of induced and intrinsic dipoles. The fifth term, H,s, is the “electronic spin” dipolar
term, which consists of terms created both by electron-electron spin-spin interactions
and the interactions of an electronic spin and moving electrons and nuclei. The elec-

tron dipole-dipole terms are the familiar

N 1 oL o

where 77; is the vector between the two electrons. The Hamiltonian terms involving
the moving charges are too algebraically complex to write down in a way useful to
look at, but can be found in Bunker and Jensen [75] or Brown and Carrington [72].
Nevertheless, the physics of these terms is intuitive: a moving charge creates a mag-
netic field, which can interact with either the field from another moving charge or
with a permanent magnetic dipole. The sixth term, the nuclear hyperfine term H,, I
includes the nuclear equivalents of the electronic terms in the previous term; the con-
tributions are all smaller due to a smaller nuclear magnetic moment and slower nu-

clear motion.
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The difficult aspect of understanding molecules, as is true of many areas of physics,
is solving this Hamiltonian. Indeed, it is impossible to solve it exactly for any molecule,
even the simplest case of the H; ion [76]. To get any useful model for other molecules,
we must begin to approximate. To do so, we first break up the full molecular Hamil-
tonian in the CM frame into spin-independent (robvibronic) and spin-dependent

terms[75]: I:Ifull = I:Irve + I:Ie&hf, where

A

Hrve — TO + VNN + Vvee + V;N- (23)

The potential (V') terms in this equation are the same potential energy terms in Eq. 2.1,
with the N and e indicies indicating the interacting particles. The use of “rovibronic”
to label this term will become clear soon. The electron spin and nuclear hyperfine
(ﬁes’h ¢) term is the sum of the corresponding terms in the original Hamiltonian.

For most molecules (and certainly for our molecules of interest), the foremost ap-
proximation is to solve H, e first and add the spin-dependent effects as perturbations.
This is not usually a bad approximation. Even when spin-dependent terms are non-
negligible (e.g. the spin-orbit interaction in the A states in StOH and YbOH), in the
molecules we study they are always small enough to be easily added as perturbations
to the rovibronic basis states. Similarly, hyperfine is always small in our species; it is
trivial to add the hyperfine energies and interactions later.

Unfortunately, even the spin-independent H,pe is impossible to solve exactly, but at
least it now looks similar to problems we have approximated before (e.g. the atomic
Hamiltonian; see [77]]). Much as we solve the atomic case by separation of variables,

we can do similarly here with the Born-Oppenheimer (BO) approximation. The BO

approximation refers to the separation of electronic, vibrational, and rotational vari-
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ables. The separation of the electronic degrees of freedom is motivated by the relative
velocities of particles in the molecule. The nuclear motion is, on average, much slower
than the electronic motion, and so the electronic eigenfunctions as functions of the
electronic coordinates r, ®.(R,r), can be approximated as solutions to a Schrodinger
equation where the non-rotating, non-vibrating nuclei are a distance R from each
other[75]:

Te + Vee(R,7) + Ven (R, 1)@ (R, 7) = EcQe(R,7), (2.4)

The nuclear degrees of freedom then evolve under the difference of the robvibronic

Hamiltonian and the electronic Hamiltonian:

(TN + Vee(R) + Ven(R) + VNN (R) — Ec(R)|®ry = Ery®ry(R), (2.5)

shifted such that the minimum of the potential is the electronic state binding energy[75].
A further change of coordinates into the displacement from equilibrium nuclear posi-
tions in the non-rotating axes allows a factorization of ®,., into rotational and vibra-
tional components of the motion ®,, = ®,®, for low amplitude motions, hence the
name. This can be interpreted as an effect of the different energy scales of the two
motions: nuclear rotations should be much lower in energy than bonds stretching,
since the rotational energy is set by h/2I ~ h/(mpyr) but vibrational motion is set
by a spring constant \/k/T ~ \/W where F; is the electronic binding en-
ergy. This factorization of ®,., finally allows us to write the spatial wavefunction as

a product of an electronic wavefunction, a vibrational nuclear wavefunction, and the
rotational nuclear wavefunction: ®;,; = ®,.pe = ®.P,P,. Each component can then be

solved separately. Wavefunctions are typically most easily calculated in each case us-
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ing different bases and approximations. In the following sections we just assert these
approximations, but details on the mathematical transformations from the original
coordinates to the more convenient rigid rotor and harmonic oscillator coordinates
can be found in Bunker and Jensen [75] and Brown and Carrington [72]. Breakdowns
in the BO approximation involve terms that mix the nominally separated degrees of
freedom due to cross-terms in the complete Hamiltonian which effectively couple dif-
ferent types of BO motion (e.g. rotation and vibration). Relevant instances of such
breakdowns are discussed with other perturbations at the end of this section.

Note that there is nothing about the BO approximation that is specific to any size
or symmetry class of molecular structure. This approximation is used both in our dis-
cussion of linear and nonlinear molecules; the labelling of the individual components

of the wavefunction, however, will differ between them.

2.2 ELECTRONIC STRUCTURE

In the BO approximation there is, by definition, no interaction between the nuclear
and electronic motions. The space spanned by the constituent atomic electronic bases
at equilibrium positions of the atoms is, then, a good basis for the molecular elec-
tronic structure. For example, an electronic molecular basis for the hydrogen molecule
is easily formed from linear combinations of two copies of the hydrogen atomic or-
bitals, spatially displaced from each other by a bond length. Such linear combinations
of atomic orbitals (LCAO) save us from having to solve the Schrodinger equation
from first principles.

In general, finding the correct LCAO for a molecular state is still fairly tricky if

there are many atomic orbitals. Finding the nontrivial ground state in such a sit-
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uation is in fact famously difficult for large molecules, and a topic which quantum
simulation seeks to assist on [78, 79]. However, the molecules we work with are not
like this. Our molecules tend to have an alkaline-earth or alkaline-earth-like metal
(Ca, Sr, Yb, etc.) bonded with a halogenic ligand (a ligand that is one electron shy
of a full shell). Why this structure simplifies the electronic wavefunction can be inter-
preted in two ways.

The common [65, 71] way to understand the structure of these molecules is to note
that the ligand, being electronegative and therefore “wanting” one electron, pulls a
single valence electron from the metal to fill the valence shell. The filled-shell ligand
is then negatively charged, and the ionic metal is positively charged. The two con-
stituents then attract each other forming an ionic bond. The valence electron on the
metal is polarized away from the ligand due to like-charge repulsion. Due to this re-
pulsion, the valence electron orbitals look like linear combinations of the metallic ion’s
orbitals, since there is no electron density over the ligand. For intuition about the
electronic structure, we need not find how the atomic orbitals of the ligand and metal
mix, because they simply do not mix much. Even electronic structure calculations in-
dicate that in molecules of this type, the electron is highly localized around the metal
atom [80-83].

Though this semiclassical electrostatic picture is basically correct, it is not easy to
understand how this view arises from an orbital “hybridization” picture of electronic
structure that is common in physical chemistry. As a result, it is less capable of giv-
ing intuition about what happens as the ligand changes from F in diatomic species to
OH, NHs, SH, etc. An alternative view of why the molecules form can be obtained
from considerations of only the atomic orbital energies, which of course already con-

tain the information about the charge, mass, electron number, etc. of the constituent
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Figure 2.1: Schematic of how the ionic bonding picture explains the electronic structure. An
open-shell electronegative ligand pulls a valence electron from an alkaline-earth(-like) atom, and
becomes negatively charged but filled shell. The negatively charged ion then is strongly attracted
to the positively-charged metallic nucleus, but repels the remaining valence electron away. This
keeps electron density near the original metallic nucleus instead of spreading out over the ligand.

atoms. The critical point is the most intuitive: orbitals only mix if they are similar

in energy. In our molecules, the different mass and n quantum numbers in the outer
most orbitals of the ligand and metal leads to vastly different energies required to re-
move an electron from the metal than to remove one from the ligand. For example,

in the case of STOH, the strontium atomic orbitals are filled to the 6s shell, while the
hydroxyl ligand has valence electrons in the 2p shell. The first ionization energy gives
an approximate measure of the relative energies [84, 85]. In the case of SrOH, the ion-
ization threshold of neutral Sr (i.e. gap between neutral Sr and SrT) is ~45,000 cm~!
for Sr, while the ionization energy of OH is ~100,000 cm ™! [86]. In this circumstance,
it is much more energetically favorable to transfer the electron from the Sr atom to
the OH ligand than any other configuration. This is another way of understanding
why the electron fills the ligand outer shell instead of occupying some combination or-
bital without relying on the nebulous concept of “electronegativity”. The energy gap
between the then-filled ligand shell and its next open shell is typically quite large. A

schematic showing the difference between the molecular orbital hybridization in the
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Figure 2.2: Qualitative comparison of the relative energies of the constituent orbitals for the Hy
and SrOH molecules. Because the atomic orbitals in the Hy molecule are similar in energy, the
molecular electronic levels are heavily mixed combinations of orbitals around each atom. In the
SrOH case, however, the OH orbitals are much lower in energy than the Sr orbitals, and so the
molecular orbitals are only slightly perturbed from the constituent bases.

Hs molecule compared to the case of STOH is shown in Fig. 2.2

We arrive at the same conclusion: that the valence electrons are expected to basi-
cally occupy linear combinations of the metallic atomic orbitals. Though this is the
same result, it is easier in the orbital hybridization picture to understand how the
ligand structure qualitatively affects the bond strength from first principles. As the
ligand becomes either heavier or more complex, the electronic state density tends to
increase, which increases the likelihood that states from the two basis sets will mix.
When such a mixing occurs the bond becomes more covalent. This is especially use-
ful intuition in cases of isoelectronic substitution (e.g. F—Cl), though admittedly at
the expense of needing to understand the ligand electronic structure. Conversely, it
is more difficult to understand why the two atoms stay together as a molecule in this
picture than with the semiclassical electrostatic argument. Being able to move be-

tween the two pictures is useful to understanding the most prescient electronic charac-
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teristics of our molecules.

All this is to say that the valence electrons essentially occupy states made of the
metallic atomic orbital basis. Though this is what they “look like,” it doesn’t suf-
fice to label the molecular states with atomic state labels since the symmetry of the
molecule is different than of an atom. In particular, the label L doesn’t quite make
sense due to lack of molecular spherical symmetry. (Neither does n, although it is
close to meaningful in our species. It still isn’t used.) The convention for labelling lin-
ear molecule electronic states is more intuitive in light of the above discussion than

the convention for nonlinear molecules, so we proceed in that order.

2.2.1 LINEAR

For linear molecules, the orbital symmetry is only broken along a single axis; the re-
sulting system has cylindrical symmetry. This symmetry mirrors the case of an atom
in an applied field. In the same manner, we can label the electronic energy levels by
the projection of L onto the internuclear (quantization) axis. This label is well-defined
and useful in our species. Using this heuristic, the molecular state label replaces the
atomic orbital angular momentum (S,P,D,...) with the unsigned projection, A, of the
orbital angular momentum onto the axis (designated 3,II, A, ...). Similarly, the total
spin s is still a useful quantum number in most cases. The magnitude of the projec-
tion of spin on the molecular axis ¥ (yes, another X)) is also frequently referenced; the
relative orientation of these two quantities is sometimes also included as the quantity
= |+ X+ Al in a state label where the sum denotes the adding of the signed projec-
tions (note that the projections can each be negative), labelling an analogous quantity
to J in atomic labels. Note that any of these angular momenta being > 0 implies a

degeneracy; the doubling of a A > 0 state is termed “A-doubling”, and the equiv-

38



alent for Q is Q-doubling (though this is often reserved for instances in which A is
not a good quantum number but €2 is). These degeneracies are eventually broken by
perturbations that are discussed later. The presence of a molecule-frame structurally-
enforced (i.e. a result of a molecular symmetry, not random) degeneracy gives rise to
lab-frame states of each parity.

In addition to the A and X labels, a new label appears with no atomic analog, but
only in ¥ electronic states. A + superscript is used in this situation to denote the
sign of the wavefunction under reflection in a plane containing the internuclear axis.
This property does not exist separately from parity in atoms due to spherical sym-
metry. It is also not necessary in higher angular momentum states since both signed
states exist in the degenerate manifold. Since > states are non-degenerate, this prop-
erty must be uniquely defined, and can affect the allowed axes of transition dipole
moments to other states [75]. It is not commensurate with overall parity of a state,
since rotational and vibrational degrees of freedom will also affect the parity proper-
ties of an individual molecular level.

Overall, the electronic states of linear molecules have term symbols , where

2s+1 AS:)
) and the + are only used when meaningful or useful. Since there is no equivalent to
the atomic n label used, there is no intrinsic way of telling the relative energies of two
states of identical angular momentum using this scheme alone. Additional letter la-

bels (X, 4, B, C...) are used to (typically*) denote the relative ordering of the states,
with X as the electronic ground state, A as the first electronic state of the same spin,

B the next highest state with the same spin, etc. Lowercase labels @, b, ¢,... are used

for excited states of different spin than the ground state. The tildes in either case just

*In older spectroscopy, these labels are related to the order in which the states were discov-
ered. Modern spectroscopy uses these labels in order of ascending energy, when possible.
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indicate the species is not a diatomic molecule.

2.2.2 NONLINEAR

Just as the atomic state labels are not an accurate way to describe electronic states in
linear molecules, linear molecule labels are not accurate in describing electronic states
of nonlinear molecules. The linear molecules’ labels were developed by understanding
how the symmetry was broken from the atomic to linear case. Nonlinear molecules
have still further broken symmetry, to the extent that typically no property related
to L can be a strictly good quantum number for the electronic orbitals. Angular mo-
mentum conservation requires a continuous symmetry, and nonlinear molecules have
none. How we describe the “shape” of the orbital must therefore be decoupled from

a strict association with angular momentum, despite the correspondence in the linear
and spherical cases.

As this discussion precipitates, the electronic states of nonlinear molecules are la-
belled by their symmetry properties. In particular, they are labelled by irreducible
representations of the molecular symmetry group. For reasons that are opaque to me,
and indeed to Bunker and Jensen [75], the molecular symmetry group is isomorphic to
the point group of the nuclei in their equilibrium positions (i.e. not rotating or vibrat-
ing). The electronic states therefore transform as a irreducible representation of the
molecular point group. The molecular point group is the set of discrete rotations, ro-
tations, or inversions, which leave the systems properties identical to the original ori-
entation (as with parity, the sign of a wavefunction can change, just not the probabil-
ity density). An irreducible representation of these groups is a matrix representation
of the group that cannot be decomposed into direct products of smaller-dimensional

representations. Figure 2.3 illustrates an example of how two “orbitals” transform as
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Figure 2.3: lllustration of the elements of the Cj5, point group (left) with the top view two “or-
bitals" that transform as different irreducible representations (A; and As. The characters of group
operations are shown beneath each orbital. The difference in the character under reflection can be
used, with a character table in Bunker and Jensen [75], to label the states correctly. Note that real

orbitals must have some more specific 3D structure to be in this point group, as the orbital view
as drawn is consistent with an additional reflection plane symmetry.

different irreducible representations. Ref. [87] is a useful resource for more informa-
tion on basic representation theory. Luckily, the representations of common point
groups are already enumerated in many places. The correspondence of an electronic
orbital to a particular representation is done mathematically using the “characters”
of symmetry group operations acting on the state. The mathematical character of
a state in a given representation is strictly defined as the trace of the matrix which
completes the operation, but it can be thought of almost like an eigenvalue. For ex-
ample, if an orbital switches sign under a reflection, then the character of the matrix
representation it transforms like will be negative under the reflection operation. These
characters are tabulated with the representations of common points groups in Bunker
and Jensen [75] and other places. The character of the two orbitals in Fig. 2.3 are also
shown under group operations, to illuminate how they could be used to differentiate
the states even without the visual aid.

It is difficult to apropos of nothing assign a symmetry label to a nonlinear molecule

electronic state, but there are some patterns in the molecules we use. If the symmetry
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group of the molecule is capable of having degenerate states, the electronic levels that
correspond to Il states in the linear limit will be E levels; doubly degenerate. If not,
the degeneracy will break the state into two electronic states with one dimensional
representations. Similarly, the ground states of molecules of interest to us are totally
symmetric A states (Ay, A, ... depending on point group). Usually the symmetry of
electronic states of molecules we are interested in are already assigned by past spec-
troscopic work, but understanding what these labels mean makes it easier to draw
comparisons with the more symmetric species. The symmetry groups of molecules
and representations of key electronic states in the molecules can be found in Fig. 2.4
in a graphic demonstrating how the states correspond to SrOH levels.

These symmetry labels take the place of the A label in the term symbolf. The
term symbol of a generic electronic state in a nonlinear molecule is explicitly given by
251 R where R is the representation and s is the spin. Note that the + label in linear
Y. states is not necessary for nondegenerate representations in nonlinear species, as
the representation label already differentiates states with different symmetries under
molecular point group operations (of which reflection was one in linear species).

As with linear species, the states are also labelled by the X,A,B... to describe the
ordering of the states. In our molecules, these will tend to correspond to the analo-
gous label in the linear molecule. The exception is when the molecule is low-enough
symmetry that there is no degenerate representation, which causes the levels that in
linear species are a A 2II state to split into two electronic states A 24’ and B 24" in

the Cy group. No species in this thesis will ever have a more than two-fold degener-

fIndeed, though it is not self-evident in the least, both the atomic and linear state labels
are effectively also symmetry labels; the L or A quantum numbers are labels of irreducible rep-
resentations of the spherical and cylindrical symmetry groups, respectively. As such, the term
symbol always describes the symmetry property, we just associate it foremost with angular
momentum in the high-symmetry cases.
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Figure 2.4: Schematic of the lowest electronic states from molecular point groups that appear
in this thesis. A symmetry group label is noted at the top, with a representative example of the
group at the bottom, though the labels will be generically accurate for similar species. The repre-
sentation that each level transforms as are labelled by each state. The dotted lines show roughly
how the states from SrOH correspond to different levels as the symmetry is lowered.

acyt. This relative consistency makes it easier to understand the relationship between

the linear and nonlinear analogues we work with.

2.3 VIBRATIONAL STRUCTURE

In the BO approximation, the molecular vibrations appear as substructure in an elec-
tronic manifold. The motions are approximated as harmonic excitations of the normal
modes around the equilibrium structure (the harmonic approximation). The modes
are the same as the classical normal modes of masses on springs. There are 3N — 6
vibrational modes in a generic molecule (3N — 5 in linear molecules), though often
several of these are degenerate thus reducing the number of differentiable modes.

This degeneracy leads to a vibrational angular momentum around the internuclear
axis, with corresponding parity doubling from the two projections of the angular mo-

mentum, +¢, onto the internuclear axis. ¢ < ngy, where no is the quanta of excitation

tHigh-symmetry molecules (e.g. CHy or Cgg) can have higher electronic degeneracies that
have no analogs in linear molecules.
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in the bending mode (as described later) necessarily, since ¢ is the projection of ns.
The quanta of ¢ add like any other angular momenta, so for no > 1 there are several
submanifolds which differ by A¢ = 2.

The vibrational modes (degenerate or not) are sometimes referred to by their sym-
metry properties. The vibrational symmetry label is assigned analogously to the elec-
tronic symmetry label, though it is more difficult to visualize. In linear molecules, if
¢ = 0 (which includes non-bending modes) the state has 3 vibrational symmetry,

{ = 1 states have II vibrational symmetry, etc., analogous to the electronic state la-
bels with A <+ £. In nonlinear molecules we study, degenerate modes (bending or not)
have e vibrational symmetry, and nondegenerate modes have some 1D representation
label (a or b with some symmetry-group specific subscript). To make the comparison
explicit: £ # 0 vibrational modes in linear molecules correspond roughly to e vibra-
tional modes in nonlinear molecules capable of having degenerate states. £ = 0 modes
correspond with a or b vibrational modes in nonlinear molecules, including the bend-
ing modes of asymmetric top molecules, which are no longer degenerate.

In the BO approximation, the vibrational states are products of excitations of each
vibrational mode, and can be labelled by the quanta of energy in each mode. Unfor-
tunately, linear and nonlinear molecules have different conventions for how this infor-
mation is typically presented. In linear triatomics, the states are labelled (7)11)51)3),
where vy is the lowest energy nondegenerate stretch (e.g. Sr-O stretch motion in
SrOH), v9 is the bending motion, and vs is the highest energy nondegenerate stretch
(O-H stretch in SrOH). The ground state, with no excitations of any mode, is iden-
tified as (000). In nonlinear species, the states are first ordered by representation
(1D representations first, a-type before b-type, followed by 2D representations) and

then within each set by energy from high to low. This determines the mode number ¢
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(sometimes also written v;). The mode numbering for the specific nonlinear molecules
we study can be found in Chapter 5. The vibrational states are labelled by n;n;... for
excitations of modes ¢ with n; quanta of excitation. Modes with no excitation are left
out of the term symbol. For example, the state with one Sr-N stretch and one sym-
metric bend in StNHs is labelled 4;8;. The only exception is the ground state, which
is given the term 0y. Though this is the dominant convention, sometimes the quanta
of excitation appear in superscripts instead, especially in electronic excited states.
The energies of the states are just the sum of the individual oscillator energies. Of
course, typically the potentials of the oscillators are not completely harmonic, so we

add terms to produce generic anharmonic oscillator eigenvalues:

k
E(nl, na, nk) = Zwi(ni—l—di/Q)—i—Z :Bij(ni+di/2)(nj+dj/2)+z gbbfgbgb/‘i‘--'y (2.6)
i j<i b<b’

In this formula, the x;; constants account for zero-point anharmonicicity (i.e. shifts

the Ty energy) between modes, while the gy anharmonic term specifically splits
bending modes of equal excitation but different ¢ (e.g. (02°0) and (0220) in StTOH).

This term does not lift the degeneracy between signs of the ¢ projection; in the BO
approximation they remain degenerate. Typically in our molecules w; ~ 100—1000 cm ™,
Tij, Gopr ~ D cm~'. Additional terms that couple three or more modes will also appear

in the expansion; we will deal with one such term in our discussion of perturbations in

the context of Fermi resonances.

2.4 ROTATIONAL STRUCTURE

The rotational levels form additional substructure on top of the vibronic structure. In

the lowest rotational levels, the molecules are well-approximated as rigid-rotors; the
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Figure 2.5: Figure showing the fundamental difference in the allowed orientation of the rigid-body
rotational angular R momentum in linear and nonlinear molecules. Linear molecular symmetry pre-
vents any angular momentum projection on the internuclear axis, while nonlinear molecules can
have such a projection. In symmetric top molecules this projection is denoted K. The asymmet-
ric top molecules we work with are close to prolate symmetric tops, where the K, label approxi-
mating K. Since the moment(s) of inertia perpendicular to the molecular axis in the nonlinear
species we work with are significantly smaller than the parallel ones, it takes much less energy

to increase R without changing Kr/K, than to change it, causing rotational levels to appear
grouped into Kp— or K,— stacks.

bond length approximately does not change due to low-energy rotations. Terms are

again added to explain slight deviations from the perfect case, though they are small.

2.4.1 LINEAR

For linear molecules, the wavefunctions can be found by solving the rigid-rotor Schro-
dinger equation with the rotor being along the molecular axis with moment of intertia
I. Rotation around the molecular axis does not occur in our energy range due to the
extremely small moment of intertia around the axis. The wavefunctions of the rigid
rotor Hamiltonian are complicated functions with polynomial prefactors multiplied by
spherical harmonics. The presence of the spherical harmonics means that the parity
of the rotational states alternates with increasing rotational quantum number, in the

same way that the parity of atomic electronic states are given by P = (—1)~. The
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eigenvalues are correspondingly given by

E(N)=BR(R+1)+ D(R(R+1))* + ... (2.7)

where R is the rigid-body rotational angular momentum quantum number (Fig. 2.5),
B = h?/2I is the rotational constant and D is a centrifugal distortion constant which
can account for small changes in bond length due to higher-energy rotation. In gen-
eral, B is often implicitly a function of vibrational state and denoted B,, where the
variation of the constant with vibrational state encodes a change in bond-length.
These changes are most pronounced in higher vibrational levels than are typically
relevant in our experiments, so using a single constant B is sufficient, typically ~

10 GHz in our species. Similarly, the D constant can be denoted D,, in different vi-
brational states, though D itself is too small (~ 1 — 10 Hz) to be relevant to any of

the work in this thesis.

2.4.2 NONLINEAR

For nonlinear molecules, there is more than one distinct moment of inertia, and so
there can be rotational angular momentum around more than one axis (Fig. 2.5).
The axis of lowest moment of inertia is called a axis, and the highest as the ¢ axis
(I, < I < I.). These molecules can then have up to three distinct rotational con-
stants A > B > C. Spherical top molecules have all moments of inertia equal. None
of the molecules we work with are spherical tops so we do not discuss their energy
level structure, but it can be found in Bunker and Jensen [75] and Hirota [74]. Sym-
metric tops have two distinct moments of inertia, with one axis unique and the other

two equal (and non-zero). The symmetric top molecules we discuss in this thesis are
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“prolate” symmetric tops, with I, < I, = I.. The eigenvalues of rotations are given by

E(N,K)= BR(R+1)+ (A— B)K%, (2.8)

where B is the rotational constant for the degenerate axes, and A is the rotational
constant around the molecular axis. A is typically ~ 5 — 10 em~! in the molecules
we work with. R is the end-over-end rotational angular momentum quantum number
and Kp is the unsigned projection of R onto the a axis (Fig. 2.5)5. When A > B
(far from the spherical top limit), as is the case in molecules we study, the rotational
levels can be grouped into “K-stacks” where levels of the same Kg but different R are
tightly spaced by multiples of B, compared to the spacing between K-stacks set by A.
For oblate tops, in which the C rotational constant is unique, these formulae all hold
with A replaced by C.

Since the energy of a level in the rigid rotor model only depends on the magnitude
of K, each level with Kr > 0 is doubled (neglecting nuclear spin). Like ¢-doublets
in linear molecules, in a C3, symmetric top molecule, if Kr # 3, there is an other-
wise identical copy of the state of each parity¥. These Kp—doublets are consequently
able to serve as “parity doublets” for precision measurements like the /—doublets in
linear polyatomics. The Kr = 1 doublets in symmetric tops are degenerate until hy-
perfine couplings, which are not resolved in any work in this thesis. Details can be

found in Butcher et al. [88]. The parity of Kr = 0 states alternates with R as in lin-

SThis is often just denoted K, but this can be confusing because K is also used for the to-
tal projection of angular momentum excluding spin onto the molecular axis which can include
electronic orbital angular momentum. K is never used except as the projection of the rigid
body rotation onto the internuclear axis.

YIf K is a multiple of 3, the two states are not an e parity doublet. The two states have
different rotational representations and cannot mix with electric fields. This is not obvious,
but is a result of the size of the symmetry group. We do not use these states in this work; see
Bunker and Jensen [75] for details.
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ear molecules, determined again by the presence of spherical harmonics in the wave-
function. The rotational symmetry of symmetric top states of interest is just a; for
Kpr = 0 states and e for Kr = 1 states.

Asymmetric tops have rotational structure that is in general difficult to classify
with closed form expressions. It is typical to use the symmetric top basis and express
eigenstates in terms of superpositions of these states. The asymmetric top molecules
we discuss in Chapter 5 were identified due to their near-symmetry which simplifies
the situation. The molecules are nearly prolate tops with rotational constants A >>
B ~ C. The degree of asymmetry is quantified using “Ray’s asymmetry parameter”:

2B-A-C

K=—1—¢ (2.9)

where £ &~ —1 indicates a near-prolate top and £ ~ +1 indicates a near-oblate top.
Since the B and C constants are nearly the same in the molecules we work with, and
much smaller than A, k = —1 and the rotational structure is very nearly just that of a
prolate symmetric top molecule. The energies are given by Eq. 2.8 with K replaced
by K, signifying approrimately the rotation around the molecular a axis. The K,
doublets in K, # 0 are now split by the molecular asymmetry, approximately B — C.
The two parity states are labelled by different “K.” (K, + K. = R or R + 1) which
differentiate them. This label is not physically meaningful in near-prolate asymmet-
ric top molecules. It is the value that Kr would take if the molecule were deformed
into an oblate symmetric top, in which case K, would analogously lose physical sig-
nificance but remain a state label. These are not strictly good quantum numbers,

as molecular eigenstates can generically be linear combinations of states where K,

and/or K, differ by 2. Nevertheless, for low values of J, K,, K., the K,, K. are ap-
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proximately good, as there are few states of all the correct symmetries to mix with.
In contrast to K- and £— doublets in higher symmetry molecules, the asymmetry dou-
blets are nondegenerate even within the BO approximation and when neglecting hy-
perfine effects. Again the parities of K, = 0 states alternate with R. The rotational
symmetry representation of different combinations of K, and K. can depend on both,

and is not obviously related to parity. For details, see Bunker and Jensen [75].

2.4.3 HunD’s CASES

The R quantum number is rarely, if ever, used to label rotational levels in a molecule.
The choice of what quantum number is used depends on how the rotation is coupled
to the electron orbital angular momentum and spin. The common coupling cases are
called “Hund’s cases”. Hund’s case (a) is when the electronic angular momentum and
spin are both strongly coupled to the molecular axis and each other, usually due to
spin-orbit coupling (see next section), such that the projections A, Y, and 2 are all
well-defined [72]. ) then rotates with the axis and couples with the rigid-body rota-
tion R. In this situation, J = A + 3 + R is used to label rotational levels. This case
describes the first excited electronic states in most of our molecules, as we will un-
derstand in the following section, and representative structure can seen in Figure 2.6.
Hund’s case (b) is used when the spin is not well-coupled to the internuclear axis, and
in this case rotational levels are labelled by N = J — S [72], as seen in Figure 2.7.
Electronic 3 states trivially follow this case, as there is no mechanism to couple the
spin to the molecular axis without orbital angular momentum. Though these cases
are only strictly defined for linear molecules, they are approximately accurate in the
nonlinear species we work with, though subtleties in low-symmetry species are dis-

cussed in Chapter 5. There are other Hund’s coupling cases related to which angular
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Figure 2.6: Case (a) rotational structure for linear, symmetric top (STM) and asymmetric top
(ATM) molecules. The constants that set energy scales are noted next to arrows demonstrating
which manifolds they split. The parity doublets in the linear case are split by A—doubling, which
also affects Kr = 0 states in the symmetric top case if A is not quenched. Note that the parities
for the asymmetric top may be different in some molecules depending on the symmetry group;
these are the labellings for S'NHy 2B5 electronic symmetry.
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Figure 2.7: Hund's case (b) rotational structure for linear, symmetric top (STM) and asymmetric
top (ATM) molecules. The constants that set energy scales are noted next to arrows demonstrat-
ing which manifolds they split.

momenta couple in which order, but they do not describe the molecules we use in this

work. For details on these cases see Brown and Carrington [72].

2.5 PERTURBATIONS: LIFE IS COMPLICATED

We take perturbations to be a broad term which describes any interaction that makes
the molecular structure differ from the descriptions above in meaningful ways for our
work.

It is worth noting that ours is an effective-Hamiltonian view of a perturbation: ab
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initio calculations of structure from the full molecular Hamiltonian (2.1) take all these
effects into account naturally. They are simply perturbations for us because of the
basis we start with in the preceding sections, which is used because it naturally gives
intuition as to how the basic molecular structure is organized. Spin effects trivially
fall into this category; we have ignored it up till now. More subtly, other perturba-
tions latch on to the fact that the level structure we developed is the result of certain
symmetries: structural symmetries for electronic and vibrational states, as well as
spatial symmetry for the rotational states. Clearly, states of the same individual sym-
metries (e.g. same electronic symmetry) can mix. However, other perturbations are
possible; these individual symmetries are only approximate. Only a symmetry of the
complete molecular Hamiltonian must be truly and unequivocally be conserved [75].
As such, states of different individual electronic, vibrational, and rotational symmetry
representations must also be able to mix, as long as the combination maintains a rep-
resentation of the full molecular Hamiltonian. These perturbations are BO-breaking,
by definition. This does not mean any real symmetry is broken, however, a point
which can lead to some confusion. We discuss explicit important examples of each

of these types of perturbation in the molecules we study, including some which have

contributions from multiple origins.

2.5.1 SPIN-ORBIT EFFECTS

Just as in atoms, the presence of a spin on an electron gives rise to a coupling be-
tween its spin and orbital angular momentum. The strength of this interaction is

characterized by the spin orbit constant Ago:

Hso = AsoL - S. (2.10)
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This can be separated into two components:
Hso = Aso(L=S: + (L1S— + L_54)/2), (2.11)

where the first term produces what is typically called the spin-orbit splitting in A
states, between states with ¥ and A aligned versus anti-aligned. In linear molecules
this is set by Agp directly, but in nonlinear molecules there are added “alignment”
factors (.d that can be interpreted as a measure of how coupled the orbital angular
momentum is to the molecular axis. The total splitting between manifolds is given
by Asoled, with the latter two constants measured spectroscopically. The closer this
combination of additional terms is to 1 gives a sense of how well the electron orbital
angular momentum is still coupled to the molecular axis (if such an axis is well de-
fined).

In our molecules, these SO constants range from ~ 250 cm™! in Sr species to
~ 1000 cm™! in Yb species. When the SO interaction is large, it tends to split an
electronic manifold into submanifolds with different @ = ¥ 4+ A. In SrOH, the A 2II
state splits into I, /2 and 211, /2 submanifolds. Similar things happen in SrOCHj de-
spite some degree of L, quenching ((.d < 1) [89]. This in turn also affects the rota-
tional structure. Since A and X are strongly coupled, only J is well defined, and the
rotational eigenstates are combinations of different N but same parity basis states.
Such states of different N levels but the same parity and rotational symmetry to
mix only necessarily exist in high-symmetry species (e.g. linear and symmetry top
molecules), but can also exist in lower symmetry (e.g. Cs) species if the mixing is

allowed. Case (a) states in lower-symmetry molecules may not be able to mix N sub-
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levels. In the linear case, the rotational Hamiltonian in this eigenbasis gives

~ -

Hr=B(J—-L-5)> (2.12)

Rotational energies are dominated by the square terms in the expansion, with the
cross terms contributing perturbatively to several interactions that are usually swam-
ped by other contributions. For example, the L-S contributes to A—doubling, but at a
much smaller level than the direct SO contribution. The size of the splitting between
J components in nonlinear molecules also depends on the (.d parameters as described
above. Due to having too-low symmetry to define L., the first term of Eq. 2.11 does
not affect structure in SrNHs and SrSH.

The cross terms in 2.11 also contribute to several key molecular perturbations. No-
tably, they give rise to splitting of A—doublets. Since they change A, they describe
an interaction between electronic manifolds that differ by AA = 1. This causes the
previously degenerate projections of A to separate. The reliance of this term on the
Ago constant explains why the effect tends to increase in heavier-atom-containing
molecules, since the constituent metal atoms have intrinsically large spin-orbit inter-
actions. This origin also explains why II electronic states have the largest A—doublet
splitting: higher A states require higher orders of perturbation to couple via this ma-
trix element, and are thus suppressed.

The same SO cross terms contribute to the ground state spin-rotation (SR) split-
ting. The perturbation causes well-defined N states in A = 0 electronic manifolds of

nominally degenerate S character to split into J = N—-S,J=N-5S+1,...J=N+S5
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sublevels. This splitting is characterized by

Hgr =~N - S, (2.13)

where v contains the information about mixing and is usually just measured exper-
imentally. The SO-induced contribution to this effective Hamiltonian term is much
larger than the first-order “real” spin-rotation interaction caused by interaction of the
magnetic moment of the rotating nuclei with the spin. This is suggested by the rel-
ative size of the SR splitting in the X and B 2% electronic manifolds, approximately
670 MHz in B and 110 MHz in X. This is consistent with the splitting being caused
by the interaction with the A 2II manifold, since the B state is much closer in energy.
These spin-orbit cross terms also contribute to several other second-order effects,
some of which are discussed in Chapts. 4 and 5. The richness of perturbations en-
abled by spin-orbit atomic interactions suggests a general increase of structural com-
plexity in heavier molecules. The cross-term interactions also, in general, contribute

to structure of nonlinear molecules of even very-low symmetry, like STNH9 and SrSH.

2.5.2 CoRrioLiS COUPLINGS

The first beyond-BO-approximation perturbation we discuss is the Coriolis-type cou-
pling that splits the formerly degenerate projections of £. This mixing occurs from
rotational angular momentum weakly interacting with the vibrational angular mo-
mentum. The two motions are perpendicular to each other, and so there is no “non-
rotating” frame; the effect of the rotating frame on the other motion necessarily cou-
ples the motions with a Coriolis-type effect. Figure 2.8 shows how the semiclassical

Coriolis force on a nucleus moving due to both a bending motion and rigid-body ro-
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Figure 2.8: Figure comparing a semiclassical interpretation of the origin of the Coriolis splitting
in the bending mode. The Coriolis force on a nucleus moving under both rigid-body rotation per-
pendicular to the molecular axis, R, and vibrational angular momentum around the molecular axis
are shown for the two ¢ basis states. At a given point in the vibrational trajectory, nuclei in oppo-
site £ states will experience a Coriolis force, F, in opposite directions which breaks the symmetry
between them. The parity eigenstates are linear combinations of the left and right ¢ states; one
combination will experience 2x the force, and the other will experience no net force. Though it is
difficult to make this model quantitative, this model correctly predicts that one parity eigenstate
will mix with other vibrational modes due to the net force along one of the internuclear bonds
which causes a change in bond length, while the other parity eigenstate will not.

tation will experience a different magnitude of force in the two £ basis states. The
parity eigenstates, which are even and odd linear combinations of the two, will expe-
rience either no or double the effect of the £ basis states. We emphasize that this is
specifically a semiclassical way of interpreting the splitting; the actual Hamiltonian
for the Coriolis coupling in the bending modes in any useful coordinates is fairly com-
plicated (see, e.g., Merer and Allegretti [90]), but it effectively links and splits states
of A¢ = 2 as this picture suggests. The effective splitting between the ¢ = 1 states is
given by:

AE =qJ(J+1), (2.14)

where the g constant contains the relevant physics and is usually measured experi-
mentally (but can be roughly calculated [65, 90]). In our molecules it is typically ~ 10

MHz in the X (010) state, which makes it possible to mix these states with small elec-
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tric fields, a useful experimental property for EDM experiments. Though we do not
encounter effects of Coriolis coupling in the experimental work herein, that these par-
ity splitting are small is vital to the motivation for using the linear species in the first
place[50] since it creates parity-doublets in the ground electronic state (discussed in
Chapter 1). A more detailed explanation of the Coriolis effect in bending modes of

linear molecules can be found in Refs. [65, 91, 92].

2.5.3 RENNER-TELLER COUPLINGS

Another BO-breaking interaction that is relevant to our experimental work is the
Renner-Teller (RT) coupling (for an overview of the various Teller interactions, see
Appendix A). This interaction technically is only strictly defined for linear molecules,
though the effect also occurs in nonlinear species with nearly-defined L,. The inter-
action mixes the electronic orbital angular momentum with a vibrational angular mo-
mentum to form states of good vibronic character (though the vibrational and elec-
tronic characters separately will not be well-defined).

The general RT Hamiltonian is:

iy
2

Voo

Hpr = (L,G++L+G,)+7(L2_Gi+L3rGQ_)+..., (2.15)

where Vi1 characterizes the first order interaction, Voo the second order, etc. These
constants are not usually measured themselves, but are related to spectroscopic con-
stants as we discuss in Chapter 5. L* and G* are the electronic orbital and vibra-
tional angular momentum raising/lowering operators, respectively.

The first order term couples states of AA = —Af = =+1, and so must operate

between electronic manifolds, and between vibrational states in the two manifolds
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that differ by £. In our molecules, this both mixes the A(010) state with both X and
B(000) states and the A(000) states with the corresponding (010) modes, and simi-
larly in nonlinear molecules between a and e vibrational modes in F electronic states.
These couplings also appear in various second-order effects, some of which appear in
Chapters 4 and 5.

The second-order RT terms can directly couple levels in a single electronic mani-
fold. These terms couple A(000) and A(100) to the A(0220) state in SrOH and YbOH,
and can couple similar modes in nonlinear species. In these couplings, the term only
mixes states from different spin-orbit manifolds, because the operator does not act on

the spin.

2.5.4 FERMI RESONANCES

Fermi resonances are resonances that occur between different vibrational modes of
the same symmetry and as such are not BO-violating but just change the vibrational
basis composition of eigenstates in the BO approximation [93, 94]. Really, this effect

just comes from a cubic term in the anharmonic vibrational expansion,

Hpr = 245;Q:Q73, (2.16)

where Q;, Q; are dimensionless vibrational coordinate operators [75, 95]. We discuss

the explicit effect of this coupling in linear molecules, and nonlinear molecules will
have analogous resonances. In linear species, this term can mix two stretch modes,
but more commonly appears when mixing a stretch mode with a bending mode. This
mixing is allowed because n; = even states in a bending mode j have a state with

¢ = 0 (e.g. (02°0)) with the same vibrational symmetry as any stretch state (which
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trivially have ¢ = 0). In principle, this term mixes these ¢ = 0 bending mode states
with many other states. Luckily, most of these states are sufficiently far away that
they contribute negligible fractional composition (since the mixing in nondegenerate
perturbation theory depends inversely on the energy difference). However, two quanta
of a bending mode tends to have similar energy to one quanta of the metal-ligand
stretch mode. In this case the mixing need not be small, and the two states exchange
vibrational character with each other through this Hamiltonian term. This situation
occurs in many electronic states and in both linear and non-linear species. Indeed, it
is so common that the specific mixing between the state with two quanta of bend and
the state with one quanta of stretch is sometimes termed the Fermi resonance inter-
action, though this is not accurate. Overtones (e.g. adding the same quanta to both
states) also exhibit the interaction, and indeed it can sometimes appear more strongly
between higher vibrational states if other anharmonic terms bring those levels more
closely together in the naive basis before including the resonance interaction. Higher-
order resonances can also occur, though they appear less commonly in our work in

part due to our focus on low-lying vibrational states.

2.6 TRANSITIONS

Understanding the structure of a molecule is only useful if we can utilize it! In par-
ticular, to interact with a molecule we must be able to understand how transitions
between different levels occur so as to be able to drive, or not drive, between differ-
ent levels. We will focus only on electronic transitions here (i.e. between electronic
states), as they are the type used in optical cycling, including the motional control

techniques and spectroscopic work in Chapters 3, 4, and 5. Discussion of rotational
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and vibrational transitions can be found in Refs. [72, 74, 75].
In basic quantum mechanics textbooks, electronic transitions are first discussed in
the hydrogen atom. The rule for whether two electronic states can be connected via

an electronic excitation is given by the “vanishing integral” rule:

i b Yy / by £ 0, (2.17)

where p is the transition dipole moment. Expanding the dipole moment into a series
of spherical harmonics (see, e.g.Sakurai and Napolitano [77]) makes clear that the
entire integral can be thought of as a sum of integrals of three spherical harmonics
(with polynomial prefactors). These integrals give rise to “selection rules” on which
initial and final spherical harmonics will integrate at a certain order in the transition
moment expansion to a nonzero value.

Using a graphical interpretation of the spherical harmonics, we can also interpret
the vanishing integral rule as a statement of a symmetry of the system. In particular,
it expresses that the angular symmetry of the initial and final states must only differ
by the angular properties of the transition moment at a certain expansion order to
be driven by a transition of the corresponding multipole character. In Dirac notation,

the equivalent rule is

i) < |5) & (ilplf) # 0. (2.18)

This form is advantageous in general because it expresses that non-spatial properties
can also contribute (e.g. spin) to the matrix element, but does tend to obscure the
importance of symmetry under the guise of mathematical infrastructure.

The purest form of how selection rules of transitions arise uses only the symmetry
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properties of the constituents:

If@l, @0 5Ty, (2.19)

In this equation, I'; is the representation of a state/operator in the symmetry group
of the molecule, and I'; is the totally symmetric representation [75]. This form is use-
ful in that it accounts for the relevant symmetry from all structural components while
ignoring any superfluous information. The downside of this formulation of the rule is
it only tells you whether a transition is allowed or not; it reveals nothing about the
strength of such a transition. Accurate calculation of the strength does require calcu-
lation of the full matrix element.

With Eq. 2.19, we can deduce how electronic transitions can and cannot connect
states differing by any quantum numbers: this equation will give all possible con-
nected states if we use the full representational labels. The representation of the tran-
sition dipole moment for different point groups is readily tabulated (denoted I'* in
Bunker and Jensen [75] Appendix A), as are multiplication tables of representations.
Using the complete symmetry of the ground and excited states to determine if a tran-
sition between them is dipole-allowed is then quite easy, if the state representations
are fully known. However, determining the complete representational label of a state
is not always easy to do, and hence this process may not be possible directly.

It is often more intuitively useful to work in the BO approximation and determine
transitions that are allowed in the fully separated basis. These will tend to corre-
spond to stronger transitions as long as the molecule does not suffer from extreme
BO breakdown effects. Working in this basis also offer simpler rules that are easier to

remember than always working with Eq. 2.19. Nevertheless, it is important to note

61



that many of the simple rules derived in this way are not strictly good selection rules.
The degree to which they break down will depend on the Ray asymmetry parameter
(as discussed earlier in the chapter) and perturbations (some of which are discussed in
Chapter 5).

In the BO approximation, the wavefunction is completely separable into electronic,
vibrational, and rotational components. In this case, each component separately must
obey an equation like Eq. 2.19. The symmetry action of the dipole moment on each
coordinate gives rise to the selection rules for each subsystem. The process of deter-
mining these rules is not shown here for brevity, but can be found in Chapter 14 of
[75]. We discuss the results here.

The electric dipole moment operator on the electronic coordinates can produce ei-
ther AA = 0,+£1 selection rules in linear molecules. AA = =+1 transitions are called
“perpendicular” transitions, as they must be driven by a transition dipole moment
perpendicular to the molecular axis. Analogously, AA = 0 transitions are “parallel”
transitions because the transition dipole connecting the states is parallel to the molec-
ular axis. There are similar rules for nonlinear molecules that change the electronic
symmetry. These selection rules also depend on the axis of the transition dipole, with
parallel and perpendicular transitions also in symmetric top molecules, and a—, b—,
and c— type transitions in asymmetric tops, each referring to the axis the transi-
tion dipole occurs along. The selection rules in the last cases is not able to be writ-
ten down in a succinct form; it depends on the representation of the operator along
the axis x, I'(T,), in the molecule’s point group. These are tabulated in Bunker and
Jensen [75] Appendix A. How electronic symmetry changes for each type of transition
can be seen in Table 2.1.

Rotational selection rules are determined by conservation of angular momentum
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Species ‘ Transition ‘ Electronic ‘ Additional Rotational ‘ Exceptions

Linear I AA=0 - AN #0if A=0
Linear L AA =+1 -

STM I Al', =0 AK =0 AN #0if (L,) or K =0
STM L Al'y=F AK = +1

ATM a—type | AT, =1'(T,) | AK, =0, AK, = +1 AN £0if K, =0
ATM b—type | AT, =T(T}) AK,, AK, = *+1

ATM c—type | Al =1'(T,) | AK,==+1, AK. =0 AN £0if K. =0

Table 2.1: Table of selection rules on electronic and rotational angular momentum for various
molecular electronic transitions. The electronic selection rules for nonlinear molecules are best
expressed as changes in the electronic representation due to the representation of the transition
dipole moment along the relevant axis of the molecule; in the cases of asymmetric top molecules,
these representations I'(7,) need to be looked up for each symmetry group. The rotational selec-
tion rules all include the typical AN = 0,+1, so only additional rules are noted. Exceptions are
due to conservation of angular momentum; some angular momentum must change by £1. The
asymmetric top selection rules are not strict since the K, and K, are not strictly good quantum
numbers; they will be approximately good in the species we work with.

and the Wigner D matrices (the representations of the rotation group in spherically-
symmetric free space) [75]. The Wigner D matrices appear from transforming the
molecule-frame dipole moment into the lab frame. For all species, this transformation
gives a AN = 0, +1 selection rule, with the typical exceptions that transitions which
do not change any angular momentum are not allowed; e.g. N = 0 4 N’ = 0in
parallel transitions between A = 0 states. Since this transformation depends on the
symmetry character of the transition dipole moment, different electronic transitions
also give rise to additional rotational selection rules in nonlinear species. The result-
ing selection rules can be found in Tab. 2.1. Parity always must change for a dipole-
allowed transition, and must be considered in addition to the rules in this table. The
typical exceptions for low-angular momentum cases still arise due to the conservation
of angular momentum.

The electronic transition dipole moment is to leading order completely symmet-

ric in the vibrational coordinates [75]. As such, there is no selection rule on vibra-
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tional quantum number during an electronic transition, though there is an approx-
imate conservation of vibrational symmetry. The strength of a transition between
vibrational states of the same symmetry in different electronic states is dictated only
by the overlap of the vibrational wavefunctions (e.g. the vibrational matrix element
2.18 is reduced to (v;| 1 |v)). This overlap is called a Franck-Condon factor (FCF),
and a schematic illustration of the principle is shown in Fig. 2.9. FCFs are not, in
general, particularly close to 0 or 1 for generic molecules on generic electronic tran-
sitions. Since the modes are determined by equilibrium geometry in the electronic
states, which changes as the electron occupies different regions of space, the resulting
vibrational bases are always different. This has a few implications. Upon excitation,
the strength of an electronic transition is affected by how similar the initial and final
vibrational states in the electronic manifolds are. This both simplifies and complicates
life: it makes very few transitions forbidden but none necessarily strong. The con-
verse is much more relevant: upon decay, a change in vibrational quantum number is
entirely statistical. This lack of selection rule leads to unavoidable branching to vari-
ous vibrational modes in the ground electronic state upon decay from any vibrational
mode in an excited electronic state.

This vibrational branching is the root of the difficulty of extending atomic control
techniques to molecules. As we will see, electronic and rotational structure can be
well-managed. The vibrational structure is intrinsically different; it is impossible to
completely control due to the lack of selection rules. Nevertheless, understanding how
and why this part of molecular structure arises has allowed substantial progress to
be made by identifying how intelligently choosing a molecule can allow management
of vibrational structure to a degree sufficient for many optical cycling applications,

including laser cooling.
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Figure 2.9: Schematic of how vibrational transition probability from an excited electronic state, E,
depends on the FCFs between the vibrational states of the initial and final states. These FCFs are
calculated by the overlap of the vibrational wavefunction as schematically shown on the right. In
this example, the transition to state G1 is vastly more probable than to G2 because of the wave-
function similarity to the excited state. However, the FCFs will never be exactly 1 or 0, and so

decays to both states will occur at the statistical ratio.
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2.7 Oprt1IicAL CYCLING

Control of atomic systems has often relied, to some degree or another, on the abil-
ity to optically cycle, i.e. to use a single frequency (or small number of frequencies)
of light to repeatedly excite an atom and have to decay to the same ground state(s).
This process is useful for detection, imparting momentum, and quantum state con-
trol/preparation, without which nearly all of modern atomic physics would be impos-
sible.

Extension of these techniques to molecular systems requires constructing an optical
cycle in more complex molecular systems. The complications arise from the additional
vibrational and rotational degrees of freedom compared to atomic systems. Maintain-
ing closure of these and the electronic degree of freedom is nontrivial, and requires
analysis of each separately. To that end, we here review the basic concepts important
in attaining electronic, rotational, and vibrational closure. The specifics of generating
a closure scheme in a real polyatomic molecule (SrOH) are expounded upon in Chap-

ter 4.

2.7.1 ELECTRONIC CLOSURE

Electronic angular momentum is governed by strict selection rules, derived from the
angular momentum of the photon and the symmetry of the molecule. the molecule.
Driving an electric dipole allowed electronic transition (AA = 0,+1) ensures that
the excited state is always allowed to decay to the same state via a dipole allowed
decay. Choosing dipole transitions in the optical regime also ensures a rapid decay
time, important for applications that require fast optical cycling. Of course, many

molecules do not have any dipole-allowed optical transitions below their dissociation
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energy, so the existence of any such transitions in the first place is nontrivial. If such
transitions do exist, complications can arise from intermediate electronic manifolds
between the ground and excited states of the optical cycle.

Complications can either effect the speed of the optical cycle, break rotational se-
lection rules, or both. Those intermediate states that could alternatively be used for
optical cycling (in particular, that only differ by AA = 1, or an electric dipole sym-
metry, from the ground state) by definition decay quickly, and so should not signifi-
cantly increase the cycling time. However, such intermediaries can add decay channels
to the wrong parity rotational levels in the ground state, which will spoil the rota-
tional closure scheme. Though this is not really an issue of electronic closure (the
final electronic state is the same as the initial), it is at least an issue of total optical
closure related to electronic structure. In our molecules, possible cycling electronic
states are much closer in energy to each other than to the ground state, and so luckily
such decays are suppressed by a 1/w? factor (in the Einstein A coefficient) compared
to decays directly to the ground state. Nevertheless, avoiding this issue entirely re-
quires optical cycling on the lowest possible excited electronic state.

Intermediate states that differ by too much electronic character (i.e. more than
a dipole-symmetry difference) from the ground state to be used for optical cycling
can be more problematic. Such metastable states, like the A electronic manifold in
BaF/BaOH [96, 97], or the “f-state excitations” in YbF/YbOH [98, 99], can be pop-
ulated at a low level either by electric-dipole-allowed decays out of or perturbations
in the cycling excited electronic state. Since these states cannot decay via electric
dipole-allowed electronic transitions (by definition) down to the ground state, they in
general change some other angular momentum in the molecule when they do decay.

This will almost certainly spoil rotational closure and could increase decays to vibra-
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tional bending modes. In addition, these perturbative decays can also be quite slow,
which can limit the average scattering rate in the optical cycle, making certain ap-
plications like laser cooling very technically difficult to do in reasonable times or over
reasonable lengths. Similarly, low-lying electronic manifolds, even if they are of cor-
rect angular momentum to be compatible with optical cycling, will limit the overall
scattering rate of the cycle due to the 1/w? suppression of spontaneous emission and
cause effective electronic leakage. These complications can be seen as a genuine issue
of electronic closure, as the population may not return to the original electronic state
quickly enough to be useful. Such low-lying electronic states also affect photon cycling
in complex atoms (e.g. [100]). In either case, these leakage channels can be dealt with
using additional lasers or applied fields, but the efficacy of doing so depends on how
strongly the state in question can couple to the cycling excited state.

Ideally, molecules are chosen that lack any of these problematic intermediate elec-
tronic configurations. Indeed, the molecules we use tend to intrinsically minimize elec-
tronic complications, since the orbital structure appears similar to that of an alkali
atom. In these species, the valence electron occupies an s-like orbital with the natural
first excited electronic state being a p-like orbital. If the ligand is chosen sufficiently
electronegative, there are naturally no electronic states due to the bonding that lie
intermediate to the atom-like orbitals. For Mg-, Ca~, and Sr- molecules bonded with
many ligands (F, OH, OCHs, CHs, SH) there are no metastables at all, thanks to this
simplification. In such cases electronic closure is guaranteed for the X—A transitions.

However, the same is not true of heavier-atom analogs, even though in species con-
taining Ba and Yb, there are still no metastable states due to ligand modes. Unfortu-
nately, these heavy species, and other species most useful for precision measurements,

do tend to have atomic metastable states between cycling levels. In these cases, the
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question is not if these intermediate levels affect cycling, but to what degree. Some
techniques to manage the existence of these metastable states in a functional optical
cycle include adding powerful additional lasers to optically pump out of the states
themselves at a high enough Rabi frequency to prevent problematic spontaneous
emission [101], or alternatively microwave remixing additional ground states caused
by decays from them [102]. These techniques are nontrivial to experimentally im-
plement and difficult to generalize, but have been found to be effective in some in-
stances.

Sr containing species have no known metastable electronic manifolds, and can thus
support electronic closure at arbitrary precision. These species thus make an ideal
platform for experimentation of new techniques while maintaining some degree of new
physics sensitivity. Accurate demonstration of control techniques in Sr molecules also
motivates future investigations in how to efficiently accommodate the more complex

species without requiring a complete reinvention.

2.7.2 ROTATIONAL CLOSURE

Rotational closure is straightforward in linear molecules. Because total angular mo-
mentum excluding nuclear spin (i.e. rotation + electronic orbital + electronic spin) is
a very-nearly-perfect quantum number in the molecules we use, the selection rules on
how it changes upon electronic excitation and decay are quite rigorous. The simplicity
of rotational structure in combination with the selection rules provide a simple outline
for maintaining a closed cycle. For a ¥ — II electronic transition, we start our transi-
tions out of an N” = 1~ state, and we drive to a J' = 1/27" state, shown in Fig. 2.10.
Though the case (a) nature of the excited state means this level has both N = 0,1

character, the N” = 0,2 ground states are positive parity, and thus an electric dipole
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Figure 2.10: Schematic showing rotational closure scheme for a linear molecule between a 2%
ground state and a 2II excited state. The combination of angular momentum and parity selection
rules prevent decay from the excited state to any other rotational ground states.

transition cannot connect them. The only decay that is allowed by the combination
of conservation of angular momentum and parity is back to the N” = 1 state. For
a Y — ¥ electronic transition, the N” = 17 state is driven through an N’ = 0T ex-
cited state, which similarly can only decay back to N” = 1. Both of these schemes
are parity protected, and so are not perturbed until weak interactions are taken into
account, which is at far higher precision than we ever need to experimentally utilize
optical cycling.

Rotational closure in nonlinear molecules is substantially more complicated. These
classes generically have multiple rotational levels with the same angular momentum
and parity in the vibronic ground state due to the K or K, angular momenta. These
channels provide additional leakage channels for any electronic excitation, making
rotational closure generally impossible in physically relevant isomers with a single

frequency. In very low symmetry species (e.g. Cs or Cy symmetry), the excited state’s
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rotational character can also be heavily mixed, which in turn creates allowed decays
to even more states. Special symmetry cases can still support rotational closure with
a single ground state, but in general multiple rotational ground states will need to be
connected to a single excited rotational level. The details of rotational closure in three

low-symmetry molecules is discussed in Chapter 5.

2.7.3 VIBRATIONAL CLOSURE

Though rotational and electronic closure are difficult to ensure perfectly in an arbi-
trary species, in our molecules it is possible to pick a scheme with few electronic and
rotational decay channels. The same cannot be said, unfortunately, of vibrational clo-
sure. The lack of selection rules on vibrational quantum number indicates that decay
from an excited state is dipole-allowed to decay to any vibrational mode of the same
symmetry. Perturbations often mix vibrational symmetry (see above), which can in-
crease the available decay channels further. The only mechanism of experimentally
controlling the vibrational decay is to add lasers to “repump” the population back
into the main optical cycle. To cycle 10* photons in an arbitrary molecule, as is nec-
essary for some laser cooling techniques, one would require dozens or more laser fre-
quencies to account for all the decays which occur above ~ 10~ probability. In order
for vibrational repumping to be a feasible mechanism, the molecule of study must be
chosen carefully. That such a choice is even possible was the insight that sparked the
approach to the first molecular laser cooling [103].

The key is that Franck-Condon factors (FCFs) depend on how similar the vibra-
tional bases are in the ground and excited states. Electronic states with similar bond
lengths will naturally have similar vibrational structure, and transitions between such

states will have much stronger propensity to “maintain” the vibrational quantum
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number than a random molecular transition. Such a situation we refer to as having
“diagonal” FCFs, as the table of FCFs between states of each basis will have larger
elements along the diagonal.

A class of diagonal molecules had coincidentally already been identified by chemists
studying molecular bonds: again, M-L type molecules where M is a alkaline earth
(-like) metal atom and L is an electronegative ligand. The resulting isolation of the
electron means that even upon excitation the rest of the molecule remains relatively
unaffected, and in particular the bond length. As such, the normal modes, and hence
the vibrational motions, in the electronic manifolds are similar. Of course, even in
this instance, perfect vibrational closure is not maintained on a single transition, but
this sort of “diagonal” vibrational structure limits the number of decay channels pop-
ulated at ~ 107° probability. Indeed, this heuristic seems to hold even for quite large
molecules [82, 104], though the number of populated channels still increases with
atom number. This intelligent choice of molecule is the key to enabling vibrational
repumping as a useful technique: optically pumping out of previously dark vibrational
states works arbitrarily, but limiting the number of instances in which it needs to be
used is what makes molecular photon cycling possible.

A complication that arises out of this method of closure is that the branching frac-
tions from the main cycling excited state need to be identified to extremely high
precision. Few molecular properties are known this well (to be fair, few need to be
known this well). The branching fractions are also difficult to calculate accurately
(though techniques are improving rapidly [46, 105, 106]). As such, these branching
channels typically need to be measured experimentally in order to provide the level
of accuracy needed to make decisions about an experiment (e.g. whether to pursue,

how practical, which lasers to buy...). A method we use for in-house measurements
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of branching fractions is discussed in Chapter 5. Similar work was done (often with
the help of collaborators or by other spectroscopists) for all laser cooled molecular
species(e.g. [46, 99, 105, 107-111]). Very few of these measurements exist at high res-
olution for molecules not already in use for laser cooling. This lack of necessary in-
formation is a major hurdle to extending techniques that requires a high degree of
cycling. For many next generation techniques, the existence of fewer previous spectro-
scopic studies make quick measurements of vibrational branching more difficult, as it
may need to be preceded by rotational or even electronic spectroscopy of some poorly-
understood species (e.g. RaOH). Until theory is reliably predicting the relevant decay
channels, these properties will need to be measured for each species under considera-
tion. There is no clear way around this problem, though it has generated interest in
stimulated control techniques (e.g. pi-pulse slowing [112-119]) which avoid it entirely
by forgoing spontaneous emission. Such techniques suffer their own technological lim-
itations, although future engineering may surmount some of them. We discuss these

and similar ideas briefly in Chapter 6.

2.8 SUMMARY

In this chapter, we describe the basic molecular structure that is referenced in the
remainder of this thesis. We begin with Born-Oppenheimer approximation, which
allows us to understand molecular energy levels as products of independent electronic
excitations, nuclear vibrations, and molecular rotations. A brief discussion of relevant
perturbations modifies this simple picture slightly through the inclusion of spin and
several effects which perturbatively break the BO approximation. Transitions between

electronic states are then reviewed, emphasizing the maintenance of symmetry as a
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prognostic for assessing transition strength.

We end the chapter by outlining how the molecular structure and theory of transi-
tions can be used to design an optical cycle in molecules, the building block of the ex-
perimental techniques both in the following chapters and in the field of direct cooling
of molecules as a whole. We discuss how choice of molecule allows for true electronic
and rotationally closed cycles in some linear species, with only slight modifications
necessary for a much broader selection. Vibrational loss channels are closed through
brutish but manageable “repumping”, though this technique unfortunately innately
links experimental complexity to molecular complexity.

Many of the topics are elucidated further in the following chapters; the information
included herein is included to present an unfamiliar reader sufficient material to make
sense of the more detailed discussions later. For more thorough treatment of the ba-
sics of molecular structure, however, readers are enthusiastically directed to any of the

various books (but especially [74, 75]) for more quantitative understanding.
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I leave Sisyphus at the foot of the mountain!
One always finds one’s burden again. But Sisy-
phus teaches the higher fidelity that negates the
gods and raises rocks. He too concludes that

all is well. This universe henceforth without a
master seems to him neither sterile nor futile.
FEach atom of that stone, each mineral flake

of that night filled mountain, in itself forms a
world. The struggle itself toward the heights is
enough to fill a man’s heart. One must imagine

Sisyphus happy.

Albert Camus

Zeeman-Sisyphus Deceleration of YbOH

Traditional radiative slowing and trapping techniques tend to rely on the momentum
of imparted photons to decelerate and cool molecules. Such methods are, in general,
less efficient for higher mass species due to redder cycling transitions and lower recoil
velocities. Conversely, many of the molecules that are good for tests of fundamen-
tal physics necessarily contain heavy atoms: as previously discussed, EDM searches

rely on molecules with minimally Sr-mass atoms, and indeed preferring something
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much heavier such as Ba, Yb, or Ra. In addition to the basic mass-related consider-
ations that make it harder to laser cool heavy-atom-containing molecules, the more
complex electronic structure in the constituent atoms further complicates the cor-
responding molecular structure making it difficult to cycle as many photons as in
lower-mass nominally isoelectronic species [96-99]. Complications (similar or other-
wise) may also arise as molecular complexity increases, for instance in many-atom and
lower-symmetry species.

These considerations naturally inspire searches for deceleration and cooling meth-
ods that require fewer scattered photons to achieve the same net effect as Doppler
methods. To improve the efficiency of photon-cycling based motional control, one
must either increase the number of photons a system can scatter without rovibra-
tional loss or increase the energy removed per photon scatter. The former concept
has been manifested in exhibitions of the bichromatic force and Pi-pulse deceler-
ation [113, 115, 116, 118, 120, 121]. These ideas have been experimentally demon-
strated on several species, but suffer from either technological or theoretical shortcom-
ings which have so far prevented their efficient realizations in arbitrary systems. The
latter heuristic is the purview of so-called “Sisyphus” methods, which utilize electro-
magnetic fields in various configurations to increase the “heft” that a photon imparts
on the molecule upon scattering. The first discovered, and most commonly used of
these, rely either on the intensity or polarization gradient of the electric field of light
to AC Stark shift certain ground states up in energy and others down as the molecule
travels through a standing wave [122]. At the peak Stark shift, transitions through
excited states which decay to oppositely shifted ground states are driven, upon decay
removing ~ 2X the magnitude of Stark shift per photon scatter. Even with modest

laser powers, this energy removal can be many times the recoil energy of a single pho-

76



ton. If experimental parameters are tuned correctly, the molecule/atom appears to

be constantly climbing an increasing potential and is periodically returned to the bot-
tom after scattering a photon, hence the appellation. Though these optical Sisyphus
methods are powerful and commonplace, they are not generically applicable to warm
or hot samples of molecules: AC Stark shifts in many molecular species of interest are
simply too small to exert “large” (even K) energy shifts.*

Zeeman-Sisyphus (ZS) deceleration aims to replace AC Stark shifts with Zeeman
shifts. In many molecular species, indeed any species with S > 0, laboratory Zee-
man shifts can easily reach several K regime. If one can remove Kelvin of energy
per photon scatter, in analogy to the Stark-based Sisyphus methods, then in prin-
ciple one can fully decelerate molecules with only a few scatters. The main scheme
is as follows (and illustrated in Fig. 3.12). First, molecules in a weak-field seeking
(WES) state enter the decelerator and slow down by exchanging kinetic and mag-
netic potential energy as they move towards the first magnetic field maximum. Near
the maximum field, they are optically pumped through an excited electronic state
into a strong-field seeking (SFS) ground state, removing 28 magnetic potential en-
ergy from the system. The molecules then decelerate further as they leave the high
field region and bring the internal energy back to 0 (allowing them to travel in free
space). This process removes a total of 2uB8 kinetic energy from any molecule that
makes it all the way through the magnet. The process can be repeated as many times
as necessary. The first reference to the ZS idea was put forth by Comparat briefly in

a 2014 manuscript [124], with the first actual design proposed in 2016 by Fitch and

*Electro-optical Sisyphus configurations, using static electric fields, have also been used
for trapping molecular species if the height of the electric potential can be made larger than
the kinetic energy of the molecules [123]. These are difficult to mode-match CBGBs and have
only been demonstrated so far on “out-of-the-bottle” species. Future work may extend the
applicability of this method.
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Tarbutt [125]. The Fitch and Tarbutt proposal consisted of a ~meter long decelera-
tor of ~50 permanent magnet stages which was capable of removing ~10K of kinetic
energy if molecules were correctly flipped between magnetic sublevels via scattered
photon between each stage.

Building on these early ideas and our own areas of expertise, we designed, con-
structed, and used a novel type of ZS decelerator that improved upon certain aspects
of the Tarbutt design. In this chapter we describe each of these aspects of the decel-
erator. Though the first application was on CaOH molecules [126], these molecules
are not of interest to precision measurement. Additionally, the material has already
been described in detail in other work [65, 126]. As such, we focus on the design prin-
ciples, important points of construction, and application of ZS deceleration to YbOH.
We make particular note of the complexity of applying the method to YbOH, making
comparisons to CaOH ZS deceleration when relevant. In this process, we emphasize
aspects of molecular structure that deserve attention when designing future ZS decel-

erators of heavy molecules to avoid several pitfalls we encountered.

3.1 DESIGN AND CONSTRUCTION OF A SUPERCONDUCTING ZEEMAN-SISYPHUS

DECELERATOR

To understand many aspects of our ZS decelerator design, it is necessary to first re-
view why we did not simply build the previously proposed design. There were two

main concerns with the Tarbutt design ZS decelerator. First, the long set of perma-
nent magnet stages would have a very small inner bore. This would not only poorly
mode-match a typical CBGB, limiting the number of molecules that entered the de-

celerator, but could also lead to pressure build up due to low conductance from the

78



helium buffer gas to vacuum pumps. Second, the design required the optical pumping
light to be sent longitudinally down the bore of the decelerator. This alignment would
make it necessary to spectroscopically resolve the spin flips at different stages of de-
celeration, which could be difficult due to the large magnetic moment and relatively
steep field gradients in the device. It would also make possible coincidental driving of
the wrong transitions at intermediate field strengths if degeneracies occur.

Our solution was capable, in principle, of resolving both issues: use superconduct-
ing magnets. Superconducting magnets could produce much higher field homogeneity
over a larger volume without requiring either large permanent magnets nor water-
cooled high-current systems. The larger field and homogeneity would allow a larger
bore, which would better accomodate the CBGB cross section. A larger bore would
also increase the pumping speed of helium in the bore, as well as cryopumping almost
any other gas, ensuring good vacuum throughout the slowing process. We could also
leverage the larger field by leaving a gap in the coil near the center of each magnet.
This gap could be used to transversely pump The high-field spin-flip transitions can
be driven through these gaps, at areas of relatively low field gradient, to avoid the
need to spectroscopically resolve different points on a steep B slope. Last, but cer-
tainly not least, the higher fields created by even technologically simple superconduct-
ing magnets reduce the number of magnet stages needed to slow a CBGB dramati-
cally from dozens to “a few”.

With these intentions in mind, we designed a of a magnetic field capable of deliv-
ering these desires and a coil form capable of housing a magnet capable of delivering
such a field. Though we had American Magnetics Inc. wind the actual coil, we pro-
vided both a field profile and physical coil bobbins on which to wind them to them to

ensure optimal compatibility with the ZS scheme.
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3.1.1 DESIGNING THE MAGNETIC FIELD

The design of our magnets was, of course, primarily dictated by scientific considera-
tion. First and foremost, the apparatus needed to be capable of removing ~ 8K =
uB/ %kB of kinetic energy, around the typical energy of previously optimized CBGBs [127].
This energy removal corresponds to the molecules climbing a total field of 12T for
spin-1/2 species. The maximum field value for single stage was limited to some de-
gree by technical limitations on how easy it was to wind a magnet (“easy” at ~5 T or
below). It was also limited by molecular structure concerns. Though we did not plan
on cycling many thousands of photons, we still wanted to utilize the electronic and
rotational closure afforded by the X (000), N” = 1 — A(000), J' = 1/2% cycling line,
which would enable cycling enough photons for the process. Unfortunately, the N” =
1 low-field seeking (LFS) states and N” = 3 high-field seeking (HFS) levels meet at an
avoided crossing around 3 T in both CaOH and YbOH. At such a crossing, the nom-
inal N” = 1 population will be lost from a rotationally closed scheme. We designed
around these constraints to avoid over-engineering to a point that would not be useful
with our molecules of interest.

In addition to field strength constraints, there were mechanical constraints for the
experiment to work as desired. As mentioned above, the field configuration was to be
compatible with a large (1”) bore and maintain a few percent field homogeneity over
the innermost centimeter in order to keep as many molecules as possible in similar
fields. Similarly, keeping a longitudinal gap in the middle of the magnet would allow
spin-flip optical pumping of many molecules without spectrally broadening the laser.
Lastly, we desired to minimize the field strength as close as possible to end of the

slower, so as to not lose molecules nor complicate future cooling or trapping down-

80



stream due to stray fields.

Practical constraints, predominantly from considerations around safely and easily
operating the magnets, also determined aspects of the design. Specifically, we didn’t
want to have a magnet design that would require >100A or long ramping times,
both of which could negatively affect quality of life and safety. Housing the magnets
would be easiest with the entire system in a single cryogenic chamber, which also con-
strained the maximum radius and length.

These considerations were used to model field configurations in the Biot-Savart pro-
gram. The final profile is visible in Fig. 3.1 and Fig. 3.2. We opted for two 3T stages,
which allowed us to use magnets small enough to produce a large-bored, homoge-
neous, field with <50 A of current. This field was also low enough to avoid ground
state rotational mixing in CaOH. To minimize the field tails, we added shim coils in
an anti-Helmholtz configuration referenced to the main coils, which could produce a
near magnetic field zero about 50 cm away from the end of the magnet. The configu-

ration was kept as short as possible to minimize ultimate experiment length.

3.1.2 CoiL ForM DESIGN

With a field design, we then created a physical mount for AMI to wind the coils on.
We wanted to make this piece ourselves to ensure the relevant physical qualities were
realized accurately. In particular, we wanted to maintain the 1” bore size, maximize
the open gap at the center of the magnets, and minimize the overall length while
maintaining structural integrity. The first two concerns were easy to manage: with

a bore thickness of 0.230” we were able to keep a 1” open area with minimal decrease
in field strength, and we used four solid spacers that bolted to the individual half-

coil holders that would easily be able to withstand the slight compression from the
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Figure 3.1: Plots of the calculated on-axis magnetic field along the ZS decelerator in a) original
configuration and b) YbOH configuration. The main differences in YbOH case are the lower peak
field value and additional shim coils reducing the field in between the two magnets (both discussed
in text).
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Figure 3.2: Cross section of the field at the middle of one of the magnets in the ZS slower with
0.1T contours as generated from the BiotSavart program with the final magnet design. Note the
relatively large area within the inner contour, increasing the compatibility with the CBGB.
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Helmholtz pair and allowed optical access to the center of the magnet.

Minimizing the length was not so trivial; we wanted to make the walls of the coil
form as thin as possible without risking plastic deformation due to magnet operation.
To test the strength and malleability of our designs as we iterated, we modelled the
stresses in the coil forms due to the magnetic forces using COMSOL simulation soft-
ware. Using this modelling, it quickly became apparent that the stress was highly
concentrated around the inner radius of the coil, as seen in Fig. 3.3. To minimize
the negative effect of this stress, we modelled stress as a function of inner edge cut
radius, two examples of which are shown in Fig. 3.4. Unsurprisingly, the stress de-
creases as the cut radius becomes larger. However, we also had a constraint that once
the radius is on the same scale as the magnet wire, the field distortion compared to
the ideal would increase. As such, we chose modest radii to focus on, and looked for
cryogenic-friendly materials that had large enough yield strengths to not plastically
deform under the repulsion. Two materials stood out as contenders, Grade IV CP
Ti and Aluminum 6061. Both were strong enough to maintain a small inner radius,
and both are thermally conductive enough to cool the magnets by connecting the coil
forms to a pulse tube 4K state with heatlinks. The main difference between the two
came down to thermal expansion. Since the coils themselves would likely be wound
from some high-copper alloy and epoxy, they would thermally contract significantly
when cooled. Matching the contraction of the form close to this rate was vital to pre-
vent the magnet from cracking or pulling away from the coil form during this process.
On this issue, the clear choice was Al 6061-T6. Though the yield strength of Ti IV
is slightly higher than Al 6061-T6 (70 ksi and 40 ksi respectively'), Aluminum 6061-

T6 contracts about 30% more than copper, and about 4x more than Ti IV. With this

tInformation found on MatWeb, a useful website for many material properties.
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material, we modelled the final coil radius again, with results for the final 0.030” ra-
dius visible in Fig. 3.4. We settled on 2.0 mm of an outer edge. In this design, the
peak stress is ~ 10 ksi, a factor of ~4 below the yield strength. As additional de-
formation protection, we also added rods between the faces of the half coils near the
outer radius of the forms, which would be slightly pre-stressed during construction

so the magnetic forces returned the system closer to an equilibrium. To accommo-
date heatlinks and thermometer attachment we added small through and tapped holes
on the outer coil faces wherever possible. CAD files of the coil form (with stand-in
magnet coils) can be seen in Fig. 3.5. The machine drawings for the coil forms can be
found in Appendix B. The total length of an assembled coil was 4.96".

We sent AMI the desired field profile and machined coil forms. They wound three
coil sets for us (two for the ZS slower and a backup). Details of the construction are
“trade secrets”, but they did provide datasheets from their tests of the final magnets
(see Appendix B). Of particular note are the the maximum field of 2.8T at a typical
current of 40 A. Upon delivery, we conducted measurements of the low-current longi-
tudinal field profile with a gaussmeter before installing the coils. These measurements
qualitatively agreed with specifications; we attribute small discrepancy to the test be-

ing done at room temperature and low current.

3.1.3 CoiL MOUNTING AND INSTALLATION

Unfortunately, the magnets from AMI were not accompanied by a fully constructed
cryogenic chamber to connect to our beam source! As such, we had to also design

a dewar capable of holding two magnet sets and a pulse tube. Unlike in the CBGB
source, where stability and thermal dissipation are essentially the only relevant con-

cerns, the magnet dewar would also require high-current electrical connections down
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Figure 3.3: COMSOL simulation showing the stress distribution over the entire magnet assembly.
The highest stress is clearly on the outer wall edge and against the spacers between half coils, with
the latter not being a concern for deformation since the stress is compressive. Fig. 3.4 shows the
corner stress at higher resolution and as a function of radius of curvature.
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Figure 3.4: Comparison of maximum and minimum stress on the ZS coil form between a 20 mil
and 30 mil radius of curvature along the outer wall as calculated by COMSOL simulation software.
The change in radius decreases the maximum stress by approximately 50% giving a safety factor of
4 below the Al6061-T6 yield strength of 40 ksi.

Figure 3.5: Side and angle view of the designed coil forms with stand-in copper coils. The two
sub-assemblies are bolted into solid aluminum spacers to hold them together, and the half-coils
each have longitudinal pre-stressed rods between faces to counteract the anti-Helmholtz repulsion
of main and bucking coil.
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to cryogenic temperatures since we needed to supply high current to the magnets. We
describe both the mechanical and electric aspects of the design here.

Mechanically, the dewars’ design needed to allow the molecular beam to pass through
the slower, have sufficient optical access for the ZS optical pumping, and maintain the
magnet temperature at 4K. Except for these details, the cryogenic shields, temper-
ature monitoring, and cryopumps were done in the same manner as in our CBGB
sources. We omit details here due to plentiful descriptions elsewhere [65, 69, 71, 94].

Adding ~1 cm holes on all the downstream and upstream cryogenic shields was
sufficient alteration to allow the molecules to pass cleanly through the decelerator.
The hole size was chosen to balance the molecular flux entering the slower and the
blackbody load from 300K radiation on the 4K stage. Even with this balancing, these
holes were still the limiting source of blackbody radiation on the cryogenics. Future
iterations could extend the 40K cryogenic shielding between the beam source and
7S slower to reduce the solid angle of blackbody incident on the magnet dewar pulse
tube.

Ensuring optical access was also simple: long, 0.375” thick windows over the whole
length of the slower on both the 40K and 4K cryogenic shielding. COMSOL simula-
tions indicated that this thickness is sufficient to keep the entire bulk of the window
within 1K(?7) of the shield temperature, indicating that, provided the thermal contact
was done correctly, these windows should not add to the heat load on the pulse tube.
See [71] and Bao [69] for details on mounting windows cryogenically.

The magnets were connected to the cryogenic refrigerator through a combination of
a rigid aluminum mount and a copper braids to the 4K stage of the pulse tube. The
mount alone was more structural than thermal, as it was kept narrow to maintain

access to the tapped holes on the flange faces. To provide a robust thermal connection
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Figure 3.6: Images of the mounted magnets. On the left, a view of both magnets in the 4K cryo-
genic shielding, with optical access slits seen in the middle of each set. The blue packages are
quench protection diodes, which were removed for the experiments described in the text. On the
right, a close-up of the inner wall of one of the magnets, showing the copper braids bolted to the
inside face. These braids were also clamped to the 4K stage of the pulse tube to cool the mag-
nets.

between the 4K pulse tube stage and the magnets, we connected them with ~15 thin
copper braids per magnet. These assemblies were mounted inside nested 40K and 4K
cryogenic shields, as visible in Figure 3.6. The two magnet sets’ bores were coaligned
to 0.02” concentricity using a machined macor rod. Longer decelerators likely require
more accurate alignment to avoid transverse oscillations off-axis resulting in molecule
loss, but simulations show this alignment was sufficient for our experiment.

The electrical connections for the magnet coils were trickier. The quandry arises
from the fundamental tension between resistive heating and thermal conductivity.
Outside the cryogenic chamber, there is no issue. From the power supply to the ZS
chamber, 4 AWG copper cables can easily carry many 10s of amps of current. Inside

the chamber, however, thick copper wires cannot be used from the feedthrough to the
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magnets because they are also very thermally conductive: an 8 AWG wire (rated in
air for 40 A) from the feedthrough to the magnets would have to be almost 2.5 me-
ters long long to not add >500 mW to the pulse tube load. This is a long length of
a quite thick wire to fit in a tight space. Even this heat load on the 4K stage is re-
ally a strict maximum: in combination with other heat loads it would come close to
overwhelm the 2W cooling capacity of the PT420 model, which would prevent su-
perconducting operation of the magnets. On the other hand, using thin copper wire
in this capacity is also not reasonable, since resistive heating goes inversely with the
cross sectional area and would melt the wire. Such heating would also add significant
thermal load to the cryogenics. Higher thermal resistivity regular metals magnify the
resistive heating issue further. An alternative to these options uses high-temperature
superconducting (HTS) components, which as ceramics are able to both electrically
conduct and thermally isolate in their superconducting phase.

The 150 mm long HTS leads were produced by GMW Associates. The supercon-
ducting component was a filament of HTS (non-disclosed, likely YBCO) with a criti-
cal temperature of >64 K. The leads also had a thin sheet of stainless steel along the
length as a “shunt” which reroutes the current in case of a LTS magnet quench to
prevent damage to the HTS material itself. We used these as the electrical connection
between the 40K and 4K states of the ZS dewar, as they would add essentially zero
heat load to the magnets themselves and both temperatures are comfortably below
the T¢o. Normal copper wire was used between the room-temperature feedthrough
and the 40K stage. The electrical connections between the normal and supercon-
ducting sections was done by bolting both to a ~1/2” thick copper block to mini-
mize junction resistance. To avoid electrically shorting the cryogenic shields, these

blocks were mounted to the shields on a 0.002” kapton sheet, the bolting holes were
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rimmed with G10 tubing, and G10 washers kept the bolts themselves from touching
the blocks. This combination allowed us to use large enough copper blocks to provide
sufficient thermal contact even across the kapton sheet to remove most of the heat
that was conducted through the normal wire from room temperature. These blocks
were surrounded, to the best of our ability, by 1/8” copper thermal shielding to pre-
vent blackbody from heating the top of the leads. Pictures of these heatsinks and
connections can be seen in Fig. 3.8. Thermometers mounted on the connection blocks
showed that although the combination of thermally conducted and blackbody heat
load was sufficient to keep the HTS leads superconducting, the temperature routinely
sat >15K above the shield temperature. Future iterations should improve the con-
ductive heat load by improving thermal shielding robustness, further increasing the
size of the connection block, shrinking the kapton sheet thickness, and increasing the
gauge of the bolts.

The lower temperature ends of the HT'S leads were clamped to another large cop-
per block, seen in Fig. 3.8. The LTS magnet leads were adapted with copper lugs
which also clamped to this block, documented in Fig. 3.9. This configuration pro-
vided good electrical connection between the HT'S and LTS sections, while preventing
torques or forces from moving the HTS leads, which are comparatively fragile to the
other materials involved. These blocks were tightly clamped through an electrically-
insulating layer of Kapton to the 4K shield to remove heat. This heatsinking was
important to prevent the ends of the LTS leads from going normal, as their critical
temperature was only ~ 10 K. Previous iterations of electrical connection with less
heatsinking area proved unable to remove the conductive heatload through the HTS
leads (rated by GMW to be 72 mW /lead), likely due to the stainless shunts. In the

final configuration, thermometers on these blocks showed only a slight (<1K) temper-
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Figure 3.7: Picture of the electrical connection between the regular conducting lead (top left) to
the HTS lead (silver, to the right). The block which they are connected through also serves as a
heatsink, and is tightly clamped to the 40K shield through a sheet of kapton (not visible).

91



Figure 3.8: Electrical and thermal connection at the bottom of the HTS leads. The HTS leads
are clamped tightly to the large copper blocks, along with the LTS lugs (3.9) to eleectrically con-
nect the two. The block itself is tightly clamped to the 4K shields to remove heat conducted
through the HTS lead shunts and prevent the LTS lead from going normal. To prevent electri-
cally shorting the block to the shields, a kapton sheet is placed between the block and shield, and
a G10 sheet separates the top of the clamping bolts from the block.

ature difference across them to the 4K stage.

3.1.4 MAGNETIC GUIDE

The last new (i.e. not used in typical Doyle group experiments) part of our ZS de-

celerator, the magnetic octupole guide, is not actually involved in the deceleration at
all but was necessary for accurate detection. In particular, since the molecules exit a
7S cycle in a SFS state, they are susceptible to off-axis acceleration due to fringing

fields, an effect that is magnified at slow velocities. To prevent these molecules from
getting lost (and therefore not detected), the octupole guide was added after the sec-
ond ZS magnet to ferry the molecules safely out of the strong stray field region. The

design of a single stage of the guide, including relevant dimensions, can be seen in
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Figure 3.9: Assembly of the lugs used to connect the LTS magnets to the rest of the electrical
circuit. The LTS leads were fit and clamped into copper endpieces, which were then soldered to

ensure optimal electrical connection. These lugs were then clamped to the heatsinks along with
the HTS leads (3.8).

1.65" ‘T’

Figure 3.10: CAD views of a segment of the magnetic guide. The design is 1" long. ~15 of these
were used to bridge the distance between the end of the ZS magnets and the detection region.
The magnets were affixed to the copper holders with epoxy.
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Figure 3.11: Field strength inside the magnetic guide, figure borrowed from Augenbraun [65].
On the left (a), an end-on view of the individual permanent magnet orientation and a COMSOL-
generated profile of the field. On the right (b), a comparison of the radial field strength as mea-
sured (dots) and simulated with COMSOL (line).

Fig. 3.10. The final construction used ~ 15 1” long, 0.1257x0.125” cross section, 1.3 T
N42 NdFeB magnetst epoxied’ into Cu mounts. These subassemblies were held evenly
spaced on #10 Ti threaded rods with aluminum nuts to cover the whole length from
7S magnet to detection region. The field was simulated COMSOL and measured via
gaussmeter (Fig. 3.11). This field corresponds to ~ 250 mk depth for s = 1/2 species.
This depth is more than sufficient to contain the estimated 1 m/s transverse velocity
the CBGB should have a meter downstream from the source through the cell, shield,

and magnet apertures.

BX022 from K&J Magnetics, Inc.
SMasterbond EP30-2 epoxy or Stycast 2850, for room temperature and cryogenic parts
respectively
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3.2 ZEEMAN SISYPHUS DECELERATION OF YBOH

In this section, we describe in detail the ZS deceleration of YbOH Y. Though the
method was ultimately successful in decelerating molecules, the YbOH scheme fun-
damentally differed from the simple picture outlined earlier in this chapter. We begin
our discussion with an outline of the YbOH ZS experiment including the apparatus
above and the relevant optical pumping. To ultimately make the ZS scheme work as
outlined, we had to better understand the molecular structure of the involved states.
To that end, we then discuss the high-field Zeeman spectroscopy, optical pumping
modelling, and technical upgrades that were necessary to achieve deceleration. We
end with discussion of the results and limitations of this work. Throughout the sec-
tion, we raise attention to aspects of the work that require attention for future ZS

deceleration of other heavy molecules.

3.2.1 EXPERIMENTAL SETUP

YbOH molecules are produced by laser ablation of a pressed powder target of a sto-
ichiometric mixture of Yb and Yb(OH)s. This ablation occurs inside a buffer gas
cell held at ~2 K and filled with Hey buffer gas at a typical density of 10> cm™3.
The buffer gas quickly thermalizes the molecules to the cell temperature, and the
combination is hydrodynamically extracted from the cell through a 7 mm diame-
ter aperture [129]. The molecules then enter a 20 mm long second stage “slowing”
cell [129, 130] held at 0.9 K by a pumped *He pot (see Augenbraun [65] for details).

The gap between the two stages was tuned to 2 mm to optimize the molecular beam’s

TPortions of this section are taken and Jor adapted from the publication “Zeeman-Sisyphus
Deceleration for Heavy Molecules with Perturbed Excited-State Structure” [128].
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forward velocity and flux. Typical peak forward velocities after the second cell are be-
tween 30 and 50 m/s (equivalent kinetic energy ~ 15 K). The appearance of molecules
at the lower end of the velocity spectrum was extremely dependent on small changes
to ablation energy and pointing, and even cell construction. Advancements in reli-
able low-velocity molecules in a CBGB would increase the efficiency of this method
substantially.

After leaving the cell, the molecules fly 55 cm to the decelerator described above.
Before entering the first magnet (“S1” region), molecules are optically pumped into
the WFS manifold by a state-preparation laser (7 mm diameter, 100 mW) tuned to
the | X 2¥t, SFS) —>]AQH1/2, J'=1/2,p' = +) transition. The molecules then enter
the first magnet and decelerate as they climb the magnetic potential. At the center of
the first magnet (region “D1”, B &~ 2.4 T), molecules are optically pumped toward the
SFS manifold by a laser beam tuned to the | X 2%+, WFS) —>|/~12H1/2, J =1/2,p =
+) transition. The pumping in the D1 region is done by a 400 mW laser beam that
is cylindrically expanded to ~ 20 mmx5 mm, nearly the maximum size compatible
with magnet design (the slits can be seen in Figure 3.6, and dimensions of the spacers
can be found in Appendix B). The molecules, now in the SF'S manifold, continue to
decelerate as they exit the first magnet. When the molecules finally leave the magnet,
they are driven back to the WFS manifold via the |X 2%+, SF'S) —>|fl2H1/2, J =
1/2,p' = +) transition (in the “D2” region). The laser beam in D2 has a power of
200 mW and is also expanded to ~ 20 mmx5 mm.

In addition to the apparatus as describe above, an extra pair of compensation coils
are installed to ensure B < 500 G in this region so as to maximize optical pumping ef-
ficiency, as explained in Section 3.2.2. The high-field pumping step is repeated in the

second magnet as molecules pass through the second field maximum (“D3”). Immedi-

96



@ I ! 1 |(b) [17.73] (000)

1 1 1 1 I r~

! | i ! i A (000) K

: .: 1 0! : £3 'S

1 1 H 9‘ .
m i i i ! i o0 [ 581m
sV ¥ ! Voo |s77om @,
FlZwest N7 L N K,
1T ®\SFS | > 2 z 565 nm X (100)
= i / 1 / (detected)

¥ X000
4 ! X (000)

S1

(©
Molecules

..l
->|!

s

Compensation coils Magnetic guidé\‘{:

Il / Il L Il L.
1 1 T 7/

0cm 65 cm 80 cm 126 cm
Magnet Region Detection Region

Figure 3.12: Overview of the ZS deceleration scheme. (a) Simplified representation of the mag-
netic field tuning for an ideal 2IT —2 XF electronic transition. (b) Level diagram indicating the
background-free detection scheme. (c) Schematic rendering of the decelerator magnets and detec-
tion region.

ately after exiting the second magnet, a final spin-flip transition is performed (“S2”),
to putting the molecules into the WES state so they can enter the magnetic octupole
guide. The molecules then traverse the guide into the detection chamber.

Molecules are detected using a (nearly) background-free laser induced fluorescence
(LIF) detection scheme. We simultaneously drive the A 2IT; /2(000) < X 2%+(000)
(577 nm) and [17.73](000) < X 2%(000) (581 nm) transitions! while detecting fluo-

rescence from [17.73](000) — X 2%+(000) at 565 nm.** The 581 nm laser beam can

IThe [17.73] state is an electronic excited state in YbOH that arises from excitations of the
Yb(4f) shell. It is mostly of II; /o character and predominantly decays to the X 2%+(000) and
(100) levels.

**A small magnetic shim coil is used to keep the magnitude of the field in the detection
region < 1 G so the Doppler-sensitive light is only resonant with a single set of molecules.
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either be sent transverse to the molecular beam, to detect all molecules, or sent par-
tially counterpropagating against the molecular beam to provide velocity-sensitive
detection. In the Doppler-sensitive configuration, the 581 nm beam is chopped at 500
Hz and sequential comparison of time bins with the laser on and off are used to re-
duce the noise associated with remnant scattered light from the 577 nm beam, which

is the dominant source of noise despite the off-diagonal detection scheme.

3.2.2 ZEEMAN SPECTROSCOPY

The observant reader will note that many of the field values noted above are lower
than the nominal design specifications of the ZS magnets. These values were chosen
as a result of the Zeeman spectroscopy we describe in the section to ensure minimal
loss of molecules in the presence of a B field.

We performed optical pumping measurements using segments of the complete ZS
decelerator to characterize the YbOH Zeeman structure in magnetic fields up to 2.5 T.
In these measurements, molecules are first prepared in the WFS manifold in region S1
and enter region D1 in which a (variable) magnetic field is applied. The molecular
flux transmitted to the detection region is monitored as the frequency of the optical
pumping laser is scanned over resonance features for various magnetic fields.

Because SFS states are unable to traverse the octupole guide (see Fig. 3.12), transi-
tions that drive population from the WFS manifold to the SF'S manifold are detected
as a decrease in fluorescence in the detection chamber.

Figure 3.13(b) shows optical pumping spectra recorded at various magnetic fields
between 0.2 T and 2.4 T. By subtracting the known (1up) ground state Zeeman shifts
from the raw data, we isolate the A2H1/2 energy level structure in Figure 3.13(b).

The |/~12H1/2, J' = 1/2,p" = +) manifold displays significant Zeeman tuning. More-
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over, the nonlinear Zeeman shifts indicate significant rotational mixing with |/~12H1 /2, =
3/2,p" = +). The appearance of a third resonance, marked by (*) in Figure 3.13,

is due to the |f~12H1/2, J' = 3/2,p) = +) level, which tunes strongly toward the
lower energy J' = 1/2 states. We fit the observed transitions to the Hamiltonian
model of Ref. [131]. Holding all constants other than gg and g in the 2121_[1/2 state
fixed, we determine gg = 1.860(9) and g; = —0.724(4). gg significantly differs from
the bare electron value, although this is not unexpected given perturbations between
the A2H1/2 state and nearby Yb* (4f136s2)OH™ states (see supplemental material
of Sawaoka et al. [128] for additional details). The measured g; value is close to that
predicted by a Curl-type relationship [132], which predicts g = —0.865. The fitting
method and obtained values are discussed in detail in supplemental material in the
same supplement [128].

The ground state also experiences level crossings that lead to rotational mixing. At
fields greater than ~ 0.01 T, the two Zeeman manifolds of the | X 2%+, N7 = 1) level
tune linearly with a slope of 1up. Near 0.5 T, the | X 22T, N” = 1,SFS) manifold
crosses the | X 221, N” = 0, WFS) manifold and near 1 T, the | X 22%, N” = 1, WFS)
manifold crosses the | X 2%, N” = 2,SFS) manifold. However, these crossings do
not affect the \X 2y*, N"” = 1) manifolds because the neighboring rotational states
have opposite parity. On the other hand, near 2.5 T, the |[X 22+, N” = 1, WFS)
manifold crosses the | X 2%+, N” = 3,SFS) manifold and these levels can mix due
to dipolar hyperfine terms. For YbOH, 2.5 T is the practical maximum field that can
be used for the peak field of a deceleration stage. In general, the crossing between the
| X 22F, N” = 1, WFS) manifold and the |X 2%, N” = 3, SFS) manifold happens at a
magnetic field of 5B/up, where B is the rotational constant.

This Zeeman spectroscopy thus limited our field strength below the maximum value
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Figure 3.13: Overview of the 2121'[1/2 (000) Zeeman structure and optical Zeeman spectroscopy.
(a) Energy levels and excitation/decay pathways involved in the optical pumping transitions. (b)
Magnetic tuning of the low-J AQHI/Q (000) energy levels inferred from the optical pumping mea-
surements Data recorded at different magnetic fields are offset vertically for clarity. Lines overlaid
on the spectra indicate computed energy levels using optimized fit parameters. The vertical dotted
lines are guides to the eye for indicating the center of the depletion features at each magnetic field
values. (*) denotes the resonance due to the [A 2L 5, J' = 3/2,p’ = +) level.

of the magnets. Additionally, it illuminated the strong rotational mixing in the ex-
cited state. Both the lower field and the excited state contributed to the lower effi-
ciency in this work compared to Augenbraun et al. [126]. We note that both of these
issues are likely not specific to YbOH, since related heavy species will generically have
similar ground state rotational constants and congested excited state structure. Un-
derstanding the Zeeman structure in other species will be paramount to designing a

future ZS scheme with minimal loss.

3.2.3 OpticAL PUuMPING EFFICIENCY

Efficient spin-flip transitions are of central importance to ZS deceleration. For this

reason, the initial proposals [124, 125] and demonstration [126] for the ZS decelera-
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tor focused on molecules whose lowest electronic excited states are nearly ideal 2II; /2
states. The large spin-orbit coupling, small g-factor, and the presence of rotationally-
closed cycling transitions between these states and 2% ground states makes them ideal
targets for ZS deceleration.

In the 2% ground state, the electron spin is uncoupled from the molecular axis, giv-
ing rise to WFS and SFS states with well defined values of Mg, the projection of the
electron spin along the external field. Transferring population between these states
requires flipping the projection of the electron spin. The large spin-orbit coupling of a
211, /2 state facilitates driving these spin flips because the eigenstates in such a mani-
fold are a nearly even linear combination of Mg values.

By driving transitions from the | X 2%+, N” = 1) to the ]AQHUQ, J =1/2,p = +)
state, parity and angular momentum selection rules ensure that molecules always de-
cay back to the N” = 1 manifold. The rotational closure of a cycling transition is
crucial to minimize loss during the repeated optical pumping steps. This situation,
which has been used in previous ZS deceleration of CaOH [126] and molecular laser
cooling experiments [133], relies on the \12121_[1/2, J' = 1/2,p) = +) states being neg-
ligibly Zeeman-mixed with higher-J states. Of course, any optical pumping scheme
also requires that transitions that decay to other rotational states are not accidentally
co-resonant with the desired transition.

The primary challenge in extending ZS deceleration to YbOH molecules comes
from the complex structure of its A 211, /2 excited state. This state has an effective
g-factor, g5 = g;/3 ~ —0.25, that is over an order of magnitude larger than that of
CaOH [126, 131], due to mixing with nearby electronic states. Furthermore, the large
A-type doubling in YbOH places the |A2H1/2, J' =1/2,p) = +) and |f~12H1/2, J =

3/2,p" = +) levels of the 12121'[1/2 state within about 0.1 cm™' of one another. Thus,
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the A2I1, /2 states of YbOH experiences both large, non-linear Zeeman shifts and
significant state mixing among the A 2II; /2 rotational levels. The ZS deceleration
scheme must be re-examined in light of these features, both of which may reduce the
optical pumping efficiency between ground state spin manifolds. These features are
likely not unique to YbOH but instead representative of many heavy-atom contain-
ing molecules, as the number of excited states near the cycling excited state tends to
increase with mass.

Even in low fields, where the mixing among these rotational levels is not signifi-
cant, care must be paid to avoid accidental resonances to lossy transitions through
the |A2H1/2, J' = 3/2,p) = +) states. In particular, at ~ 1000 G, the field used in
region D2 for our previous ZS deceleration of CaOH [126], a transition from the WFS
manifold to the |/~12H1/2, J' = 3/2,p = +) state is nearly degenerate with the D2
transition frequency. Driving such a transition produces near-unity loss to excited ro-
tational states. This loss was observed prior to installing the compensation coils (see
Appendix B) in D2. After installing the compensation coils, we no longer observed
this loss as indicated in section 3.2.4. The construction of these coils will be covered
in H. Sawaoka’s thesis.

Regions S1, D2 (after compensation), and S2 operate at fields under 500 G. In
this low-field regime, the 10% vibrational branching ratio from A 2II; /2(000) to the
X 2%%(100) limits the optical pumping efficiency [99]. Simulations show that below
~ 1T, the population can still be almost entirely transferred between WFS and SFS
manifolds using < 4 photon scatters per molecule. Without vibrational repumping
lasers, calculations show ~ 75% efficiency in transferring SFS to WFS molecules
with 4 scattered photons, with the vast majority of the remaining 25% of the pop-

ulation lost to X (100). Less than 5% of the population remains in the SFS mani-
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fold after passing through any of these regions. The major difference in efficiency in
these stages when compared to CaOH is due to the larger vibrational branching to
the | X 22+, vy = 1) manifold.

The situation differs qualitatively at magnetic fields above ~ 1 T, i.e. in regions
D1 and D3. In this regime, the Zeeman shift is much greater than the rotational
energy spacing, leading to significant rotational mixing between the |/~12H1 /2, I =
1/2,p" = +) and \AQHUQ,J’ = 3/2,p’ = +) manifolds. The lower state in the
|/~12H1/2, J' = 1/2,p' = +) manifold retains dominant J' = 1/2 character, but the
upper state in the manifold gains significant J' = 3/2 character. This rotational mix-
ing induces a ~ 10% decay to the | X 25+ N” = 3) state. Additionally the large
effective g-factor g causes the states that correlate to |1212H1/2, J =1/2,p = +) at
zero field to be split substantially. At 2.4 T, they are split by 5.6 GHz and transitions
to both components must be driven to drive the entire ground-state WFS manifold
toward the SF'S manifold. This frequency splitting is bridged in the experiment by a
high-frequency electro-optic modulator (EOM), but pumping through both excited
states still requires ~ 4 cycles to spin flip all possible ground-state population.

In a high-field regime, not only must we still cycle several photons to drive all pos-
sible molecules from WFS to SFS states, but also the loss per cycle is nearly double
the low-field value due to the additional loss channel. At 2.4 T, < 60% of the popu-
lation can successfully transfer from the WFS to the SFS manifolds at all, due to the
substantial rotational and vibrational loss. Calculations show that four scattered pho-
tons are sufficient to transfer ~ 55% of the population, with only ~ 5% remaining in
the WFS manifold.

Combining the efficiencies for each individual region, and assuming sufficient tran-

sit time in all optical pumping regions (i.e. maximally allowed photon cycling), the
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Table 3.1: Comparison of experimentally measured pumping efficiencies to the optimal values
calculated from theory for different combinations of pumping light. The measurements approach
the best efficiencies our scheme is capable of as described in Section 3.2.3.

Light on Detected Pop. (%) | Optimum (Calc.) (%)
S1 100 100
S1 + D1 25(3) 20
S1+ D1 + D2 55(4) 66
Round Trip Pop. 30(5) 41

inefficiencies described in this section imply that 10 — 15% of the population that
enters the ZS slower can be successfully decelerated. In principle, this fraction could
be significantly increased by recovering population lost to rovibrational dark states.
Though the loss channels are dominated by only two rotational levels (| X 25+, v; =
1,N” =1) and |[X 22T, v; = 0,N” = 3)), both of these rotational levels will split into
separate SF'S and WFS manifolds (each with multi-level substructure), making rota-
tional repumping a complex task. We thus find that the complex Zeeman structure
of the AZII, /2 state in YbOH significantly impacts both the number of optical cycles
necessary to spin-flip population in a high-field ZS decelerator and the amount of loss
that those cycles induce.

While we have focused specifically on YbOH, some or all of the structural features
that complicate ZS decelerator appear to be generic to many heavy molecules that
have been proposed for next-generation precision measurements, including YbF [134,

135, BaF [136, 137], and BaOH [138, 139].

3.2.4 DECELERATION OF YBOH

Overcoming the complications described above, we successfully demonstrated ZS de-

celeration of YbOH. To characterize the overall efficiency associated with the scheme,
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we first studied each optical pumping step. We compared the ratio of detected WFS
signal in various pumping configurations, as shown in Table 3.1. For these measure-
ments, the state preparation light S1 was always on. First, we turned on the high-field
pumping region D1, which lead to depletion of the WFS population. Then we kept
the D1 light on and added the low-field pumping region D2, reviving the population
that was depleted by D1. The ratios we measured are similar to what calculations
predict for optimum pumping efficiencies as described in 3.2.3. By combining simi-

lar measurements with D3, D4, and S2, we found that approximately ~ 10% of the
population successfully completed two full ZS cycles, in good agreement with the cal-
culations.

After optimizing the optical pumping efficiency in each region, we detected indi-
vidual velocity classes of molecules exiting the decelerator using Doppler-sensitive
laser excitation. Figure 3.14 shows a representative laser-induced fluorescence sig-
nal for the velocity class at 18(3) m/s. Accounting for optical collection efficiency
and quantum efficiency of our detector (a photomultiplier tube), we determined that
~ 100 molecules per pulse in this single velocity class are decelerated. As expected
from the slowing mechanism, the molecules arrived in the detection region earlier
than an arrival time that would be expected for molecules that were produced in the
beam source at this velocity. This early arrival necessarily means that the detected
molecules originated at a higher velocity, providing further confirmation that the
detected molecules were decelerated. The molecules detected at 18 m/s originate at
velocities near 30 m/s, as expected from the known magnetic potential energies ex-
perienced by the molecules. Note that this 12 m/s decrement of velocity would have
required ~3,000 photons if radiative slowing were used, while the average molecule

undergoing ZS deceleration scattered < 10 photons. This > 100x gain in efficiency
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Figure 3.14: Demonstration of Zeeman-Sisyphus deceleration of YbOH molecules. Both traces

are taken in Doppler-sensitive configuration looking at the 18(3) m/s velocity class. The blue trace

was taken with only S1 light on, so no deceleration occurs. The purple trace was taken with the

full ZS pumping scheme, and reveals decelerated population in this velocity class. The dashed line

demonstrates the earliest time of arrival for molecules produced at this speed.

per optical photon scatter would be critically important for molecules that do not

have high closed optical cycles.

3.2.5 (CONCLUSION

In this chapter we describe the design and construction of a Zeeman-Sisyphus deceler-
ator and its application to YbOH molecules.

For the decelerator itself, we discuss the relevant considerations around field strength,
magnet type, magnet size, and cryogenic housing. While we did not wind the magnet
coils ourselves, we designed the field profiles and coil forms to ensure compatibility
with the molecular and optical pumping beams, minimize long-range field strengths,
and ensure electrical and mechanical robustness. Though many of our final choices
were made to suit our particular needs, we believe that the discussions cover the most
relevant concerns for future ZS deceleration schemes more generally.

After these discussions, we move on to describe the ZS deceleration of YbOH molecules.

We begin by outlining the nominal experimental setup, including production, optical
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pumping transitions, and detection. This outline looks similar to the ZS decelera-
tion of CaOH [65, 126]. However, there were several complications that made the
realization of deceleration significantly more complex. To understand the complica-
tions, we then examined the Zeeman structure of YbOH and investigated the effects
of this structure on the ZS scheme. With improvements to the pumping scheme and
magnetic field strength, we finally realize deceleration of YbOH molecules. The de-
celeration observed represents the largest velocity change produced in a YbOH beam
yet, and could be further improved with a lower beam source velocity (e.g. by lower
cryogenic temperatures), more rovibrational rempumping, and/or adding a few more
magnetic stages (conveniently at lower field). Modeling shows that closing the rota-
tional and vibrational loss channels with additional frequencies would increase the
number of molecules below 20 m/s by an order of magnitude. Laser-induced chem-
ically enhanced production of YbOH[140] and an optimized initial beam velocity
would increase the number further to > 10* decelerated molecules. With this im-
proved decelerator performance, and typical trap capture efficiencies for polyatomic
molecules [57], it is likely possible to capture 2 100 molecules in an optical dipole
trap, a number that is sufficient to obtain an electron EDM sensitivity that surpasses
the current limit of d. < 1072% e cm [36].

These results provide insight into the deceleration dynamics of complex molecules.
In particular, it is quite common for heavy species to have excited-state g-factors suf-
ficiently large to produce Zeeman splittings comparable to A-doubling splitting at
modest fields. Molecules in this class will likely require additional repumping lasers
to avoid inefficiencies in Zeeman-Sisyphus deceleration schemes that involved high-
field optical pumping. This class includes many molecules of broader interest, such

as YBF [134, 135], BaF [136, 137], BaOH [138, 139], and WC [141-143]. Many other
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experimentally relevant heavy species (e.g. YbOCHg3 [107], YbCHg3 [144], YbSH [145],
BaCHz3[144], RaF [146], RaOH[147], HgF [148], HgOH [149]) require further exami-
nation of excited state structure to assess the feasibility of Zeeman-Sisyphus deceler-
ation. In contrast, light species of general interest for precision measurements and/or
quantum computation (such as MgF [150, 151}, MgNC [152-154], CaOCH3 [155,
156]) generally have small A-doubling and will not suffer from the observed Zeeman-
induced rotational loss channels, even at higher magnetic field strengths.

To eliminate the observed problematic optical spin-flip transitions, one could re-
place the high-field optical pumping with microwave transitions. For essentially any
molecule with a 2%+ ground state, this would mean replacing the D1/D3 (see Fig-
ure 3.12) light with a microwave source to drive population from the WFS to the SFS
manifold directly. For decelerators operating below 3 T, the required microwave tone
is in a convenient technological range of f < 80 GHz. Optical pumping in the low
field regions, where optical spin-flips are more efficient and do not lead to rotational
loss, maintains the irreversability of the method. This modification would be species
independent, as any X+ ground state will have similar Zeeman tuning and could be
decelerated similarly, opening the door to simultaneous Zeeman-microwave decelera-
tion of multiple species.

Though the process of Zeeman-Sisyphus decelerating YbOH was significantly more
complex than CaOH, the complications were in the end understood and overcome.
With a tested understanding of both apparatus construction and how molecular struc-
ture affects the scheme, ZS deceleration should be seen as a viable option for future
slowing of molecular beams. Indeed, the deceleration of YbOH shows that the method
can be used to motionally control even very complex molecules, since the decelerated

molecules scattered only I5 photons. There are significantly many more species capa-
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ble of scattering O(10) photons than O(10,000)! If future photon-efficient trapping
techniques can be developed, ZS deceleration can play a vital role in the control of a
much wider class of molecules than is currently accessible with contemporary tech-
nology. Even by itself, ZS deceleration could be utilized to significantly increase co-
herence time in beam experiments of molecules or even atoms not amenable to other

techniques.

109



The low yellow
moon above the

Quiet lamplit house.

Jack Kerouac

Radiative Slowing and Magneto-Optical
Trapping of STOH

Though experimentation with novel slowing and trapping techniques is useful for
pushing on the frontier of complex molecular control, it is undoubtedly a slow pro-
cess. While Zeeman-Sisyphus deceleration of YbOH was now understood, there were

still major open questions about the remaining steps necessary to use the molecule
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in a precision measurement. In particular, while a bit of Doppler cooling could bring
the ZS beam to a trappable velocity, the molecule could not (and still cannot) be put
into a magneto-optical trap. Previous work had identified the first few vibrational
repumping transitions, but only enough to cycle around a thousand photons. Further-
more, Yb molecules (including YbOH) were discovered to have generic intermediate
electronic states that are long lived, difficult to repump, and capable of spoiling rota-
tional closure. These issues prevent further use of YbOH without months-to-years of
additional exploratory work in either 1) vibrational spectroscopy or 2) novel trapping
techniques.

As such, the decision was made to pivot to STOH as a target molecule. StOH was
chosen because it could both support either an EDM or UDM measurement ([46, 50])
and was plausibly close to well enough understood [46, 63, 64] to immediately be-
gin full laser cooling. Radiative slowing and magneto-optical trapping are previously
demonstrated techniques that have been applied to atomic, diatomic, and polyatomic
systems isoelectronic to STOH. As such, our effort could be entirely dedicated to un-
derstanding how this molecule differed from previous use cases to modify these tech-
niques, instead of simultaneously developing them from scratch.

In this chapter, we review the laser cooling and trapping of STOH. We begin with
the theory of operation for both techniques, including key points of departure be-
tween polyatomic and diatomic molecules. Then we review the previous work done
on SrOH to establish the existing information that made the current work possible:
high-resolution rotational spectroscopy, 1D Sisyphus cooling, and high-resolution vi-
brational branching ratio measurements [46, 61, 63, 64, 157-166]. Having established
the prior work on the molecule, we then explain how the full STOH photon cycling

scheme was developed. From there, we move on to the layout and results of the STOH
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radiative slowing demonstration. Then, we discuss a preliminary MOT of SrOH and
the ongoing modifications to improve the stability of the experiment as well as in-
crease the trapped number and lifetime. Finally, we discuss remaining steps between
the existing experiment and a future Ramsey-style precision measurement in a conser-

vative trap.

4.1 THEORY OF RADIATIVE SLOWING, AND MAGNETO-OPTICAL TRAPPING

Radiative slowing and magneto-optical trapping are both foundational techniques

in atomic and molecular physics based strongly on using photon cycling as a source
of momentum recoil. In particular, each scattered photon can remove momentum

p = hv/c on average opposite to the direction of absorption. Photon cycling allows
repeated absorption from a single or few lasers which in turn, given sufficient scat-
tering, allows large reduction of momentum along arbitrary axes. Radiative slowing
makes use of this to decelerate a beam along its direction of motion. Adding a mag-
netic quadrupole potential allows the scattering force to also be made spatially de-
pendent, giving rise to magneto-optical trapping. Despite the technical complexity
required to accurately characterize these techniques in polyatomic systems, most of
the qualitatively important features can be gleaned from simple models. From there,
the subtleties involved in applying the techniques to real molecular systems can be
more easily understood as perturbations on the underlying concepts. By and large,
the most important addition for applying either method to molecules is maintaining
sufficient optical closure. Analysis of each method can give an approximate figure for
how closed the cycle must be, which in turn can lead to identifying and closing more

vibrational channels as described in Chapter 2.
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4.1.1 RADIATIVE SLOWING

We begin with a simple two-level system moving at a velocity ¢ in the lab frame, with
ground and excited states |g),|e) connected by a laser with wavevector k and Rabi fre-
quency 2. The laser is detuned from resonance by 0 (defined as >0 for red-detuned
light), and the excited state has a spontaneous emission rate ~.

Knowing that the force applied on the molecules originates from photon recoils

— — 2 2
allow us to write F' = hk~vs; where v, = | l 52 is the scattering rate of a two-

2F 42
v 22002 +4
level system; it is simply the net number of photon momenta absorbed per unit time.
In this formula, & = § — - k/(2n) is the effective detuning. From this formula, it is
easy to see three characteristics of the radiative force. First, the force is linearly de-
pendent on the momentum of the photon in the limit of small detuning, as one would
naively expect. Unfortunately, there are not many ways to tune this parameter in an
experimental system, but it nevertheless affects the Doppler force between molecular
systems depending on the wavelength of the transition being driven. Second, the force
saturates at F,q, = fik7y/2 in the limit of large Rabi frequency, again expected from
a simple understanding of the effect: in this regime, the molecule can be expected to
spend about half of its time in the excited state, limiting the rate of a total cycle to
half the spontaneous emission rate. In a multilevel system with n, ground states and
ne excited states, the force saturates to Finae = ne/(ne +ng) hkvy/2, again as expected
from a simple rate-equation model [167]. Lastly, for a given red-detuning and molec-
ular speed, the force is largest when the two are counterpropagating. This matches
an intuitive picture of how the method is actually decelerating the molecules, but it
is nevertheless good to have explicitly come out of an equation. This is the simple

picture of radiative slowing.
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One may wonder why the emitted photon does not sometimes counteract the re-
peated absorption of the laser beam and reduce the net force. This actually does hap-
pen, but because the emission is in a random direction, the average force is just given
by the aforementioned formula. Put another way, if we say a molecular absorbs N
photons from a laser beam, only an RMS of v/N emitted photons will counteract the
laser momentum assuming a true 3D random walk. Thus the total momentum change
is 0p = Np, — VN py = Npy for nearly all molecules in the limit of large N. At very
low velocities, of course, the diffusive recoils become important too, but such situa-
tions are outside the scope of this thesis and can be reviewed elsewhere [167-169].

Up to this point, there is an obvious limitation. Given the above formulas only,
one may notice that for ¢’ > -, the radiative force is greatly reduced. Indeed, for a
beam resonant with nonmoving molecules and a Rabi frequency Q ~ +, the force 10
linewidths away is already a factor of 20 below the maximum force. In the molecules
we work with, this detuning corresponds to Doppler shifts of molecules <100 m/s,
much slower than the average initial velocity of CBGB. The radiative force from a
single-frequency laser is insufficient to decelerate a beam of molecules.

There are two commonly-encountered options to resolve this issue. “White-light”
slowing involves adding a broad pseduo-continuum of sidebands to the slowing light [170,
171]. Then, even though the power of an individual sideband is low, there is always a
sideband nearly resonant in the molecular frame during the entire trajectory, from the
initial to final velocity. This spectrum produces a fast scattering rate, and therefore
high force, over the complete interaction time. The other option is “chirped” slow-
ing, where the slowing beam remains single-frequency, but the absolute frequency is
quickly swept from a detuning resonant with molecules at the initial velocity to res-

onant at the final velocity [172-174]. The former option is usually technically eas-
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ier to implement initially, but the latter anecdotally tends to lead to more captured
molecules in a MOT or other trap. In either case, the key to utilizing the radiation
pressure effectively lies in not relying on far-off-resonant scattering, which would be
very slow and would require unreasonably (spatially and temporally) long experi-
ments.

For most molecules that have been laser cooled, initial translational temperatures
tend to be ~ 8 — 10 K and cycling transitions are in the 600 - 700 nm range. These
numbers imply ~ 104 photon scatters are necessary to remove the full kinetic energy
of a molecule. Higher precision simulations can determine photon budget more accu-
rately, but 10 is a remarkable good ballpark figure for many species of interest both
historically and at present, with species requiring from 5 x 103 — 2.5 x 10* scatters to
fully decelerate.

So far, we have essentially ignored any internal structure of the molecule by as-
suming a two-level system. However, STOH (and CaOH, CaF, SrF, etc.) are not two-
level systems. Indeed, they are type-II systems, meaning the optical cycle is done on
a transition with an equal or greater number of ground states than excited states.
Such a system has a lower fundamental maximum scattering rate than a Type-I sys-
tem, as noted above. However, an excess of ground states also affects radiative forces
more qualitatively. A single polarization of light will only drive a single ground eigen-
state to a single excited eigenstate. It follows that for a single polarization of slowing
light, some of the molecules in the ground state manifold will not get excited; they
will not be subject to a radiation force. Furthermore, the molecules that do absorb
light will, with some probability, decay to these dark states as well. A conceptually
easy way to get rid of these dark states is to time average: rapid switching of the po-

larization will quickly remove population by changing which states are “dark” as a
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function of time [110, 175-177]. This turns out to be experimentally simple to do as
well (4.1.1). Managing these dark states is really the only conceptual deviation from a

simple model of radiative slowing we encounter.

4.1.2 MAGNETO-OPTICAL TRAPPING

A magneto-optical trap (MOT) uses radiation pressure with an additional magnetic
potential to create a force that is both velocity and position dependent. To under-
stand magneto-optical trapping we actually cannot begin with a two level system.
The simplest model for a “type-1” trap (most atomic MOTS) requires a J — J+1
transition. Such a case does not occur in molecular MOTs, at least not any of those
so far demonstrated, intrinsically because the rotational closure scheme (see Chapter
2) requires the opposite case, a J+1 — J variety “type-I1I” transition. There is much
written about type-I MOTs (see, e.g. [168]), so we only focus on type-II here, because
they are the relevant case for both our work on SrOH and any other molecular MOT
(so far). Let us then continue with our toy model consisting of four ground states
|9-3/2), |9-1/2)5 |941/2) and |g43/2) and two excited states |e_1 /) and |e; /). The
subscripts indicate an m projection of some angular momentum J.

The trap light consists, in the most common case, of three pairs of counterprop-
agating beams; one pair along each orthogonal axis. The polarizations of the coun-
terpropagating pairs are circular and oppositely handed to each other. The detuning
of these beams depends on the MOT scheme being used; in the “RF MOT” configu-
ration, the beams are both red-detuned from the zero-field resonance transition fre-
quency. Note that in this polarization configuration, with no magnetic field, there is
no “trapping” force that keeps molecules in a fixed region of space. There is a “mo-

lasses” effect that does compress the velocity distribution, however, since molecules
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moving radially outward at any angle will see light shifted towards resonance and
preferentially absorb photons opposite the direction of motion. In such a molasses,
and indeed later in a MOT configuration, there is an obvious issue with what has
been described so far. There is a broken symmetry in the polarization/ground state
structure: only one ground state has a transition dipole moment to each excited state
for a given nonzero velocity. Remixing of the other ground states will happen due to
stray fields and transitions driven by perpendicular beams, but these are not in gen-
eral very fast mechanisms compared to the scattering rate in ambient conditions. This
problem is similar to the dark states that appear in radiative slowing, and the solu-
tion again is time averaging: fast (“RF”) switching of the polarization of each beam
will allow the molecules that accumulate in the instantaneous dark state to quickly
absorb more light after a switch. If this switch is around the same timescale as the
scattering rate (~1-10 MHz), the time spent in dark states is small. Switching polar-
ization much faster or slower than a scattering time can lead to a reduction in effi-
ciency [178]. Even with the dark states resolved, there is still no trapping force, and
we are left with a fluffy Doppler molasses.

To get a trap, we add a magnetic quadrupole field with the poles aligned with the
laser beam axes. Now, while there remains a velocity dependent force from the laser
detunings, the ground state energies also depend on the position of a molecule in the
trap due to the strength and direction of the B field. There are a lot of subtleties in
understanding the trapping in the full 3D case, and it is not even clear if there is ac-
curate intuition for all the details in this case. However, the 1D case is both tractable
and offers useful qualitative descriptions of how the force depends on B field strength,
laser detuning, and laser polarization that agree with more detailed 3D models. As

such, we analyze a single axis of the full setup and ignore the light and field along the
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Figure 4.1: Schematic of one dimension of an RF magneto-optical trap showing m sublevels

of a typical molecule of interest as long as the instantaneous polarizations and magnetic field ori-
entation. In the initial configuration, on the left, the polarizations and magnetic field only allow
fast emptying of some of the ground states. In order to maintain a radially-inward force, the direc-
tion of the magnetic field gradient and the polarizations of the two beams must be synchronously
switched. If this switching is repeated on a similar timescale to the scattering rate, the time-
averaged force will continue to be towards the center, maintaining a trap.

other axes. A schematic of this subsystem can be seen in Fig. 4.1.

On this axis, the Zeeman levels will shift in a way that the red-detuned light be-
comes closer to resonant with transitions out of one sign of magnetic sublevel on one
side of the center. With a static field and switching polarizations of light, half the
time, the light will also be the correct polarization to drive the near-resonant transi-
tions. In these instances, molecules displaced from the center will preferentially ab-
sorb photons pushing them inwards from the laser beams. In the other polarization,
the light will preferentially push the molecules on the opposite side of the center out-

ward, producing zero net force at any given position. To resolve this, the direction
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of B is reversed synchronized with the polarization. Then, one orientation of polar-
ization and field looks as the trapping case discussed above: molecules in one Zee-
man sublevel feel a net force towards the center of the field. When the polarization
switches, the field direction does also, so instead of the beams pushing radially out-
ward on the opposite edge of the trap, the light again pushes radially inward. As long
as the switching is done slowly enough for sublevels to empty, this scheme produces
what is desired: a time-averaged spatially dependent radiative force, always towards
the center of the trap. This configuration also maintains some velocity-dependent
component due to the red-detuning of the light. The effective detuning depends both
on velocity (6, = —& - k/(27)) and position (0, = grgmpB(z){e|oi|g) where o; is the
polarization of the beam in question).

We can also estimate the “capture velocity” of the MOT to estimate how slow we
need to decelerate a beam to be able to trap. From the maximum scattering rate ~/2

and the size of the laser beam D:

1/2mv? = FraaD = hDkv/2 = v. = \/hkyD/m. (4.1)

Intuitively, larger MOT beams (at a fixed intensity!) and higher scattering rates are
most conducive to the trapping faster molecules. This scattering rate is best ap-
proached when detuning of the MOT light matches the Zeeman shift on the edge of
the trap. This simple model suggests capture is possible with v, ~ 10m/s, and simu-
lations usually agree to within a factor of two. Similarly as was done to estimate the
photon budget necessary to radiatively slow the molecular beam, one can calculate
the photon budget necessary to cool a molecule from the capture velocity to zero as

~few thousand photon recoils. The temperature of a MOT is set by the balance of
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cooling and momentum diffusion from photon emission. Naively, these considerations
give T, = hvy/(2ky), where «y is the spontaneous emission rate of the excited state.
Molecular RF MOTs tend to treat this as somewhat of a lower bound, and tend to be
hotter due to only approximating these models. Indeed this is more or less true for
all of these estimations. Nevertheless, while not necessarily numerically correct in the
full 3D case, the dependence of quantities on parameters like spontaneous emission
rate, detuning, field strength, and molecule mass remain qualitatively true, according
to more sophisticated modelling [179, 180]. As such, these simple ideas often serve as
starting points for scans of parameters in the experiment, often to good agreement.

A note on lifetime: there is no intrinsic relationship between capture velocity and
MOT lifetime. However, there often is an emergent interconnection in systems with
finite photon budgets, like molecules. In particular, too high intensity will lead to
a very short trap lifetime because of loss to vibrational dark states. On the other
hand, too low intensity will not capture many molecules since the radiative force is
small. Experimentally, the MOT beam intensity is usually chosen to capture as many
molecules as possible while still being able to cool them to near the base temperature.
It remains true, however, that a sufficiently closed optical cycle could both trap more
molecules and for a longer time. The theoretical maximum scattering rate in these sit-
uations is still lower than in type-I systems due to the additional ground states, but it

is often difficult to fully optimize both parameters even to their type-II maximum.

4.2 PRrEvIOUuSLY EXISTING WORK ON SROH

Before delving in to the current SrOH experiment, it is useful to give an overview of

the existing knowledge of the molecule before we began. This is a substantial col-
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lection of research, and indeed enabled much of the other work through its existence.
The convenience of this existing information cannot be overstated. The relative dearth
of similar work on some of the molecules we will encounter in Chapter 5 poses some
not insignificant barrier to their use. The complete lack of even basic spectroscopy on
more exotic species is a substantial impediment to continued exploration.

It is a bit of a coincidence that there was extensive spectroscopic work on alkaline-
earth monohydroxides for almost exactly the same reason they are useful for laser
cooling: the highly polarized bond and diagonal Franck-Condon factors. The chemists
cared about what these features could reveal about chemical bonding in radicals as
a simple test case. We, of course, see these as tools that enable laser coolablity and
sensitivity to BSM physics.

In any case, from the 1980s to the mid 2000s, there were many studies done on
electronic, vibrational, and rotational spectroscopy of SrTOH. These studies estab-
lished the electronic structure of the molecule, measured vibrational energies, and
assigned rotational features down to low N/J in some vibronic states. Prior to any
laser cooling work on SrOH, the laser cooling rotational line was observed and well-
characterized, and the ground and excited states were assigned at high resolution for
many of the vibrational repumping transitions. Even for states that had not been
identified at high resolution, there was sufficient spectroscopic data (rotational con-
stants, vibrational anharmonic constants, etc.) to predict their positions within a few
cm ™! which enabled relatively quick determination via later in-house spectroscopy
(Appendix C). A overview of the previously existing data useful to our work can be
found in Tab. 4.1.

This set of data would have been sufficiently convenient alone to approach fur-

ther work on SrOH. Indeed, it is much more substantial than the set of previously-
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Table 4.1: Tabulation of what spectroscopic data on SrOH existed prior to our experimental work
and the sources that contain the information.

Information Sources
X, A, B electronic structure [157, 158, 161, 163, 165]
X(000),(100),(010),(200),(02°0),(0220) assignment [157, 161, 163, 165]
A(000),(010),(100) assignment [158, 163, 165]
B(000),(010),(100),(02°0),(0220) assignment [157, 161]
X (000),(010),(100),(02°0),(0220),(200) rotational structure | [157-159, 161, 163-165]
A(000),(010),(100) rotational structure [158, 163, 165]
B(000), ,(010),(100),(02°0),(02%0) rotational structure [157, 161]
X, A, B (000) Stark and Zeeman shifts [160, 166]
X (000) hyperfine constants [162]

measured data on YbOH before work on that molecule was undertaken. However, old
spectroscopy was not even the sum of work on the molecule before our radiative slow-
ing and MOT work began! Predecessors in the Doyle group had already experimented
on the molecule before, due in large part to the spectroscopic base. A CBGB of the
molecule had already been produced (which also measured its collisional cross-section
with He buffer gas), photon cycling was demonstrated, and 1D Sisyphus cooling had
been done [59-61, 63]. Application of a bichromatic force was also demonstrated [64].
This set of work did not provide additional knowledge of molecular structure per se,
but it did take care of a stage of trial-and-error in production and provided nearly
foolproof evidence of the molecule’s ability to be experimentally laser cooled. Work
of this quality and impact on laser-cooling cannot be expected of nearly any other
species prior to large-scale experimentation, but was extremely convenient and was

instrumental in ensuring a fast scaling-up of our projects.
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4.3 ESTABLISHING A CLOSED OPTICAL CYCLE IN SROH

With a large existing dataset, the molecule was chosen for full radiative slowing and
magneto-optical trapping. The major difficulty in applying these methods to a molecule
is maintaining the optical cycle. Since these methods are reliant essentially only on
photon recoils to slow and cool the sample, it is not surprising that a meager photon
budget strongly affects how well laser slowing and magneto-optical trapping are ap-
plied.

In Chapter 2, we reviewed how vibrational closure is an unavoidable necessity in
molecular laser cooling. In the earlier discussion in this chapter, we establish the need
for such a cycle to be able to scatter > 10* photons to successfully radiatively slow
and MOT a molecule. In this section, we describe how such a cycle was created for
SrOH. First, we review measurements of the vibrational branching ratios that identi-
fied the relevant loss channels. Then, we identify transitions suitable for repumping
these channels through a combination of theory and spectroscopy (both previously ex-
isting and new). We also discuss changes or additions that can increase the robustness
of the optical cycle in the future. Throughout, we identify changes that may occur in

heavier linear analogues like YbOH and RaOH.

4.3.1 VIBRATIONAL BRANCHING RATIOS OF SROH

To scatter 10* photons, the vibrational branching ratios (VBRs) need to be identi-
fied down to a few 107> probability*. Though calculations are rapidly improving,

these branching ratios still must be experimentally measured to ensure all channels

*There needs to be < 10~* total vibrational branching left, so the largest individual loss
channels below 10~ will still combine to a relevant level.
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Table 4.2: Calculated and experimental VBRs for decay from A,B(000) and A,B(100) from
Ref. [46]. The assignment of X (210) in the B data is tentative, but not important to the work
herein.

A(000) A(100) B(000) B(100)
States  Calc. Exp. Calc. Exp. States  Calc. Exp. Calc. Exp.

(000) 96787 9O7.116(11) 3.29 1.73(15)
(000) 94767 95.63(20) 6.30 5.15(28) 010) 0360  0200(11) 1 4

(010)  0.034 0037(2) - - o
(100) 4.933 4.14(20) 83.83 86.88(45) ((01200%)) 3:82(73 3?3&8 9105 93"’T(26)
(02°0)  0.012 0.008(1) - - (110)  0.010  0.039(2) 034  0.20(5)
(02°0)  0.037 0.027(2) - - (03'0) 0.013  0.013(1) - -
(110) ~ 0.002  0.006(3) - - (200)  0.078  0.077(4) 495 4.30(21)
(200)  0.203  0.148(8) 9.14  7.44(37) (12°0)  0.008 0.015(2) - -
(12%0)  0.003  0.003(1) - - (210) <0001 0.006(2) - -
(300)  0.008 0.006(1) 0.57  0.54(15) (13'0)  0.001  0.010(1) - -
(300)  0.002  0.020(1) 022  0.20(6)

(22°0)  0.001 < 0.001 - -
(05'0)  0.063  0.047(2) - -
(15'0)  0.003 < 0.003 - -

are found. To this end, Lasner et al. [46] conducted such measurements in a modified
CBGB source (similar to the apparatus described in Chapter 5). The experimental
details are withheld here because they are reviewed in Ref. [46] and later in Chap-

ter 5. These early measurements were accompanied by ab initio calculations by Lan
Cheng, the results of which are also presented in this section, to document the rapidly
improving state of these calculations. Additionally, later measurements of these VBRs
were done during radiative slowing work which agree well with the original measure-
ments in most cases.

The branching ratios from the lowest and first excited stretch states in the A2, /2
and B 2% manifolds can be found in Table 4.2. Measurements for the first vibra-
tionally excited states were measured to make sure the states were diagonal enough
to use as repumping excited states; the ground vibronic state tends to have the most
controlled branching in all laser cooled molecules so far.

From the data, the choice between electronic manifolds for the main cycling tran-
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sition is clear: the A Z2II; /2 (000) state only has 8 populated vibronic levels at the
relevant level, whereas the B2 has 11. While theoretically the number of channels
has no impact on the efficacy of laser cooling if they are all closed, each vibrational
leakage requires at least one laser to repump. Every additional populated vibrational
state thus increases the cost and experimental complexity significantly. The B 2%
state is still useful in repumping pathways, as the more exotic vibrational decays
from it occur with low enough probability that they will not enter a scheme that only
rarely populates the state. The wavelengths for repumping through the B state are
also experimentally more convenient than corresponding transitions through the A
state.

With electronic state chosen, understanding the decays from A2, /2 (000) is im-
portant to not only choose an adequate repumping pathway but also to understand
how polyatomic laser cooling differs from diatomics. The large decays to (100), (200),
and (300) are exactly analogous to the M-F stretch in CaF, SrF, YbF, etc. Their rel-
ative strengths are similar to, though typically larger than, the branching in their
diatomic analogues. These decays arise predominantly from differences in the bond
length, and are a good measure of how similar the ground and excited electronic po-
tentials are.

The other decay channels have no analogues in diatomic species. The branching to
A0 /2 to X (01'0) is the example par excellence of qualitatively novel interactions.
These channels are enabled by so-called Renner-Teller (RT) interactions, as discussed
in Chapter 2. Two matrix elements appear due to terms the RT Hamiltonian. One is
the direct first order linear vibronic coupling to B(01'0),

[(B(010)|HRr|A(000)* 9K
(AEAB—(A)Q)z WQ(l—WQ/AEAB)27

(4.2)
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where gi is a measured constant with units of energy related to the Vi; parameter
(see Chapter 2), AE4p is the energy between electronic manifolds, and ws is the vi-
brational frequency of the A bending mode. The second RT matrix element comes
from a second order interaction between A(000) and A(01'0) mediated by a combina-

tion of RT coupling and cross-term SO coupling to the B(010) and (000) states:

|(A(010)|H'| A(000))?

~ o| {A(010)|Hs0| B(010))(B(010)| H rr| A(000)) + (A(000)| Hso|B(000))(5(000)|H | A(010)) *
ngEAB

(4.3)

~ 49KA%O

3 b
wy

where Ago is the spin-orbit constant (see Chapter 2). In the middle term

of the equation, the factor of two accounts for the two vibronic components of
121(010). In StOH, AE4p ~ 1703 cm™!, wy = 388.5 cm™!, gx = 0.196 cm ™! and
Aso = 263.7 cm~! [163]. These numbers give a first order overlap of 8.4 x 10~
and a second order overlap of 9.3 x 10~%. Weighting the contributions appro-
priately shows the total decay is dominated by the direct vibronic coupling, as
in CaOH and calculational work [94, 105]. The ratio is in large part determined
by the large SO coupling that splits the two interacting A states in the second-
order interaction, and so this trend is expected to remain qualitatively true in
heavier molecules, though the same calculations do show larger contribution in
YbOH than SrOH [105]. It is not clear if mechanism of RT mixing affects VBR
convergence more generally, but it is clear that RT mixing is relevant in similar

molecules and generically induces decays above the 1074 level to X (010).

Despite only differing by ¢, the two decay channels from A 2II; /2 (000) to
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(02°0) and (0220) (and similarly (12°0) and (1220)) are enabled by completely
separate mechanisms. Decay to (0220) is forbidden in the BO approximation

by the A¢ = 0 vibrational symmetry selection rule. It is made allowed by the
quadrupolar Renner-Teller vibronic mixing in the A2, /2 manifold, which di-

rectly mixes A 2I1; 5 (000) and A>T, ;5 (0220):

(ewn/V/2)?
(AEO — 4g22>2’

|(A(02%0)|Hpr|A(000))]? ~ (4.4)

where € is the “Renner parameter” related to the Vo RT coupling constant (see
Chapter 2), AFEj is the difference in vibrational origin energies, and g5 char-
acterizes the /-dependent anharmonicity. In STOH, ew, = —30.7 cm~! and

Goz = 7.5646 cm™!, both close to the values of CaOH [94, 161, 181]. The simi-
lar values of ew, in StTOH and CaOH (—36.3 cm™! in CaOH) are consistent with
decays to the corresponding ground state occurring at about the same probabil-
ity in the two molecules [163, 182]. This interaction, suppressed by a Av; = 1
factor, is also responsible for the decay to X (1220).

On the other hand, X (02°0) is the same vibrational symmetry as A(000), and
so the decay is not symmetry forbidden, but still nominally suppressed because
Avy = 2. This decay is enhanced above a naive prediction likely by a Fermi
resonance (see Chapter 2) interaction with the X (100) state. A matrix ele-
ment for the mixing can be found in Ref. [94], but the relatively weaker decay
to X (02°0) compared to CaOH is simply explained by the significantly larger
energy spacing between the Fermi-interacting states. A similar Fermi resonance

is responsible for a decay to X (12°0) state, which is bounded to be smaller than
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in CaOH [46, 105].

These perturbative effects are expected to be generic in heavier analogs to
SrOH. The magnitude of the RT-induced mixings can be expected to be simi-
lar in size to as in STOH thanks to similar electronic spacings in other molecules
(unless the structure is heavily perturbed), but the decays enabled by Fermi res-
onance are not easily predictable without vibrational spectroscopy. Of course,
decays to the stretching mode will also be generic in heavier M-OH molecules,
though again strengths will need to be determined from measurements (or the-
ory) of bond length differences. Most of the additional decay channels from the
B?2¥ state in StOH seen in Tab. 4.2 are due to bond length difference, charac-
teristically to higher excitations of stretching modes. Resonances with A, /2
excited vibrational levels (e.g. A(05'0)) also contribute new channels. These ad-
ditional perturbations are also expected in heavier polyatomic molecules’ higher
electronic states, due to the larger density of states even at the vibronic origin.
Indeed, the B(200) state was not found at all in SrOH, indicating perturba-
tions that are not fully understand even in the relatively low excited vibrational
states of this molecule. For this reason, if technically feasible, optical cycling on
the lowest excited electronic state seems to be the safest route to minimizing
excess perturbative decays. Such a choice comes at the cost of lower scatter-
ing rate and redder scattered photons, but may be the only option for heavier

and/or more structurally complex molecules.
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4.3.2 (CONSTRUCTING AN OPTICAL CYCLE

Once the vibrational decay channels are known to the desired precision, it is
possible to design an optical cycling scheme. Though of course recovering popu-
lation is paramount, a good scheme for laser cooling will also 1) maintain a high
scattering rate, 2) quickly return population to the main cycling transition, and
3) operate using strong(-ish) transitions. These three considerations concentrate
the time a molecule spends in the optical cycle to the most diagonal transition,
which in turn allows minimization of power (and therefore cost) of repumping
lasers. Identifying transitions that meet these goals is nontrivial, and in sev-
eral cases requires explicit understanding of the perturbations discussed above.
Since SrOH was relatively well studied in the past, most of the excited states
had been previously characterized in literature. Many had sufficiently assigned
rovibrational levels to determine repumping transition frequencies to 100 MHz
precision. In a few cases, higher rotational states in the relevant vibronic man-
ifold had been studied but not at sufficiently low J. For two vibronic states of
interest, nothing had been documented at all. Spectroscopic identification of the
laser cooling rotational lines in these last cases is discussed in Appendix C.

The main cycling transition (“main line”) was easy to choose based on the
discussion in the previous section: only X (000)-A(000) is vibrationally diag-
onal enough to cycle many times without populating an excessive number of
vibrational states in the X manifold. The problem of constructing a cycle is
then somewhat simplified into the issue of returning population quickly to the

X (000) state, in particular. We discuss the vibrational repumping transitions in
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approximate order of importance; how quickly they enter the optical cycle.

The X (100) state is populated after only around 20 photon scatters. As such,
it can be expected to be populated > 500 times during a 10* photon cycle.
To maintain a high scattering rate, it must be repumped very efficiently. As a
baseline, if population is emptied out of X(100) at 1/20th of the main line scat-
tering rate, the overall scattering rate would be reduced by a factor of 1.5. Ide-
ally, the first repumper does not limit the scattering rate even this much. Luck-
ily, the X (100) state connects strongly to all the states in Tab. 4.2. Repumping
through B (000) was chosen as the best option, as it returns the population back
to X (000) in a single photon scatter, has a strong linestrength (~few percent of
main line), and is at a convenient wavelength for high-powered sum-frequency
generation (SFG) laser systems. Note that repumping through A(000), even
with high power, would still cut the scattering rate by ~ 2 because doing so
doubles the number of ground states connected to the same excited state.

X(200) is similarly repumped through B(100). Only populated every 100
photons, the scattering rate requirement is much less stringent. The transition
to B(lOO) is still quite strong, which enables the use of less power on this laser.
This population does take an extra photon scatter through B(OOO) to return
to X (000), but that transition is already driven strongly with a fast scattering
rate.

According to our later measurements, X (010) is the next most populated vi-
brational level (similar to X (0220)). Modes with £ > 0 are tricky because of

the parity doublets: all rotational levels have sublevels with both parities. As
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such, our nominal rotational closure scheme is somewhat spoiled since both N”
= 1 and N” = 2 will be populated. These two repumpers are slightly too widely
spaced (AE =~ 4B = 40 GHz) for a typical EOM to modulate. We originally
tried producing them by double-seeding an SFG system, which would allow re-
pumping the two rovibrational states through a single excited state. Difficulties
with beam recombination of the similar wavelengths prevented us from deliv-
ering enough power to the experiment to saturate either line. In the current
scheme, we repump the N” = 1 level through B (000), as it is more populated
and there is no intrinsically stronger transition that creates a quick path back
to X (000). The N” = 2 level is repumped through the kA(010) state, which de-
cays often enough to X (010) N” = 1. This scheme adds additional pressure on
the X(010) N” = 1 repumper, since the X (010) state is now populated more
frequently, but not so much that it is intractable.

X (0220) is difficult to repump in STOH. The decay is only enabled by small
perturbations, implying intrinsically weak transitions. Yet, it is a frequent enough
decay, being reached every ~ 1500 photons, to require several kHz scattering
rate. Driving the population through to a (010) excited state is not sufficient,
as the transition is weak due to the A¢ = 1 selection rule, compounded by the
fact that the molecules would still later need to be pumped through the fairly
weak X (010) — B(000) transition before returning to the main line. Initially,
we tried using a transition through A(100). This transition was initially chosen
because it is analogous to the line CaOH uses in their optical cycle. However,

this turned out to be possible only because of an excited state Fermi resonance
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between A(100) and A(0220) in CaOH. Calcuations indicated that similar power
to the main line should repump the state with similar efficiency as in CaOH,
but later scattering rate measurements show that the SrOH transition was too
weak to drive without limiting the overall scattering rate significantly. This dis-
crepancy is consistent with only an order unity miscalcuation in branching, and
thus not indicative of a physical misunderstanding. Nevertheless, the transition
through A(100) proved sufficient to demonstrate radiative slowing of StTOH with
>1.5W of laser power, though was later replaced for the MOT work. At the
time of this writing, we repump the X (0220) through A(02°0). This transition
is substantially stronger than other options due to RT mixing that gives it some
(0220) character (see Chapter 2). This transition does dump population into
X(02°0), a nominally later repumped state, but the transition out of this state
turns out to be sufficiently strong to support the extra population burden.

X (02°0) suffers some of the same problems as its —rich sibling, but its lack
of angular momentum makes it intrinsically easier to couple to non-bending
modes. It is both convenient technically and possible to strongly drive the tran-
sition to B(000). Since the X (0220) population is dumped into this state as
well, more power is required on this repumper than with an alternative pumping
scheme, but still much less than the main line and X (100) repumper thanks to
its relatively rare occurrence in the cycle.

The remaining occupied states, X (300) and X (11'0), are the lowest likeli-

hood states to be occupied during the cycle. Each is only reached a few times

in a cycle of 10* scatters. X (300), another stretch mode, we repump through
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A(200). After spectroscopy to find the excited state state (see Appendix C), we
measured the VBRs of it to low resolution, and found that it had a few times
stronger Av; = 1 decays than the A(000),(100) states. Thus not only is the

X (300)~A(200) repumper not require a high scattering rate due to its late ap-
pearance in the cycle, but it also benefits from a larger transition dipole mo-
ment than its stretch-repump counterparts. Indeed, we later find that the tran-
sition is driven sufficiently fast with ~ 100xV. The X (11'0) vibrational state
has both N” = 1 and N” = 2 populated. Since these states are so late in the cy-
cle, they only require modest scattering rates. The N” = 1 state is repumped
through B(100), akin to the N”=1 X (010) pathway. N”= 2 is driven through
B (010), which is a strong transition and only marginally increases the popula-
tion in X (010). These transitions are strong enough to easily repump the popu-
lation without significantly decreasing the total cycle scattering rate.

Though not part of our experimental cycle at the moment, the last remaining
reasonable states to consider adding are X (12°0) and X (1220). Investigations
are underway to identify suitable transitions to repump both. As they are now
both a stretch and two bends away from the ground state, transitions to excited
states “close” to the fundamental are all intrinsically weak. The X (12°0) can
likely be driven to an excited (02°0) state with sufficient strength. The compa-
rable transition out of X (1220) through B(0220) would break rotational closure
since J"” = 3/2 is the lowest rotational state in the excited manifold. Driving
through A(0220) would add load to an already burdened X (0220) repumper,

which may or may not be possible for it to accommodate. For either ground
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state, it remains an open question as to which transition will be used in the fu-

ture.

The initial and current photon cycling schemes for STOH can be seen in Fig. 4.2.

Effective VBFs that treat all excited states as a single manifold were calculated

using the known VBFs and the cycling scheme, and can be found in Table 4.3.

These branching fractions, including rotational branching in the bending modes,
allow calculation of the number of photons it takes to enter a given level, which
roughly corresponds to a photon budget for cycle without repumping a given

state. Estimates of these numbers for the next vibrational states in the cycle are

also included.

State Effective VBF | Scatters to Enter | T}, (ms)
(000) 0.955 - B
(100) 0.042 24 1.2 x 1072
(200) 1.5 x 102 650 0.325
(010) N =1 3.6 x 107* 2800 1.4
(02°0) 2.3 % 10~ 4300 2.2
(0220) 1.6 x 10~ 6500 3.3
(010) N = 2 8.0 x 1075 12600 6.3
(300) 7.0 x 1075 14200 7.1
(110) N = 1 6.3 x 10 15800 7.9
(120) (both £ =0,2) | 3.5x 1075 28500(?) 14.3
(05') (both N =1,2) | 2.1 x 107° 50000(?) 25

Table 4.3: Effective branching fractions for states in the optical cycles in Fig. 4.2, where the
VBFs out of specific excited states are weighted by the number of scatters through them using
data from Tab. 4.2. The measurement uncertainty of the VBFs is near the level of the next two
states, and hence the numbers are speculative for the (120) and (05'0) states. The T;n number is
the time it takes to enter the state assuming a 2 MHz scattering rate. These numbers are used to
determine an appropriate scattering rate later in Tab. 4.4.

Analogs of the repumping transitions are likely useful in laser cooling other

alkaline-earth(-like) analogs to STOH, as they have been chosen on fairly gen-
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eral considerations of molecular structure. Some, such as those through excited
bending modes, may even be stronger in heavier species since spin-orbit, and
therefore A—doubling, will increase the direct vibronic type RT mixing and add
transition strength [163]. This is in contrast to some transitions in the CaOH
scheme that are only useful due to specific resonances in the molecule. While
such resonances are difficult to predict, they should be considered for their util-

ity in cycling schemes if they occur.
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Figure 4.2: The two photon cycling schemes used in this work, with transitions that did not
change muted in color in the latter diagram to view the changes more easily. The left scheme was
used for radiative slowing, which was capable of producing results but suffered from a limited scat-
tering rate due to the weak X (0220) repumper. This was replaced in the MOT work with a much
stronger transition through A(02°0). The scheme on the right also includes soon-to-be-added re-
pumpers for states not necessary to repump in the original slowing and MOT work.

4.4 APPARATUS AND LASER SYSTEMS

The most difficult part of radiatively slowing a molecule is fully realizing the
photon budget of the complex optical cycle. In this section, we outline the ex-

perimental implementation of laser slowing on SrOH. We briefly describe the
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cryogenic buffer gas beam source and beamline construction, and provide de-
tailed exposition of the laser systems and optics used to produce the slowing

light.

4.4.1 APPARATUS

Molecules are produced in a two-stage 1.7” bore cryogenic buffer gas cell by ab-
lation of a strontium metal target in the presence of water and helium. The
water is introduced at a rate of 0.2 sccm via a 280 K hot fill line directed at
the target. The helium enters via a 4 K fill line in the back of the cell at ~3-
10 sccm to maintain an ambient density of 1014 /cm?®. At this density, the buffer
gas both quickly thermalizes the molecules after ablation and entrains them
in a beam that exits the first stage via a 7 mm aperture. The molecules pass
through a 2 mm gap into the 20 mm long second cell, where a final few ther-
malizing collisions reduce the forward velocity of the beam to ~100-130 m/s.
They exit the second cell via a 9 mm aperture to the rest of the experiment.
There is no mesh on the front to maximize molecule extraction, but there is
30% closed mesh on the top and bottom of the second cell. The cell, with la-
belled features, can be seen in Fig. 4.3. We note that almost all of these param-
eters of the CBGB source were chosen to optimize the combination of flux and
forward velocity. They should be tuned for new sources as appropriate.

After leaving the second cell, the molecules traverse ~15 cm further out of
the beam box and then down a ~1.5 m beamline, where they will interact with

counterpropagating slowing light. The beamline consists of three sections. The
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Figure 4.3: Picture of the cryogenic buffer gas beam cell. On the left is an assembled, but not
mounted cell on which you can see several key components. On the right, the cell is mounted in
the beam box, in the orientation we use experimentally.

first is a 6” x 6” x 12.5” aluminum chamber, the “transverse cooling” region.

It is so named because of the long windows along the length, which are capable
of supporting a transverse cooling setup in the future. There is a Uniblitz VS14
in-vaccum shutter at the end of this chamber, which blocks excess helium buffer
gas from making it to the rest of the beamline. An 80 L/s Pfeiffer turbo main-
tains vaccuum in this region. The next region, the “intermediate region,” is 50
cm long and constructed of CF 6” nipples, with several tees and crosses along
the length. This region is differentially pumped by a 300 L/s Pfeiffer turbo on
one of the offshoots. Two pairs of viewports along the length enable transverse
optical pumping along this section, which is used for spectroscopy and/or signal
monitoring. Finally, the molecules enter the detection chamber (soon, “MOT
chamber”), a Kimball 12” spherical square chamber. This chamber is also dif-
ferentially pumped by a 700 L/s Pfeiffer turbo on a 10” tee off the bottom of

the chamber. Molecules can be detected via fluorescence imaging in either a
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Figure 4.4: Schematic of a CAD file of the complete beamline, with regions labelled as discussed
in text. Positions of turbo pumps are noted with cyan boxes. Photographs of the inside of the
beam box, UHV shutter mounted at the end of the transverse cooling region, and detection cham-
ber are also included.
transverse or Doppler-sensitive configuration. The transverse detection beam
is sent vertically through windows on the top and bottom of the chamber, and
the velocity-sensitive detection beam is sent through windows at 45 degrees to
the molecular beam. A 2” lens and retroreflecting mirror were mounted sym-
metrically around the molecule beam axis to collimate the emitted fluorescence
towards an imaging stack. A schematic of the assembled beamline and pictures
of some of these components can be seen in 4.4.

The imaging stack for slowing consisted of spectral bandpass filters, a focus-
ing lens, and an imaging device. For the slowing work, photons were collected

on a R7600U-200 PMT, but later work on the MOT would use an Andor iXon

Ultra DU-897U camera. The PMT produces ~100 pA pulses from photons,
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Figure 4.5: Schematic showing the image acquisition pathway used for the radiative slowing work.
An in-vacuum lens collimates molecular fluorescence out of the chamber, through a filter stack to
block background light, and though a final lens that focuses on the PMT. Photons incident on the
PMT produce ~ 1 mV, ~ 10 ns electrical pulses which are amplified by a factor of 50 in a fast
preamp. The amplified pulses are then counted in 20 us time bins on a photon counting board,
which outputs TTL pulses with heights proportional to the number of incident photon counts that
are subsequently collected by a DAQ system.

which are amplified by an SRS SR445A 350 MHz preamp to ~ 1 — 10 mV
pulses. A photon-counting board converts these fast pulses to TTL pulses in
larger timebins (200 us) that are easily read in by our DAQ. A schematic of this

sequence can be found in Fig. 4.5.

4.4.2 LASER SYSTEMS

Unfortunately, STOH is not a molecule with easy-to-generate optical transitions.

All transitions through the A state are 670 nm or above, for which there are no
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(“cheap”) high-power diode laser sources available. Repumpers through the B
state are between 610-630 nm, over which region there are slightly more options
for light generation (e.g. Rhodamine 610 and 640 dyes, some low power diodes).
Nevertheless, for the highest-power transitions, there is still a dearth of afford-
able options for hundreds of mW to W of power.

The caveat to this difficulty is that all of our wavelengths are relatively con-
venient for sum-frequency generation (SFG). All transitions used in the exper-
iment can be generated by readily available ~2000 nm (Thulium) or 1550 nm
(Erbium) + 1040-1080 nm (Ytterbium) high power fiber amplifiers. The down-
side of exclusively using such systems is financial, as fiber amplifiers are still
significantly more expensive than diode lasers. Nevertheless, there are few other
options capable of delivering sufficient power. To minimize cost, we only pur-
chase two full SFGs systems, and purchase the amplifiers and crystals separately
for the other systems. To maximize amplifier utility, some amplifiers are double-
seeded, and the light is passed consecutively through multiple SFG crystals (i.e.
“daisy-chained”), when transitions don’t require utilization of the full amplifier
output for a single frequency. Eight transitions are covered by either purchased
or assembled SFGs. The remaining two transitions in the slowing optical cy-
cle are filled with low power ECDLs or are temporarily pumped by a Ti:Sapph
(while ECDLs are ordered/built). Identification of how each transition light is
generated follow, with SFG construction details found in supplemental material
of the in-process publication of this work. Powers noted in these discussions are

at the source laser.
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The two high-powered transitions through the A state in our slowing cy-
cling scheme are the main line (X (000)-A(000)) and the X (02%0) repumper
(X (0220)-A(100)). These transitions are both addressed with fully-assembled
Precilasers SF'G systems to ensure high output without having to manage un-
familiar 2um optics. The main line is produced by summing sin 1942 nm and
1064 nm, with a total output of 7TW (not all for slowing, but also for MOT light
later). The X (02%0) laser is a sum of 2051 nm and 1055 nm, with a total output
of >4 W.

The X (100) repumping (X (100)-B(000)) light is produced with a home-built
SFG system, combining light from 1550 nm and 1064 nm fiber amplifiers. Since
this transition requires a lot of power to maintain the necessary scattering rate
(see Tab. 4.4), this laser is not double seeded or daisy chained. When optimized,
the system can produce 7W of red light.

The X (200), X (02°0), and X (110), N”"=2 repumpers (X (200) — B(100), X (02°0)—
B(000), X(110), N"=2 -~ B(010)) are all similar wavelengths (Av; = 1 ~ Avy =
2) and have significantly lower power requirements. These three SFGs share a
single 1550 nm amplifier. The X (02°0) is produced from combination of some
1550 nm light and a standalone ~1084 nm light from a 1064 nm fiber ampli-
fier to produce ~638 nm light. The other two are generated in two daisy-chain
SFGs of a double-seeded ~ 1064 nm amplifier (around 1060 nm) and the 1550
nm light to produce light at ~631 nm. The X (110) laser is second in the daisy
chain due to the low power requirement in the cycle, and can output >100 mW.

Each of the other two lasers achieve >500 mW. The relative power between the
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three outputs is adjustable to a degree by tuning the ratio of 1550 nm to each
setup as well as the seed power ratio in the double-seeded amplifier.

A final daisy chain is used for the X (010) N”=1 and X (110) N”=1 repumpers,
again since they are similar wavelengths (X (010) N”=1 — B(000), X (110) N"=1
~ B(100)). Again produced from a 1550 nm amplifier and a double-seeded 1064 nm
amplifier seeded at ~ 1045 nm, the X (010) light is produced first due to the
higher power requirement. This laser produces >400 mW, and the X (110) com-
ponent produces >100 mW.

The X (010) N” = 2 repumper (X (010)-x A(010)") is a fairly strong transi-
tion. It is conveniently possible to drive with a home-built ECDL with a Thor-
labs HL6750MG diode that produces >50 mW. The X (300)-A(200) repumper
is also accessible by ECDL, though near a difficult region of the spectrum (711
nm), so we use a Moglabs LDL which produces >40 mW. Some slowing work
was done using a Ti:Sapph to drive this transition.

The output of each slowing laser is passed through an AOM as a method of
fast switching, using the first-order diffracted path to reach the apparatus. Af-
ter the AOMs, the beams go through several white-light EOMs. In some cases
several lasers are combined on OptiGrates, dichroics, or beamsplitters before
the EOMS. The EOMs are 50mm x Imm x 1mm strongly overdriven LiNbOj
crystals that produce closely spaced sidebands over a width of ~300 MHz which
cover both SR sidebands over the complete range of possible Doppler shift up

~100 m/s. A cross-section of the white-light EOM can be seen in Fig. 4.6. An

tThe x A(010) is approximately the A 2Tl /2(010) state, dressed by Renner-Teller interac-
tions.
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Figure 4.6: Cross-section of one of the white-light EOMs used to add frequency sidebands to the
slowing light. The 50 mm long crystal is near the bottom of the box, and has a stripe of gold-
coating on the top and bottom of it (which acts as a capacitor). The RF signal comes in through
a BNC on the top of the box, and is impedance matched at ~ 1.4 MHz to the crystal capacitance
with a home-wound inductor and transformer.

example of measurements of the broadening from the EOM can be seen in Fig. 4.7.
The spectral broadening widths for all the lasers are tabulated in Tab. 4.5. Af-
ter the EOMs, the light from each subsetup travels by fiber to the experimental
table, where it is combined via a combination of PBS and dichroics into a single
beam. This beam is then passed through a Pockels cell which rotates the po-
larization back and forth by ~90 degrees at 1.4 MHz, as described in 4.1. After
the Pockels cell, the light is expanded by a telescope to a 1”7 diameter, and di-
rected down the bore of the beamline. The powers that enter the combination

board can be found in Table 4.4, with differences from initial laser power domi-

nated from repeated fiber coupling along these optical setups.
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Figure 4.7: Oscilloscope trace of laser light passed through a white-light EOM and passed
through a beat-note relative-frequency measurement setup. The individual frequency peaks are
spaced by ~ 4 MHz, and the total width of the spectrum is ~ 350 MHz in this image. Mea-
surements like this allowed tuning of the white-light broadening for all of the slowing lasers. Later
measurements with a cavity, instead of the beat-note setup, were also done later as the measure-
ment scheme turned out to be quicker.

4.5 RADIATIVE SLOWING OF SROH

Having described the construction of laser cooling scheme and experimental ap-
paratus, we now continue on to how the radiative slowing of STOH was accom-
plished. Though we will end this section with the results of optimized slowing,
they end up looking very similar to the slowing data of other molecules, and are
therefore not particularly enlightening in and of themselves. It is more useful

to understand how the experiment was developed to produce these results, so
we begin the with the process of identifying and optimizing the relevant slow-
ing parameters. Then, measurements of each laser’s scattering rate ensure suffi-
cient slowing time to decelerate the molecules specifically. Detuning scans sim-

ilarly ensure that the white-light broadened light is able to interact with the
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molecules strongly over the entire velocity range. We finally present the results
of slowing SrOH, possible only with these optimizations: the peak of the distri-
bution slowed from ~110 m/s to < 50m/s, and an order of magnitude increase
in population below 10 m/s. These results are sufficient to produce a trappable

population of molecules.

4.5.1 SCATTERING RATE MEASUREMENTS

Except for the main line laser, which of course we want to scatter as quickly

as possible to efficiently decelerate molecules, the requisite intensities of the
lasers are not immediately obvious. Clearly, the total scattering rate in the
cycle should be as similar to the main line as possible, but the vibrationally-
excited ground states are not populated nearly as often. As such, the repumping
transitions need not maintain the same scattering rate individually (indeed, this
is excellent news, as some of the transitions would require 10s of watts of power
to do so). A naive model assumes that a repumper should empty a vibrational
state on the same timescale as it is populated (“time in = time out”). In this
case, a molecule would spend most of the time in vibrationally excited states,
and so cut the effective scattering rate significantly. More precise Markov chain
calculations suggest emptying the vibrational states ~ 10x as fast as they are
populated only minimally alters the overall scattering rate. The goal is to there-
fore achieve scattering rates as far below this number as possible. The “times to
enter” each state are listed as T;,, in Table 4.3.

There are two ways of experimentally ensuring the overall scattering rate is
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Figure 4.8: Data of the type taken to measure the saturation curves in Fig. 4.9. The laser being
tested (in this case the main line) is pulsed for several increments, and then for different powers.
The population in a later vibrational state in the cycle is monitored, from which the decay con-
stant of the tested state's population can be extracted. These time constants are then plotted as a
function of power which makes it easy to see if a laser is highly saturated (Fig. 4.9).
maintained as the optical cycle is extended. The simpler way is to measure
the total scattering rate as repumps are added. This can be done by dividing
the known photon budget for the included transitions by the time it takes for
molecules to get pumped into dark states. We used this scheme to measure
the scattering rate early in the cycle. For the scattering rate of just the main
line, we pulsed the main line light down the bore for 2-160 s in increments of
~ 20 us starting a few ms after the ablation pulse. These pulses push molecules
into the X (100) state proportional by scattering rate and pulse length. In the

detection region, the X (100) repumper intersects the molecular beam trans-

versely and excites population to the B(000) state, which upon decay produces
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observable fluorescence that is collected on the imaging system. In this orien-
tation, the X (100) population increases as the main line light is kept on longer.
A time constant can be extracted from this curve (Fig. 4.8), which is propor-
tional to the scattering rate divided by the photon budget. As long as the data
is extracted from after the main line light is off, the detection light does not al-
ter the length of the cycle. Scattering rates were extracted as a function of laser
power to determine if the transition was saturated or not: a linear relation as

a function of power indicates an unsaturated transition. Power fluctuations in
lasers driving unsaturated transitions will produce scattering rate fluctuations;
the same is not true for high saturation. The main line power scan can be found
in Fig. 4.9. 600 mW in the slowing beam was found sufficient to maintain a 2
MHz scattering rate and the transition was highly saturated. A scan of the scat-
tering rate as a function of frequency was used an approximate measurement of
the width of the white-light broadening*. The main line broadening was con-
firmed to be ~300 MHz (Tab. 4.5), which was used later in setting the laser
detuning correctly. A similar process was used to extract the scattering rate

of the combination of main line and X (100) lasers. The main line laser was left
on down the bore of the beamline, while the X (100) repumper was pulsed for
various times. The corresponding decrease in fluorescence in the detected state
can be used to calculate the total scattering rate of the joint X (000)+X (100)
laser system. The rate is found to be ~1.5 MHz, highly saturated when the first

repumper has over 800 mW of power (see Fig. 4.9). Frequency scans were used

tThis broadening was also measured on a scanning Fabry-Perot cavity.
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Figure 4.9: Measurements of the power saturation for (a) the main line and (b) (100) repumpers.
As discussed in text, the lasers are pulsed for various amounts of time at different powers as shown
in Fig. 4.8. The time constant to pump population out of the measured states are then plotted

as a function of power to determine at which power the scattering rate is saturated. These curves
show the main line can achieve a ~ 2 MHz scattering rate with ~ 600 mW (since it cycles 20
photons) and the (100) repumper with ~ 700 mW (since the two cycle >600). Both lasers are
operated as far above these powers as possible to ensure maximal scattering rate. Similar mea-
surements were done for all lasers in the optical cycle. Powers for all the lasers can be found in
Tab. 4.4.

to tune the broadening of the first repump to ~300 MHz. Though this method
of measuring scattering rate worked well for these early lasers, it becomes in-
tractable once the photon budget is high and not precisely known. In particular,
the pulse time must continually get longer to fully empty the optical cycle as
lasers are added. After only a few more repumps, the pulse time must be long
enough that molecules reach the detection region while the cycling light is still
on. Only fluorescence from after the pumping light pulse is off is useful, but this
becomes a very small portion of the signal. We initially tried continuing with
this way but we found it difficult to extract reliable numbers from the tail.

An alternative is to measure the individual scattering rates of repumping

lasers, and then calculate the total rate as a weighted average of each ground
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Table 4.4: Table showing the T}, = T, power (Pr;=r,) and operation powers (P,,) for each
laser. The T;, = Tyt powers were determined from the scattering rate measurements and the
estimated T}, (Tab. 4.3) from a Markov chain model of the optical cycle. The powers for the main
line and (100) repump were kept as high as possible to maximize the total overall scattering rate.
Ideally, all lasers are 10x higher power than for T;, = T,,: to not significantly slow the optical
cycle speed. This was not possible on a few lasers, which limited the rate.

Laser | Pr—g, (mW) | P,, (mW)

(000) - 1000
(100) <100 1200
(200) 5 170
(010) N = 1 50 240
(0220) 100 750
(02°0) 50 390
(010) N = 2 <1 35
(300) <1 50
(110) N =1 <10 80

state’s scattering rate by the time spent in each state. Since the repumpers are
necessarily off diagonal transitions, even comparatively slow rates are easy to
measure because only one-few photons are scattered before loss. In contrast

to the previous method, here the main line and early repumps are pulsed for

a fixed time, long enough to populate the vibrational state of interest with at
least some molecules (~ms). Then, the repumper of interest is pulsed after this
light is off, again for various increments of time over multiple ablations. If the
repumper being studied pumps population into X (100), the X (100) repumper
alone is used for detection. If the population is pumped into some other state,
other repumpers are added to get population into X (100) first. The scattering
rate can be extracted again via exponential fit of the pumped population ver-
sus pulse length. For some repumpers, like out of X (010), N”=2, this number

is not really the “single-photon” scattering rate since some cycling occurs on
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the transition itself, but is still <10x the value. However, it is the relevant scat-
tering rate to return closer to the main cycling transition. These rate measure-
ments is done for the remaining repumpers as a function of power and frequency
to determine saturation parameters and white-light broadening. The results of
these measurements can be found in Tabs. 4.4 and 4.5. All transitions except a
few are found to be > 10 x Pr,_r, at the powers delivered to the experiment.
The most important exceptions are the (010), (0220), and (0220) laser. Some

of these transition are replaced with a better option for MOT work, but one or
multiple of these probably limited the total scattering for our slowing demon-
stration. If not already, the white-light broadening for all lasers was adjusted to
be > 300MHz to cover an adequate velocity range. With these measurements,

we estimate a ~ 2 MHz overall scattering rate.

4.5.2 DETUNING

After ensuring each laser was scattering sufficiently well to utilize the entire
photon budget, the detuning of each had to be set to be able to maintain the
full scattering rate over the course of deceleration. There are a few subtleties

to setting it correctly. The broadening occurs symmetrically around frequency
of the laser as measured on the wavemeter. The spin-rotation components of
SrOH are spaced by 110 MHz. The Doppler shift of molecules on the main line
at 110 m/s is -160 MHz. Knowing these three things, we can set the central fre-
quency of the lasers ~ —150 MHz detuned from resonance of the higher fre-

quency Sr component. At such a setting, the sidebands go down to approxi-
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mately -300 MHz, which is enough to interact with the lower sideband at 110
m/s (since -120 MHz + -160 MHz > -300 MHz). Similarly, the light will still
interact with the upper sideband at 0 m/s, since EOM broadening also reaches
the zero-velocity resonance. It is clear from this discussion that molecules much
faster than 110 m/s will only be able to interact with the slowing light in the
lower energy (higher frequency transition) SR component. If a laser has suf-
ficient power to maintain sufficient scattering rate with wider broadening, we
increased it, which allows some interaction with faster molecules. Nevertheless,
more laser power can improve this “capture velocity” further by allowing wider
broadening. The central frequency can be set in the same method to maximize
the velocity range over which the light interacts with both spin-rotation com-
ponents. Note that this is not an issue in the N” = 2 repumpers, since only one
SR component is populated in the cycle. The broadening can be smaller than
300 MHz on these lasers, but the other considerations remain. Additionally,

the detuning of each laser is iterated when slowing is operational to make small
(<15 MHz) adjustments to these setpoints based on optimal deceleration. The

final detunings can be found in Tab. 4.5.

4.5.3 LASER DECELERATION OF SROH

With the lasers properly operational and detuned correctly, we were ready to
slow SrOH. To decelerate the molecules, the combined laser beams were pulsed
down the bore of the molecular beam line for 10-30 ms synchronized with the

ablation pulse. The molecules were detected in the velocity-sensitive configu-
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Repump | Resonance - AOM Shift (THz) | Av (MHz) | Slowing v (MHz)

(000) 435.968146° 275 435.968137
(100) A475.171755* 275 475.171600
(200) 475.508750* 325 475.508750
(010) N =1 480.074300* 400 480.074300
(010) N = 2 444.478850%(?) 400 444.479000
(02°0) 469.887050° 400 469.887000
(0220) 430.228810* 275 430.228900
(300) 421.360450* 400 421.360500
(110) N = 1 480.480550° 325 480.480500

Table 4.5: Table of the resonance values for each laser used in slowing (see the left-hand cy-
cling scheme in Fig. 4.2) and the detunings used during the slowing work. Resonance frequencies
are noted for the lower frequency spin-rotation component. Additionally, the resonance frequen-
cies differ from the true resonance values because of AOM switches in the path. * indicates an
80 MHz AOM shift, and ' signifies a 110 MHz AOM shift. The frequency broadenings, as mea-
sured on a beat-note setup, are also included. This combination is used to choose the freugencies
used for slowing.

ration, with several averages taken every 10 MHz from 0 to -110 MHz detun-
ing (corresponding to 0-80 m/s). Evidence of deceleration was obtained in two
ways. First, the integrated signal as a function of velocity could be compared
to data taken when the slowing light was off, Figure 4.10. The accumulation
of molecules at lower velocities is clear in the slowed molecule trace. A skep-
tic could/would argue that there is a (admittedly very small) chance that the
ablation or some other parameter just happened to change between the two
datasets that produced molecules with different velocity distributions. Data of
this first type is unable to disprove this idea explicitly, even though it is quite
unlikely. The integration turns out to be discarding the relevant information.

Instead of integrating the velocity-sensitive traces, we can also plot all of the

traces together in a velocity versus time of arrival plot. These “2D” plots for
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both slowed and unslowed molecules show not only the velocity of molecules but
also, crucially, the arrival time of those same molecules, as seen in Fig. 4.11. A
kinematic trace can be overlaid on these plots corresponding to ballistic trajec-
tories of molecules leaving the cell within a few ms of ablation. Molecules can-
not organically arrive to the left or below this trace without violating causality.
Molecules fluorescing in this region in the slowing data therefore cannot arise
from anything except deceleration. Sure enough, Fig. 4.11 clearly shows a large
accumulation of molecules in this region of phase space when the slowing light
is on. These two figures are the final slowing results, but analysis of figures like
these was what guided optimization. In addition to small changes in detuning,
the start time and end time of the slowing light were also separately varied.
The slowing was found to be most effective when starting 4 ms after ablation
and with a 27 ms duration. These parameters were revisited when looking for a

MOT, as it is not clear if the optima of both should coexist.

4.5.4 LOOKING FORWARD

Using a new apparatus and 10 lasers, we successfully demonstrated deceleration
of molecules and, importantly, accumulation below 15 m/s. This work was done
in new cryogenic buffer gas beam source attached to a 1.5 m long differentially
pumped beam line and a detection chamber. The light was produced from a
combination of SFG systems and ECDLs, both home-built and pre-assembled.
The laser light was white-light broadened, combined into a single slowing beam,

and passed through a polarization-switching Pockels cell. These preparations
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Figure 4.10: Integrated slowing signal as a function of velocity. For each point, a Doppler-
sensitive laser fluoresced off molecules in a given velocity class. At each velocity setting, the signal
was integrated. Not integrating the data produces Fig. 4.11. In this figure, we can see accumula-
tion of molecules below 40 m/s in numbers larger than in the unslowed beam.
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Figure 4.11: 2D traces of slowing data. The plots are made of individual velocity-sensitive traces.
The comparison of the population concentration with and without slowing demonstrates that the
slow molecules must originate at higher velocities than they end, indicating deceleration is taking
place.

destabilize dark states and allow the light to interacting with the molecules over
both the entire spacial length and velocity distribution from ~110 m/s to rest.
Optimization of laser detuning and light pulse duration resulted a large fraction
of decelerated molecules, with many below 15 m/s.

The most technical aspects of this work were, of course, related to managing
the many lasers. If the stabilization, frequency modulation, and combination
can be managed for more lasers, there is nothing intrinsically different about
the physics in extending radiative slowing to more complex molecules. Further
technical complications may arise, however. Heavier molecules, like Ba- or Ra-
containing species, have redder cycling transitions and therefore require longer
experiments, which may increase pluming loss. Conversely, lighter metal con-
taining species with bluer transitions are more amenable to shorter beamlines,
but are in general less interesting for precision measurement (with a few ex-
ceptions, e.g. [153]). It will also be more difficult to combine all the lasers for

complex species with congested rotational closure schemes due to many closely-

155



spaced lines. Nevertheless, these are definitively “technical” complications; if
light for a sufficiently closed optical cycle can be assembled, any molecule can
be slowed [71]. The number of species that this is possible for is neither large

nor zero.

4.6 PRELIMINARY MAGNETO-OPTICAL TRAPPING OF SROH

Radiative deceleration of molecules is complex enough that the effort involved
is not justified by slowing alone. Indeed, there is no reason to stop at this step
anyway! The photon budget required to magneto-optically trap (MOT) a species
is comparable to the radiative slowing budget. In the case of StOH, scientific
considerations also weigh in: an EDM or p-variation experiment of SrOH in a
beam would not have statistics or systematic control necessary to compete with
exisiting state-of-the-art measurements. Cold trapped samples, however, will be
competative. A MOT is the first step to achieving these conditions.

The theory of a general RF MOT has been earlier described in 4.1. In this
section, we present the implementation of these considerations to realize the
first MOT of SrOH. We begin by describing the additions to the apparatus re-
quired to MOT: most vitally, a set in in-vacuum RF magnetic field coils and
trapping light. Then discuss early attempts at trapping, and modifications to
the laser cooling scheme that were implemented to reconcile instabilities. With
these improvements, we present early results of a MOT of STOH. We end with
notes about current limitations of the MOT and future improvements to im-

prove lifetime and temperature towards loading molecules into an optical dipole
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trap.

4.6.1 MOT CoILs

The RF field needed for a MOT poses an interesting technical dilemma. The
field gradient need not achieve more than ~ 10 G/cm at the trap location,
which is trivial at DC. However, RF switching of such a field is not, and ei-
ther requires in-vacuum coils with modest inductances (but which are at risk
of substantial heating and/or large electric fields mixing opposite parity states)
or out-of-vacuum coils with are easily to cool but require much larger induc-
tances. The in-vacuum approach has been tested and gradually developed by
past experiments in the Doyle lab, so we too use this approach to take advan-
tage of the technical knowledge of our predecessors. In particular, we use the
design used in the Doyle group CaF and CaOH experiments [69, 71], where a
more detailed description of the coils can be found.

The coils are made from photochemically etched 1/32” thick OFHC copper.
They are 8 turns each, with a wire width of 0.03” and a gap of 0.02” between
turns. The ID is 0.85”, which allows for optical access through the coils. The
inductance of the coils is 60-70 pH. The copper coils are on aluminum nitride
boards that maintain the bore optical access. These coils can produce 10 G/cm
field gradient with 4.6 A.

Driving the coils at RF frequencies (1.4 MHz) leads to a small skin depth:
the current only passes through the outer ~ 50 p m of the wires [71]. As a re-

sult, the resistance (R o< 1/A) increases substantially from the DC value. The
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current through this resistance produces 10s of watts of heat. If the coils were
isolated in vacuum, this heat would quickly cause problems, and indeed this has
been the case in past iterations of design [71].

To remove this heat from the vacuum chamber, the coil mounts were made
as thermally conductive as possible. Indeed, the choice of aluminum nitride was
determined partially by thermal considerations (as there are few materials that
are electrically insulating but thermally conductive). The high thermal conduc-
tivity (200 W/(m-K)) helps to spread the heat load across the board. There is a
conductive copper ring on the edge of the board which allows good thermal con-
tact to copper rods between boards and finally to thick copper feedthroughs out
of the chamber. These feedthroughs are then water-cooled outside the chamber
to continuously remove heat from the system. The mounted coils can be seen in
Fig. 4.12.

RF electric fields between the plates can arise due to asymmetry between the
two tank circuits. Since the currents are changing very quickly, if the two coils
are driven with different current the potential across each coil will be different
as well. As a result, there will be an RF electric field between the two coils. To
avoid this, current probes on the electrical feedthroughs into vacuum allow the
current in the coils to be tuned to match, and the leads from the feedthroughs
to the coils are made as close to identical as possible. The current must be in
phase to within a few percent of the duty cycle and of equal magnitude to avoid
E fields. Such E fields have been observed in previous versions of the MOT coil

design [71]. These fields severely limited the trap lifetime by inducing mixings of
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Figure 4.12: Pictures of the MOT coils mounted on the MOT chamber flange. Arrows show the
actual RF coils, the electrical connections to feedthroughs, a current probe attached to one of the
electrical lines, and thermal rods which can be heatsunk outside of the chamber. The coils are also
shown after being blackened by MH2200 spray paint.
opposite-parity states, and solving the problem immediately resulted in signifi-
cantly longer MOTs.

The RF signal is originally generated by a Siglent SDG 2042X function gen-
erator. The signal is first amplified by ENI 5501 RF amplifiers by 50 dB (up
to 150 W). To impedance match the coils to the RF amplifiers and cabling we
electrically integrate the MOT coils into “tank circuits”. The tank circuit is
schematically just a series LC circuit. The MOT coils themselves are the main
inductor, and a variable vacuum-gap capacitor in series changes the resonance
by small amounts. A small fixed air core inductor is used for larger tuning. The

quality factor (“Q factor”) of the circuit is set by parasitic resistance throughout

the circuit. The MOT coils have an inductance of 30 uH each, and we use 500-
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1500 nF tunable capacitors and 16:3 transformers. The Q-factor is measured to
be 2200 on one coil, and 1800 on the other. The field strength is experimentally

changed by the amplitude of the function generator output.

4.6.2 MOT LiGHT

The other necessity for a MOT is light (duh). As described in 4.1, the radia-
tive force is exerted by three pairs of counterpropagating red-detuned laser
beams, one pair along each cartesian axis. Ideally, the detuning can be quickly
changed to be able to rapidly modify the depth (and therefore temperature) of
the MOT. The in-plane beams must also be circularly polarized in the relative
configuration noted in Fig. 4.1, with the absolute polarization quickly switch-
ing handedness to destabilize magnetic dark states. The vertical axis beam po-
larizations are reversed due to the opposite direction of the magnetic gradient
along the axis.

The MOT laser light is taken from the same SFG system than generates the
main line slowing light. After optimizing slowing, there is ~1.5 W of excess
available. This light is fibered from this laser to an auxiliary table for frequency
and polarization dressing. This table has three sub-assemblies for fast frequency
tuning, SR sideband generation, and polarization switching. The first, frequency
tuning, consists of a large-aperture double-pass AOD from Gooch & Housego.
The AOD is set up in a cats-eye configuration, schematically outlined in Fig. 4.14.
With the collimation lens placed such that the AOD is in the focal plane of the

lens, this orientation maintains the output alignment of the light as the diffrac-
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tion frequency of the AOD changes. The AOD is controlled by a VCO and a
VVA, which in turn can be remotely controlled to change both the frequency
and strength of the diffracted order. To ensure robustness against small fluctu-
ations in power, the VVA is ultimately controlled by an SRS SIM960 PID box.
The PID reference is a power-monitoring photodiode on one of the MOT beams.
The frequency is controlled by an NI-DAQ system so fast patterns can be re-
motely programmed in the experimental cycle. After the AOD, the again light
travels via fiber to a Pockels cell. The Pockels cell is set up in a polarization-
switching configuration, with high enough intensity to rotate the input linear
polarization 90 degrees, as measured on a fast photodiode after a PBS. It is
driven by a Conoptics 302RM driver with a square wave. The output linear
polarizations are aligned to the axes of another fiber leading to a SR sideband
setup. On this final board, the light is split by an 110 MHz AOM to address
the two ground-state SR components of the transition and again polarization-
aligned into optical fibers to travel back to the experiment. Unlike a typical
spectroscopic SR sideband setup, the sidebands cannot be recombined on a
PBS, as they are downstream of the Pockels cell and a PBS would dump the
entirety of light in one switching phase. Instead, each sideband is separately
fiber coupled, and these two output fibers are combined in a 2x4 evanescent
fiber splitter from Evanescent Optics. Three of the four fibers out of the splitter
go to the experiment, while the fourth is attached to a photodiode which serves
as the PID power monitor. A schematic showing the ordering and elements of

frequency and polarization control of the MOT light can be seen in Fig. 4.13.
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Figure 4.13: Schematic showing how the MOT light intensity and frequency are controlled by
electronics and optical elements. The intensity the light through the AOD is set by the variable-
voltage amplifier (VVA), which in turn is set by the PID box. The frequency of the AOD shift
from v/ — v is set by a voltage-controlled oscillator (VCO). The PID box can either feed back

on the MOT light intensity or relay a setpoint directly from the DAQ. The VCO frequency is set
by the DAQ as well. The light then passes through a Pockels cell to switch polarization quickly,
and an AOM which adds a spin-rotation sideband. The two sidebands are then coupled into a 2x4
fiber splitter, with one output used as a signal for PID feedback and the other three as the MOT
beams.
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Figure 4.14: Schematic of the cat's eye AOD setup. The optical elements and laser path are
noted. The input polarizations are noted below the beam, and the retroflection polarizations are
noted above. The first half-waveplate tunes the polarization to be linear in the x direction, which
then passes through a PBS unobstructed. The quarter-waveplate then converts the linear polariza-
tion to right-hand circular polarization, which is efficiently diffracted through the AOD by an angle
0. If the lens is placed a focal distance f from the AOD diffraction plane, the light will always be
collimated after the lens. The collimated light then exactly retroreflects through the system over-
lapped with the input beam until the quarter-waveplate, where the phase shift from the mirror
reflection results in the opposite linear polarization than the input beam. The PBS then splits the
input and output beam so the frequency shifted light can be utilized.
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At the MOT chamber, the light from each fiber passes through a quarter-
wave plate to give the input beam along each axis the correct polarization (e.g.
when not swtiching o™ along the horizontal axis and o~ along the vertical axis)
and is directed into the MOT chamber. The waveplate angles are set by mini-
mizing the transmission of the light through circular polarizers. The two hori-
zontal beams are +45 degrees from the molecular beam axis to avoid crosstalk
and congestion with the slowing beams. The vertical beam passes through the
center of the chamber and hole in the MOT coils. Instead of generating three
more beams for the counterpropagating light, each of these initial three MOT
beams passes through another quarter-wave plate after exiting the chamber and
is retroreflected back along the same path. The quarter-wave plate gives the
retroreflected beam the opposite circular polarization as the input beam. Coun-
terpropagation is ensured by back-coupling the retroreflection into the fiber
splitter. Absolute alignment of the light is done by observing fluorescence of
molecules passing through the chamber with the magnetic field on with both
the regular imaging camera and a separate camera looking down the vertical
axis of the MOT coils. The beams are aligned to center on the molecule fluores-
cence when the light is on resonance, since in this condition the molecular signal
corresponds to the region of smallest field value. The retroreflected beams are
blocked and re-aligned after this process to avoid broadening. Small improve-
ments of alignment are possible once a MOT is visible, but this process was vi-
tal in obtaining a good initial alignment. Centering the beams on the windows

was not sufficient, likely due to small offsets of the MOT coils from the cham-
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ber axes and/or imprecise normality of the flanges on the spherical square. Re-
pumping was initially done by the slowing beam repumpers, though the main
line light was turned off for the MOT to prevent trapped molecules from being

pushed out of the trap.

4.6.3 SYNCHRONIZATION OF POLARIZATION AND MAGNETIC FIELD SWITCH-

ING

Ensuring the synchronicity of the B field and laser polarization is paramount to
constructing a trapping force for the molecules. Obviously, if the two switches
are 180 degrees out of sync, there is an anti-trapping force. Even slight mis-
alignments (~10 degrees) can cause substantial decrease in the trapping force in
an unoptimized system.

The ~1.4 MHz RF for both is generated by a Siglent SDG 2042x signal gen-
erator. For low-frequency signals, external generation would be sufficient to en-
sure close-to-synchronicity. However, given the high frequency of the signal, and
the fact that MOT Pockels cell and MOT coil electronics were located across
the room from each other, this was not ensured. To monitor the phase between
the two signals, the Pockels cell controller “sync out” signal and current moni-
tors on the MOT coil electrodes were connected via identical BNC cables to an
oscilloscope. The travel time from the signal generator to the devices, as well as
differences in electronics, was found to produce large (>20%) phase shifts be-
tween the two. Using this monitor, we were able to minimize the relative phase.

This monitor also served to ensure that experimental cycles were running as
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they were supposed to, as MOT versus anti-MO'T configuration are obvious

when the phases can be seen by eye.

4.7 EARLY TESTS

With the light and magnetic field ready, we began searching for evidence of
trapped molecules. Since the number of initially trapped molecules was ex-
pected to be small, we searched for parameters which gave difference between
in-phase and out-of-phase magnetic field and light configurations. The out-of-
phase (“anti-MOT”) configuration, while nominally anti-trapping, is also capa-
ble of producing a molasses-type effect, but this was seen to be much broader
than the MOT volume. As such, locating the center of the MOT was necessary
to correctly compare signals, and signal was only integrated over this small re-
gion of the whole images.

Several parameters’ optimal values need to be experimentally scanned to pro-
duce an observable difference between the two configurations, especially for an
unoptimized MOT. These include B field gradient, relative timing of extinguish-
ing the slowing beam, and MOT beam intensity and detuning. A high B field
gradient results in a dense and bright MOT with a short lifetime, while a low
gradient creates a fluffy MOT with a smaller scattering rate and correspond-
ingly less fluorescence and shorter lifetime. Though the gradient was changed a
few times, most searches were done with a relatively high ~ 15 G/cm gradient
to maximize MOT brightness. The timing of the slowing is important because

turning it off too early can result in molecules not decelerating enough for MOT
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capture, but turning it off too late will start to push molecules backwards out
of the MOT. Scans of the end time were done in increments of 2-3 ms, from 10-
35 ms with an optimum close to the previously observed 27 ms of slowing. The
MOT beam detuning was regularly scanned alternating with the slowing timing,
as the detuning should change the capture velocity and size of the MOT. Typ-
ical values were from -3 MHz to -10 MHz, with an optimum eventually found
around -TMHz for the high B gradient. A ramp to the MOT beam intensity was
added to prevent too-fast initial scattering from impeding a MOT from form-
ing. The typical ramp began at the maximum 30 mW /beam and decreased to
~ 8 mW over 5 ms. These remained the ramping parameters for the remain-
der of the work; though it was scanned occasionally no other parameters seemed
obviously better.

Iterations of these parameters were done, not haphazardly, but certainly
without much direction. In certain configurations, there were short-lived ex-
cesses of fluorescence in the MOT configuration compared to the anti-MOT.
However, these signals were not repeatable and seemed to be highly sensitive to
ablation spot and fluctuations in slowing power. When it did occur, the MOT
signal also appeared offset from the field minimum.

The latter problem was attributed to a radiative force from the first repumper,
which is populated enough in the optical cycle to plausibly exert a force on
weakly trapped molecules. To remedy this, an X (100) repumping beam was
overlapped and retroreflected with the vertical MOT beam, in which configura-

tion no net force is possible.
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Figure 4.15: Comparison of two repumper power scans done with the MOT-type signal. The
(200) repumper, when operating at full power, is insensitive to fluctuations. In contrast, fluctua-
tions of the (0220) repumper caused linear shifts in fluorescence signal. This data led to replace-
ment of the (0220) repumper with a different transition, as discussed in text.

The MOT depending on laser power fluctuations was a result of a low over-
all scattering rate leading to a variable number of both slowed and trapped
molecules. Scattering rate measurements in the slowing beam (as in 4.1.1) in-
dicated that the (0220) repumper was not participating in the cycle optimally
but was sufficient to not significantly limit the rate. Similar scattering rate mea-
surements were done in the early MOT where the fluorescence signal was mon-
itored versus laser power. In these measurements, the signal did not seem to
strongly depend on repumper fluctuations (of course, it depended on main-line
power strongly) except for the (0220) repumper, with which the MOT fluores-
cence roughly linearly improved with power. Fig. 4.15 compares the scattering

rate measurement of the (0220) and the (200) repumpers, and shows the quali-

tative difference in dependence.
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As a result of these measurements, the decision was made to replace the (0220)
repumper with a stronger transition. There are no “good” transitions out of this
vibrational state that both have strong transition dipole moments and greatly
reduce vibrational quanta. Indeed the only reason the X (0220)-A(100) tran-
sition works in CaOH is a combination of ground and excited state Fermi res-
onances (which is to say, basically luck). Without these resonances, the tran-
sition was predicted to be at least 2x weaker, and measured to be at least 5x
weaker in STOH. At this linestrength, this factor of a few made the transition
impossible to drive sufficiently fast. Other transitions with Avy, £ # 0 (e.g. to
A(010) or A(000)) are intrinsically weak since they must also be due to pertur-
bations, and changes in quanta of multiple modes (e.g. to A(110)) are always
weak. This left us with essentially one option, another (020) state. B(020) was
ruled out, since, as a Hund’s case (b) state, such a transition does not change
¢, and so the dominant decays will maintain £ = 2. A(020) states avoid this is-
sue because of their Hund’s case (a) character and the A 2IT electronic character
leads to mixing of the nominal A(02°0) and A(0220) states. Even though the
effect is small, the mixing between the states turns out to produce a larger tran-
sition dipole between the X (0220) and A(02°0) than any other “useful” excited
state. This transition replaced the old repumper in the slowing cycle. Scatter-
ing rate measurements showed that 3 mW of power saturated this transition
more than the 2 W did on the original line. This change was sufficient to ob-
serve a more reliable MOT-like signal. It did increase the power requirement of

the X (02°0) repumper since this ground state was more frequently populated,
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Figure 4.16: Two scans of MOT parameters and how the fluorescence signal changes as a result.
On the left, a scan of the relative phase on the function generator between the MOT current and
Pockels cell signals. The phase was chosen at the peak of the fluorescence. On the right, a scan
of the VCO frequency, and correspondingly MOT frequency. The difference between the in-phase
light and magnetic field (“MOT phase”) and out-of-phase curves are clear.

but this was accounted for by rearrangement of amplifier power as noted above.

The initially optimized MOT-like signal indicated an estimated lifetime of
<20 ms and contained an estimated 1000 molecules. The signal acted as ex-
pected as a function of detuning and relative phase, as shown in Fig. 4.16. The
SNR was >10 between MOT and anti-MOT configurations after optimization.
However, no matter which parameters we tuned, the lifetime was stuck around
20-25 ms and numbers remained low.

To figure out what was going on, we adopted stochastic-wavefunction based
simulation code from the CaOH experiment (modified from their calculations in
[58]). To our surprise, these simulations indicated that the apparently limited
lifetime could be due to a convolution of signal from semi-trapped molecular
samples entering the trap with the actual MOT. Basically, many molecules seem

to be able to scatter enough photons to remain in the MOT region for several

ms, but are moving too quickly to be trapped. These molecules enter and exit
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MOT anti-MOT

Figure 4.17: Images compiled of 1000 camera averages with the MOT field and light in-phase
(MOT) and out-of-phase (anti-MOT). The color scales are equal, making clear the excess of
molecular fluorescence in the MOT configuration. Imaging system calibration indicates the fluo-
rescence comes from an average of >1000 molecules per shot. Though not all of these molecules
are trapped, the latest work suggests that a substantial portion are.
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the MOT as the entirety of the molecular beam passes through the region, and
obscure the lifetime of the more consistently trapped molecules that entered the
trap at lower velocity.

To disentangle the signal from the untrapped/loosely trapped molecules and
the MOT we worked on developing a better imaging technique. As part of this,
we also replaced our detection camera with a high-QE (~ 15%) Hamamatsu
GaAs R943-O2 PMT to have higher resolution. This PMT increased our in-
trinsic SNR by a factor of 5 from the old PMT or camera. Then, to under-
stand what portion of the signal in MO configuration were long-lived trapped
molecules, we took data in two configurations that would affect trapped and
untrapped molecules differently. In particular, both MOT and anti-MOT con-
figuration was taken (1) with the MOT light on as normal and (2) the MOT
light only turned on at the end of the previous ramping (at the low intensity
of 8 mW). In this configuration, molecules trapped during the loading/ramping
time contribute fluorescence signal to the data taken in case (1), while transiently-
fluorescing molecules passing through the MOT at late times will contribute to
signal in both cases. Hence subtraction of case (2) data from case (1) can iso-
late trapped molecules that originated in the MOT before the ramp endpoint.

Data taken in this way showed a statistically significant and long-lived (~
30 ms) excess in the trapping configuration, confirming the existence of a MOT
separate from the transient signal. The comparison can be seen in Fig. 4.18.
These results indicate that about half of the fluorescence originates from trapped

molecules, indicating at least 500 molecules in the MOT at the time of writing
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Figure 4.18: Comparison of MOT fluorescence data taken in normal configuration versus the trap
light only being turned on late. The difference in signal indicates a trapped sample of molecules
originating at early trap times with a lifetime ~ 30 ms.
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based on earlier calibration.

4.8 FUTURE WORK ON SROH

The next steps on SrOH are simply to increase the number of trapped molecules.
There are several ideas on how to do so. The simulations indicate a shorter life-
time due to smaller trapping forces compared to CaOH. Larger beams should
increase the net force per molecule, and so we are expanding our beams from

1 cm to 2 em. The MOT beam intensity will be scanned with the larger beams
to ensure optimal use of the photon budget.

The simulations also show that the larger spin-rotation splitting (110 MHz)
compared to CaOH (50 MHz) seems to negatively affect the trapping force. Un-
fortunately, the origin is not understood at the time of this writing, so the exis-
tence of a solution, or not, is unknown. Adding additional SR sidebands to the
MOT light and changing the frequency between the existing sidebands may be
attempted to see if they show any effect.

In addition to these simulation-motivated changes to improve the magnitude
of the MOT force, addition of the next repumper, out of X (120), will increase
the photon budget ~ 2x (Tab. 4.3). An improved photon budget should in-
crease the number of molecules absorbing enough photons to be trapped, even
with the current MOT force. Identification of a repumping pathway for the
states (¢ = 0,2) is currently underway, and the lasers will be added after the
decided transition is identified spectroscopically.

Electronics are also being constructed to switch from white-light to chirped
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slowing [183]. Past molecular experiments have seen improved MOT loading out
of a chirped beam [179]. The chirping seems to compress the velocity distribu-
tion of the molecular beam, which also helps us decrease the population being
pseudo-loaded out of an extended beam.

In the longer term, a “push beam” in combination with transverse 2D Sisy-
phus cooling will be added to our slowing path. Simulations of this combination
of techniques in literature indicate that adding these should improve MOT load-
ing by 20x [184]. Preliminary experimental results from the same group only
show an increase of only 30%, but work in ongoing to determine where the dis-
crepancy lies. In any case, any improvement in number of molecules will make
it easier to detect the MOT.

Additionally, moving to a DC or blue-detuned MOT should increase the num-
ber of trapped molecules as well as lowering the temperature and increasing the
density. Recent work on blue-detuned MOTs have demonstrated near-unity
loading from a MOT into an ODT [58]. Simulation work is also being done to
see if such a blue-detuned MOT can be loaded from either a short RF MOT, or
no RF MOT at all.

When there are sufficient molecules trapped in the MOT, the next experi-
mental step is to do sub-Doppler (typically Sisyphus) cooling to allow molecu-
lar transfer into an optical dipole trap (ODT) (e.g. as in Refs. [49, 57]). Once
SrOH is loaded in the ODT, work can begin on testing measurement schemes

and characterizing systematics effects for either EDM or p-variation experiment.
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4.9 (CONCLUSION

In this chapter, we described the theory, design, and implementation of radia-
tive slowing and magneto-optical trapping of the STOH molecule for use in pre-
cision measurement experiments. The bulk of the experimental complexity for
both techniques lies in the maintenance of an optical cycle capable of scattering
~ 10* photons. A cycle of this size is necessary to remove to sufficiently deceler-
ate and cool the molecules, respectively.

The initial steps towards creating such an optical cycle predate this work.
Decades old spectroscopy assigned many useful transitions at high resolution
and was vital in identifying the molecule as a candidate for laser cooling in the
first place. More recent work confirmed cycling on the main line and first few
repumping transitions, and demonstrated application of this cycling in 1D Sisy-
phus cooling. Immediately before the work herein began, measurements of the
vibrational branching ratios down to parts in 10° identified all the relevant vi-
brational leakage channels necessary to construct a scheme capable of scattering
enough photons for full radiative slowing and magneto-optical trapping.

Using this data, we created an optical cycle capable of repumping the nec-
essary ground states quickly and efficiently back to the main transition. These
considerations were relevant to realizing the scheme in the lab in a cost-effective
manner. The cycle is still being updated as properties of the molecule continue
to be understood, but currently consists of 10 transitions out of 8 vibrational

states. The light for 7 of these are produced by sum-frequency generation with
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high-powered optical amplifiers. Two transitions are driven by ECDLs, and the
last is driven by a Ti:Sapph, though soon to be replaced by enough ECDL.

For radiative slowing, the light is then dressed with ~300 MHz of closely-
spaced sidebands to address the entire range of Doppler shift during the process.
The beams are combined into a single slowing beam and polarization-switched
to destabilize instaneous magnetic dark states. The combined slowing beam
counterpropagate against the molecular CBGB to decelerate the molecules.
Optimization of laser power, detuning, and timing results in evident slowing
of SrOH. The peak of the molecular distribution is reduced by > 50 m/s and
trappable population is accumulated below 20 m/s.

To trap the decelerated molecules, RF MOT coils and MOT light are added
at the end of the apparatus. The light polarization and RF magnetic field are
synchronously switched to produce a time-averaged trapping force. To increase
MOT stability, it was necessary to replace a transition in the cycle with a stronger
line. Repeated tuning of magnetic field strength, light detuning, and relative
timing of slowing light resulted in a preliminary MOT-like signal. Simulations
indicated our data was a convolution of trapped and un-trapped molecules.
More recent experimental data has identified approximately 50% of the MOT
signal comes from trapped molecules with a lifetime ~ 30 ms. The consistently
low number of trapped molecules (<1000) and lifetime requires improvement
before continuing on towards a precision measurement.

To improve population in the trap, simulations indicate we should change the

MOT intensity, ramping speed, and beam size to increase the trapping force.
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In addition, several experimental upgrades will increase the photon budget
and molecular flux in the MOT region which will also increase the number of
trapped molecules. Simulation-guided parameter searches will continue in paral-
lel to identify other ways of increase the MOT force.

From such an enhanced MOT, it will then be possible to further compress
(via a blue MOT or sub-Doppler cooling) the molecule distribution and load
into an optical dipole trap. In such a trap it will be possible to conduct a mea-
surement of either the eEDM or p variation.

This work demonstrates that, though it is more complex than for CaOH, laser
slowing and trapping of SrOH is possible, and likely not ultimately limited to
SrOH. For an eEDM search, a heavier metal is preferable to Sr, such as Yb, Ba,
or Ra. The considerations outlined in this chapter will be useful in slowing and
trapping these species, as very few aspects are molecule-specific. Indeed, even
constructing our optical cycle was done with fairly general structural consid-
erations that likely remain valid in heavier species. Nevertheless, these heavier
species can be expected to bring new complications with them. In particular,
heavier metals tend (though are not necessarily guaranteed) to have more con-
gested electronic structure, which can lead to perturbed excited state structure
and metastable levels, both of which can increase the number of decay chan-
nels in the optical cycle and decrease the scattering rate. Many heavier species
will also have lower-energy electronic states, which will decreases the recoil of a
scattered photon further and requires longer experimental slowing distances or

modification of the technique. It is the hope of the author that the work here
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provides a stepping stone from which accommodating these perturbations can
feel manageable, as previous demonstrations of slowing and trapping diatomic
molecules and CaOH provided for us. It does not seem that there are funda-
mental incompatibilities with heavier linear molecules and these techniques of
control, and as such, effort into understanding the differences in applying these

techniques compared to now both STOH and CaOH is well-warranted.
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“Hope” is the thing with feathers -
That perches in the soul -

And sings the tune without the words -
And never stops - at all -...

Emily Dickinson

Towards Laser-cooling Nonlinear

Molecules

Linear polyatomic molecules lie at a convenient intersection for current preci-
sion measurement experiments: similar enough to diatomics to make sense of

the most difficult aspects of working with them, but novel enough to contribute
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new structure and possibilities. Nevertheless our eyes turn towards the future:
what is next*? The advantage of linear polyatomic molecules in EDM experi-
ments over simpler laser-coolable diatomic molecules stems from their low-lying
bending-mode “parity doublets” [5, 23, 185-187]. This structure allows for the
full polarization of these species in the lab frame, and hence the full realization
of their intrinsic sensitivities to new physics, as well as being powerfully use-
ful in suppressing systematic errors in precision searches for symmetry viola-
tion [188, 189].

A disadvantage of using parity doublet states in a vibrational excited state is
the shorter spontaneous lifetime compared to diatomic rotational states, 7 < 1 s
(e.g. see Ref. Hallas et al. [19]). Symmetric and asymmetric top molecules,
which we refer to as nonlinear molecules, feature many of the same desirable
properties as vibrationally excited linear polyatomic molecules (low-field polar-
izability, parity-doublet-like structure, and compatibility with laser cooling [83,
187, 190]) in the vibronic ground state, with correspondingly long intrinsic life-
times 2 10 s. The benefits of nonlinear molecules for BSM searches, includ-
ing the possiblity for very long coherence times, have been pointed out previ-
ously [83, 187, 190], but key elements of laser cooling them are less explored
than for linear counterparts. While 1D laser cooling of a symmetric top species
has been demonstrated [191], and an extension to asymmetric top species has
been proposed [83] with initial studies already performed in CaNH, [70], fur-

ther work is required to establish a road map to full 3D laser cooling and trap-

*This chapter takes and adds to the publication “Vibrational Branching Ratios for Laser-
Cooling of Nonlinear Strontium-Containing Molecules”
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ping of such molecules. In addition, the few extant studies of laser cooling low-
symmetry molecules have focused predominantly on relatively light molecules.
While these species are of interest for quantum information applications, many
proposals for BSM physics searches rely on constituent atoms at least as heavy
as Sr [, 23, 185-187, 189, 192-194]. The effect of mass-dependent perturbations
on laser cooling low-symmetry species is not well understood. As such, studying
heavier molecules, even in the same symmetry group, provides vital information
for precision measurement experiments that is not easy to generalize from exist-
ing work. The same or similar molecules are also of interest for quantum infor-
mation platforms [195-198] and the study of low-temperature chemical reactions
[199, 200].

As noted in Chapter 4, to laser cool any molecule, vibrational loss channels
need to be identified to sufficient resolution to be able to create a sufficiently
closed optical cycle. Computational techniques are rapidly improving [46, 99,
105, 201-205], but predictions of low-probability (~107*-1077) decay channels
have not yet been benchmarked against experimental results for heavy, non-
linear polyatomic molecules where vibronic perturbations are challenging to
quantitatively model. As such, ab initio methods cannot be solely relied upon
to assess the laser coolability of a complex molecule and direct measurements of
the vibrational branching fractions (VBFs) must be experimentally recorded.

Though vibrational branching occurs during photon cycling in any molecular
species, rotational loss may qualitatively differ in nonlinear species compared to

their linear analogs. In linear species, rotationally closed transitions are simple
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to identify based on parity and angular momentum selection rules, and the abil-
ity to drive a single rotational transition for most vibrational repumping levels
is ensured [103, 206, 207]. Such rotationally closed transitions are not generally
possible when laser cooling nonlinear molecules [83, 190, 191]. Rotational leak-
age channels for laser cooling schemes have not been previously analyzed on the
basis of general symmetry-group properties. In particular, whether or not there
are nonlinear symmetry groups which have “sufficient” symmetry to maintain
rotational closure in reasonable perturbative limits is an open question.

To address these questions, we measure the VBFs of the lowest excited elec-
tronic states in three strontium-containing molecules: StOCHj, StNHy, and
SrSH. We measure vibrational branching fractions as small as 0.01%, and by
doing so investigate the mid-resolution vibrational branching of heavy species
in three distinct symmetry classes (Cs,, Co,, and C). Our measurements also
invite an analysis of the rotational structure of the laser cooling transitions pro-
posed for these molecules, and we expand upon ideas presented in Ref. Augen-
braun et al. [83]. We also point out known perturbations in the Sr-containing
species that exacerbate rotational leakage channels compared to the previously
studied Ca species.

Through these analyses, this work provides a side-by-side comparison of the
technical complexity required to laser cool isoelectronic species as a function of
molecular symmetry. The combination of rovibrational analyses indicate that
the easiest molecule to laser cool among those studied here is likely STNHs, the

species of intermediate symmetry C5,. Correspondingly, molecules from the Cy,
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point group such as StNH;, (or heavier analogues such as BaNH,, YbNHj, and
RaNH;) appear to be the most preferable species for a next-generation laser-
cooled EDM-sensitive nonlinear molecule—having fewer vibrational modes and
rotational leakage channels than STOCHj3, but greater symmetry protection
against internal perturbations than SrSH. This highly motivates future work to
measure VBFs in StNH, at the ~107° level, similar to prior work on StOH [46],
which should be possible with a few additions to our current methods.
Nevertheless, our work does not show the impossibility of laser cooling in any
of these species, suggesting that with sufficient motivation laser cooling even Cj
(and more easily, Cy, or Cj3,) molecules is realizable, in agreement with previous

proposals [83, 190, 208].

5.1 METHOD AND APPARATUS

We measure the VBFs of the three molecular species using the dispersed laser-
induced fluorescence method and apparatus used in Ref. Lasner et al. [46] for
SrOH. A schematic of the apparatus can be seen in Fig. 5.1.

The molecules are produced in a cryogenic cell (~8 K) by ablating a stron-
tium target in the presence of both a species-specific reactant gas and a helium
buffer gas. Sr atoms released by ablation react to form the molecules of interest,
which are then quickly thermalized to the cell temperature by collisions with
the buffer gas.

Methanol is used as the reactant gas to produce STOCH3, ammonia for StNH,,

and 1,3-propanedithiol for StfSH. The reactant fill line temperature was kept at
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Figure 5.1: Schematic showing the apparatus as viewed from above. A strontium metal target,
located inside a cryogenic copper cell, is ablated by an Nd:YAG laser. The strontium atoms then
react with the reactant gas to form the molecule of interest. The molecules are thermalized to

the cell temperature by helium buffer gas, and exit the cell rotationally cold. A laser beam excites
molecules to the lowest excited electronic state, and the fluorescence from the subsequent decay is
collected into a spectrometer.

275 — 310 K in all cases, despite differences in vapor pressure, to prevent clogs
forming in the hot fill line due to ambient contamination in the system. The
gas pressure immediately upstream of the fill line was approximately 3 Torr for
methanol, 10 Torr for ammonia, and 1.8 Torr (approximately the vapor pres-
sure) for 1,3-propanedithiol. Increasing the vapor pressure for methanol and
ammonia did not drastically improve molecular production, but did coincide
with a higher rate of clog formation that necessitated warming up the cryogenic
system to near room temperature.

About 1”7 downstream of the production cell, the molecular beam is inter-

sected by a ~50 mW, ~5 mm diameter beam of excitation light, tuned to the
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rovibronic transition of interest (discussed in Section 5.2). The excitation light
is generated using a Matisse tuneable Ti:Sapph laser, and is locked to ~5 MHz
with a High Finesse WS7 wavemeter. This light is directed into the chamber
via cryogenically-mounted mirrors. These mirrors direct the light down and un-
der the 4K shield to avoid a line-of-sight from the input window to the collec-
tion optics (therefore reducing scatter in the detection). At the lower height,
the light traverses the 4K stage until it is beneath the production cell aper-
ture, where another mirror directs it upward to vertically intersect the molec-
ular beam. A mirror mounted off the cell-holding plate retroreflects the light
back through the setup, which both increases interaction time and is useful for
optical alignment without being able to see into the box.

The fluorescence from the molecular decays is collimated with a 50 mm in-
vacuum lens (focal length 35 mm) and directed out of the chamber into an-
other optical setup to direct it into a 0.67 m Czerny-Turner style spectrome-
ter. The setup consists of mirrors to direct the light correctly through the spec-
trometer aperture and a long focal length lens to roughly focus the light as it
passes through the spectrometer. The overall collection efficiency is limited by
the spectrometer’s numerical aperture of 0.11. An optical low-pass frequency
blocks off-resonant scatter from entering the spectrometer. In the spectrometer,
a 2400 line/mm grating disperses a ~40 nm region of the spectrum onto an EM-
CCD camera. We adjust the grating angle throughout the data taking process
to select different subsets of the spectrum and thus cumulatively image over the

entire wavelength range of interest for each molecule. The spectrometer tuning
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knob is calibrated by McPherson to center light at the camera at a wavelength
of (0.4 x knob value) nm.

Calibration of the spectrometer and camera system using known frequencies
allows us to infer the wavelength and thus vibrational identity of the decays.
The relative intensity combined with the spectral response of the spectrometer
and camera allows us to obtain the relative probability of each decay.

Off-resonant scatter from the ablation laser, fluorescence from strontium atom
decays, and EMCCD signal offsets can all contribute to the fluorescence signal
as false molecular decays. We therefore take images of all combinations of ab-
lation laser on/off and excitation light on/off for a given data point. A linear
combination of images from these four configurations provides only the spec-
trum of the light emitted by the target molecules. We collect data using this

method long enough to reach an ultimate VBF sensitivity of 0.01 — 0.1%.

5.2  ROTATIONAL STRUCTURE AND EXCITATION TRANSITIONS

Since much of the literature on laser cooling molecules is focused on diatomic
and linear triatomic species, here we outline the structural considerations of
each of the molecules studied in this work. These considerations are relevant to
both identifying the excitation transitions used to measure the relevant VBFs,
as well as for evaluating the robustness of rotational closure. The basic struc-

ture is reviewed in Chapter 2.

187



a) b)

J=l2t A 232 I =2+
=L —'C (O
S S o
SFOCH, SrNH, SrSH

Figure 5.2: Schematics showing the relevant rotational structure in a) STOCHg, b) SrNHs, and
c) SrSH. Dashed lines show known rotational decay channels, and identify states that will need to
be addressed in order to photon cycle in each species. The asymmetric top states are labeled as
Nk, k.. In these molecules, the opposite parity states are not shown due to strict parity selection
rules. Note also that these are only the confirmed decay channels; see Appendix D for all possible
loss channels given the excitations used here. Even when perturbations are taken into account,
SrNHj requires the fewest rotational repumps per vibrational decay channel.

5.2.1 SrROCH;

SrOCHj3 is a (5, symmetric top molecule. The ground electronic state is de-
scribed as a ?A; representation [209, 210]. Levels in this state are well-represented
by Hund’s case (b). Since the end-over-end rotational constant, B (0.084 cm™! [89]),
is much smaller in STOCHj3 than the symmetry-axis rotational constant, A

(5.185 cm™! [89]), the rotational levels labeled by N are grouped into ladders

of distinct values of K = |K?8|, where K?® is the projection of N onto the sym-
metry axis, a; for clarity, we employ a superscript silcrow to distinguish signed
angular momentum projections from unsigned ones. The spacing between K
manifolds is set by A — B. In states with K # 3n, each N level has a rotational
E representation and possesses nearly degenerate opposite-parity states, known

as a K-doublet, split only by weak hyperfine interactions [88]. Thus any state in

these rotationally excited K manifolds will be easily polarized and therefore of
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interest for EDM or quantum science experiments.

The lowest electronic excited state is described as a 2E representation [209,
210], analogous to the 2II state in STOH. As in SrOH, there is large spin-orbit
coupling that splits the manifold into 2E} ;5 and ?Es/5 manifolds; we drive tran-
sitions only to the former. This state is Hund’s case (a), so that each rotational
eigenstate has significant admixtures of distinct N values.

We use the notation (N, K; J)* to label rotational states in StOCHj, where
the + sign denotes parity. In the situation of Hund’s case (a) states where N is
a bad quantum number, we omit the N label. Likewise, we omit J and parity
labels unless necessary.

For molecules in the ('3, point group, rotational closure schemes have been
previously identified [190, 191, 208]. We reiterate the main points with a slightly
modified discussion that emphasizes the structural selection rules in C3, molecules,
which will elucidate the comparison with the Cs, and C; cases. The differenti-
ating factors between rotational closure in linear versus C'3, molecules arise for
states with non-zero rigid body rotational angular momentum about the a-axis,
K g, which have no analog in linear species.

Since there is no electric dipole moment perpendicular to the symmetry axis,
rovibronic transitions do not change Kx (up to small perturbations such as
the Jahn-Teller and pseudo-Jahn-Teller interactions that couple rotational and
other angular momenta [202, 211, 212]) and an optical cycle must occur be-
tween states with the same value of Kr. The parity doublet structure of inter-

est to symmetry violation experiments is not found in the K = K = 0 manifold
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of X2A;, so we focus on the optical cycles available with Kp = 1.

A given flel/z(N’, K') component of an eigenstate may decay to X2A4;(N", K'+
1) where N” = N’ or N’ £ 1, subject to N” > K” and K" > 0, a double-prime
denotes a ground state label, and a single-prime denotes an excited-state label.
Ideally, the N’ = K’ = 0 state, with J' = 1/2, would be targeted so that only
N" = K" = 1 can be populated. Clearly, a AZEUQ(O, 0;1/2) state may mix
with the A2F; /2(1,0;1/2) state of the same parity while respecting J and par-
ity conservation. Such a mixing will contribute additional decays to X 2A:(2,0),
necessitating a rotational repumping transition as demonstrated in Ref. Mitra
et al. [191] for the CaOCHj laser cooling cycle originating from K" = 1.

We now present a brief heuristic argument for why the C5, molecular sym-
metry offers no additional protection against rotational state mixing in the
A2E, /2(K" = 0) manifold beyond that afforded by angular momentum and par-
ity selection rules. States with distinct N components within the A2E; (K =
0) manifold essentially arise from different combinations of (Nj, Kj = 1) states,
where we have denoted the rigid body rotational angular momentum by Ny to
distinguish it from the total angular momentum excluding spin, /N. Since all of
the (Nj, K = 1) rotational states have an E representation in the Cj, point
group, it follows that there cannot be a symmetry-based prohibition against
mixing N’ = J — 1/2 and N’ = J + 1/2 states of the same parity within the
K’ = 0 manifold (which has K} = 1). Since the A2E, , state is Hund’s case
(a), the symmetry-allowed mixing between (0,0;1/2) and (1,0;1/2) components

is of order unity and the (0;1/2) state decays with comparable strength to both
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X2A;(1,1) and X2A4,(2,1).

To study the vibrational branching fractions from the excited state used for
laser cooling, we drive )~(2A1(1, 1;1/2)* —>/~12E1/2(0; 1/2)F, as shown in Fig-
ure 5.2. Here the parity is denoted with + (F) in the ground (excited) manifold
because the parity doublets are split by a smaller energy gap than the natural
linewidth of the transition. The X 2A1(1,1) state is significantly populated in
our CBGB despite having a relatively large absolute rotational energy (owing
to the large rotational constant A = 5.2 cm™! [210]) because it is the ground

rovibronic state of the para-SrOCHj isomer [191].

5.2.2 SRCH;

We also attempted to study SrCHj as part of this work. However, we were un-
able to observe SrCHj3 in our CBGB using either chloromethane or methane as
a reactant gas. This molecule has been observed in room temperature sources [213],
though even in that work it was unobserved without Sr atom excitation light
present. It has never been observed in cryogenic sources. Further work is needed
to identify whether the production is merely suppressed by lack of atomic exci-
tation or whether at cryogenic temperatures production is suppressed via some
other mechanism (which would preclude the use of the molecule at all in a laser
cooling experiment). Even in the former case, all other laser cooled species that
report enhanced production from atomic excitation have some non-negligible
production without it, and it thus seems questionable whether production could

match the output of STOH or the other species studied here. In light of this, we
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suggest that this molecule does not appear especially promising for EDM mea-

surements due to a substantial challenge with production.

5.2.3 SrNH,

With a slightly lower degree of symmetry, STNHs belongs to the Cs, point group.
The ground state is described by the ?A; representation [214, 215]. As in SrOCH3,
this state is Hund’s case (b) [216]. Individual rotational levels are again de-
scribed by N. The projection K is no longer a good quantum number, but we
can identify states with the additional labels K, (K.), denoting the value of K
that would describe the state if the molecule were adiabatically deformed to a
prolate (oblate) symmetric top. Because A > B ~ C in SrNHy, the level struc-
ture closely resembles that of a prolate symmetric top with K, corresponding

to K [216]. In the relevant case where the symmetry axis is along the a inertial
axis, the parity of a state alternates with even vs. odd values of K. and in the
vibronic ground state, the parity is given by P = (—1)X<. The allowed values of
K.are N—K, and N—K,+1. The states comprising an effective parity doublet
are therefore the two allowed states with the same N and K, > 1 but different
K.. These states are inherently split by an amount set by the rotational con-
stant asymmetry B — C' > 0. In StNHy the splitting between opposite-parity
states in the N = K = 1 manifold (in the rigid rotor model neglecting details
of hyperfine and spin-rotation structure) is ~130 MHz [217], large enough to be
spectroscopically resolvable but small enough to be easily polarized.

The A2B, state differs qualitatively from the first excited state in StOH and
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SrOCHj3 because in the lower symmetry group there are no doubly-degenerate
electronic manifolds. Physically, the degeneracy of the II orbital is broken by
the orientation of the hydrogen nuclei, and the in-plane vs. out-of-plane electron
orbitals acquire distinct energies. However, there is still a moderately strong
spin-orbit interaction, so the A2B, state is described by Hund’s case (a) just as
in StOH [216]. Rotational states are labeled by (N, x.; J)*, where as before +
denotes the parity of the state. J and parity labels are omitted unless necessary.
Routes to rotational closure for Cy, molecules have been previously identi-
fied [83]. For b-type transitions like XA, the optical cycle proceeds on X2A4;(1y;)
 A2By(0g0; 1/2)T. Because parity alternates with K, a (1y9;1/2)" rotational
state from any B, vibronic manifold (possibly but not necessarily flng) has the
same J and parity values as the excited laser cooling state. As seen for the case
of C5, molecules, the possibility should be considered that such a (1;9) state
could mix with A2B,(0y), leading to rotational leakage channels such as to
X2A;(1¢1) or X2A;(241). However, such a mixing is strictly forbidden in Cj,
molecules, up to hyperfine or Coriolis-like interactions that couple states of dif-
ferent rotational symmetries (and which are expected to be very weak). Specif-
ically, the (0g) rotational state has the A; representation, while the (1;¢) state
has the B; representation; thus the (0g) excited state rotational label must be
highly pure. This behavior guarantees much stronger protection against rota-
tional leakage channels than in Cj, or (as we will see) Cs molecules. See Ap-
pendix D for more details. We note that any rotational leakage channel in-

troduced by the weak rotational-symmetry-violating perturbations mentioned
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above is likely to require repumping for only the strongest vibrational decays, if
at all, in order to cycle ~10* photons.

To study the laser cooling transition, we drive X2A;(1y1;1/2)~
— A2B,y(09;1/2)", as seen in Figure 5.2. The molecular symmetry enforces a
relationship between the rotational and hydrogen nuclear states, and (as dis-
cussed in Appendix D) X24;(1y,) is the ground state of the I, = 1 iso-
mer, where Iy, , is the total hydrogen nuclear spin. Since the nuclear spin is
not efficiently changed during buffer gas cooling, this state thus has a signifi-
cant population in our CBGB despite being at a relatively large energy (set by
A =13.5cm™! [217]) compared to the absolute ground X?2A4;(0gy) state.

We note that the nuclear spin state associated with the nitrogen atom is al-
ways in the totally symmetric representation of the Cy, group and thus has no
effect on the selection rules or naturally populated states of STNH,. Further-
more, the hyperfine interaction arising from coupling of the nitrogen spin to
the electron spin can be expected to be approximately an order of magnitude
weaker than in SrF owing to the smaller nuclear magnetic dipole moment of
both naturally abundant nitrogen isotopes, "N (with Iy = 1, u = 0.40 uy
where py is the nuclear magneton) and °N (with Iy = 1/2, u = —0.28 uy),
compared to F (with Ir = 1/2, p = 2.63 py) [218]. Based on our ab ini-
tio calculations we have estimated the splittings arising from the nuclear elec-
tric quadrupole moment interaction (which does not occur in SrF) between
14N and the electric field gradients in the molecule to be ~1 MHz. The hyper-

fine interactions arising from the hydrogen nuclear spins are also expected to
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be only ~1 MHz due to the large distance between the metal-centered valence
electron and the hydrogen atoms. We therefore expect all hyperfine splittings to
be <10 MHz, approximately within a natural linewidth of the X — A transition
and not requiring additional frequency sidebands to address during laser cool-
ing. To date, no hyperfine splittings in STNHs have been observed. Thus only a
single low-frequency sideband is required to address the spin-rotation splitting

in order to achieve rotational closure in SrNH,.

5.2.4 SRSH

With only a single reflection plane, SrSH belongs to the C point group [219].
Also an asymmetric top, the electronic and rotational structure is similar to
SrNH,. However, the point group is smaller, and as a result there are only two
allowed representations. The ground electronic state transforms as the A’ repre-
sentation, and is analogous to the ground states of the other molecules studied
here [219]. The rotational structure in X is the same as in SrNH,, and we em-
ploy the same rotational state notation. In the rigid rotor model (i.e., neglecting
the full structure including spin-rotation and hyperfine splittings), the nominal
parity splitting in the N = K, = 1 rotational state manifold proposed for laser
cooling of SrSH is ~30 MHz [220].

The lowest electronic excited state of SrSH also transforms as the A’ repre-
sentation, but is again described as a Hund’s case (a) state [219, 221]. Though
the first-order rotational structure of this state is the same as in StTNH,, the re-

duced symmetry is compatible with rotational state mixing even in J = 1/2
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states. Specifically, in vibronic A’ manifolds the rotational states with K. =

+1 transform as A’ and those with K, = —1 transform as A”. As a result,
A’(0go; 1/2) and A’(119; 1/2) states have the same rotational symmetry and may,
under the influence of perturbations, generically mix with each other. Provided
such a mixing exists, the laser cooling scheme suggested in Ref. Augenbraun

et al. [83] for the predominantly b-type X2A-A2 A’ transition will be limited by
rotational leakage from the A%A’(1;0) admixture to X2A’(1o;) and X2A4'(25;)
ground states.

The proposed laser cooling transition, X2A'(1y1)~ —A2A"(0go; 1/2)7, could
not be directly excited in our CBGB because of the large rotational energy of
X2A'(14,), set by the rotational constant A = 9.71em ™" [220], and correspond-
ingly low thermal population. In principle, the X2A’~A2A’ transition dipole mo-
ment contains a small “a-type” amplitude, so that A2A’ (0go) can also be popu-
lated from X2A(10;). We therefore drive X2A’(191;1/2) —A2A"(09;1/2)T in
order to measure rovibrational branching fractions from the proposed laser cool-
ing excited state, as shown in Figure 5.2. We find this transition to be of com-
parable strength to b-type transitions in the X2A'~A2A’ band, consistent with
the reports of Ref. Sheridan et al. [221] where strong transitions were observed
between K = 0 and K] = 0 states due to a large excited-state perturbation.
Though a concrete physical origin of the perturbation was not identified in that
work, and cannot be inferred from our measurements, we interpret these results
as supporting the existence of the mixing suggested above between A2A’(0y)

and A2A'(115). We note that Ref. Sheridan et al. [221] observed less evidence
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of perturbation in the excited state of CaSH, highlighting that although mix-
ing between (0g) and (119) would be permitted in the excited state of any Cj
molecule, its actual prevalence must be assessed on a case-by-case basis. We
provide additional evidence for this mixing in SrSH, and discuss its implications

for laser cooling, in Sec. 5.4.

5.3 RESULTS

By driving transitions to the relevant rovibrational levels in the first excited
electronic states of STOCHj3, SrNH5, and SrSH, we record VBFs out of these
states at or below the ~0.1% level. The resulting dispersed fluorescence spectra
can be seen in Fig. 5.3.

We use the calculated vibrational energies and branching fractions to help
identify each decay channel. We denote the i-th vibrational mode v;, identified
for each molecule of interest in Table 5.1. Vibrational energy levels are labeled
according to the convention i,;)Jjn(j) - - - to denote the state with n(i) quanta
of excitation in mode v;, and so on. Modes with n(i) = 0 are omitted, and the
special case of the vibrational ground state is denoted 0y. We do not measure
or assign rotational branching fractions to vibronic levels where multiple rota-
tional levels are populated. Peak intensities are computed by integrating the
signal over the width of a feature. The resulting calculated VBFs done by our
collaborator Lan Cheng can be found in Tables 5.2-5.4 (see [L06] for details of

the calcuational methods).
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SI‘OCHg

Number Description Representation
1 C-H sym. stretch a;
2 CHj umbrella ay
3 C—O stretch ay
4 Sr—0O stretch aq
5 C-H asym. stretch e
6 Scissor e
7 Rock e
8 Sr—O—C bend e
SrNH,
Number Description Representation
1 N-H sym. stretch ap
2 NH2 bend aq
3 Sr—N stretch ay
4 Sr—N—H out of plane bend b1
5 N-H asym. stretch by
6 Sr—N-H in plane bend by
SrSH
Number Description Representation
1 S—-H stretch a’
2 Sr—S stretch a’
3 Sr—S—H bend a

Table 5.1: Ground state vibrational mode labels and representations for each of the species stud-
ied here.
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Figure 5.3: VBF data for (a) StOCHs, (b) StNHj, and (c) SrSH. Insets show the same spectra
at higher resolution. Accompanying VBFs are found in Tables 5.2-5.4. States are labeled accord-
ing to the modes in Table 5.1. State labels separated by commas indicate transitions to different
states that are unresolved by the spectrometer.
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5.4  DISCUSSION

We measure the vibrational branching fractions of STOCH3 over a range of 80 nm.
We reach an ultimate VBF sensitivity over this range of ~0.01%. We find qual-
itatively worse scaling of vibrational branching than in the isoelectronic linear
molecule SrOH; see Table 5.2. We note two contributions to this difference.

First, the decay to a single quantum of the Sr—O-C bending mode (8;) is
about an order of magnitude larger than to the analogous (010) state of STOH.
This bending state is also accompanied by higher-probability decays to some
combination states (4;8; and 458;). Two vibronic coupling mechanisms con-
tribute to these decays. One is the Jahn-Teller effect (JTE), which mixes 0y and
8 in the A state, making these decays no longer vibronically forbidden [75].

The other mechanism is vibronic coupling between the A2E states and the B2A;
state. This is essentially the same as the “direct vibronic coupling” (DVC) mech-
anism [105, 204] in CaOH and SrOH that borrows the intensity for the VBFs to
(010) states. In the following we also refer to this vibronic coupling mechanism
as the DVC mechanism.

These effects similarly contribute to enhancing the strength of decays in CaOCHj5
to the 8; mode compared to (010) in CaOH [65, 94, 202]. In the present com-
putational treatment, the inclusion of spin-orbit coupling has been shown to
quench the JTE; the first excited state with spin-orbit coupling has the Cj,

structure as a minimum on the potential energy surface. We have included the
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DVC contribution via perturbation theory using the formulation reported in
Ref. Zhang et al. [204]. The VBF to 8; thus computed agrees reasonably well
with the measured value. The VBF to 8; in SrTOCHj3 is larger than that to the
first excited bending mode in STOH. This is readily attributed to that the value
of around 120 cm™! for the linear vibronic coupling constant [222] between the
A?E and B2A, states in StOCH; is larger than the value of 70 cm™! between
the A2IT and B2Y states in StOH [46].

The second cause of increased branching channels is simply that there are
more modes (of both allowed and nominally forbidden symmetry) to decay to
than in smaller molecules. In particular, in addition to the a; symmetry Sr—O
stretch (vy), STOCHj3 also has an a; symmetry C—-O stretch (v3). We find decay
to both the 3; and 3,4, states above our measurement sensitivity. Two other
a; vibrational modes also exist, the CHs “umbrella” mode (v;) and the C-H
symmetric stretch (v;). Near the noise floor we tentatively assign a small decay
to 21, though as expected it is suppressed compared to the modes more closely
coupled to the Sr atom. The decay to 1; lies beyond our measured wavelength
range, but calculations predict the decay to this mode to be below our mea-
surement sensitivity of ~0.01%. Decays to the three remaining modes in the
molecule—namely, the C-H asymmetric stretch (vs), CHs scissor (vg), and CHj
rock (v7)—would be accompanied by infrared fluorescence outside of our mea-
surement range but are all nominally symmetry forbidden. Our computational
work supports the negligibility of these modes at the sensitivity of the present

work. Thus several (though not all) modes in StOCHj3 without any analog in
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SI‘OCHg A2E1/2 00

Energy (cm™1) VBF (%)
State || Calc. | Exp. Calc. Exp.
0o 0 0 92.688 | 94.7(2)
81 144 | 138(5) | 0.145 | 0.18(8)
8 286 — 0.066 <0.02

4, | 406 | 404(

2) || 6.369 | 4.5(2)
4,8, | 553 | 547(3

2

5

)
) || 0.009 | 0.017(7)
4, | 810 | 807(2)
4,8, | 960 | 965(5)
3, || 1177 | 1138(2) | 0.509 | 0.38(2)
2, || 1472 | 1446(4) | 0.055 | 0.037(7)
3,41 || 1582 | 1542(2) | 0.023 | 0.033(6)

0.123 | 0.145(10)
0.000 | 0.010(6)

214, || 1878 — 0.005
32 2339 — 0.002 —
1 2799 — 0.006 —

Table 5.2: Predicted and observed vibrational state energies and branching fractions from the
SrOCHj3 A2E1/2 ground vibrational state. The predicted decays to 2141, 32, and 1; lie outside of
the measured wavelength range toward the infrared.

smaller species such as STOH or SrSH contribute relevant vibrational decays
around the 0.01% level.

One surprise in the spectrum is the lack of an observed 8, decay. Calcula-
tions predict that it should occur around the 0.07% level, as it is vibronically
allowed. However, we see no such decay, and bound the decay to < 0.02%. We
know of no technical reason that a peak larger than this would not appear in
our dataset.

In all, we find at least 9 vibrational levels populated above 0.01% probabil-
ity, compared to 5 in STOH. The measurements and predictions are in generally

good agreement. We therefore tentatively extrapolate from the computed re-
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sults that approximately 11 vibrational states will be populated in a photon cy-
cle with 215,000 scatters, compared to 8 in StOH [46]. In addition, as noted in
Sec. 5.2, most of these vibrational repumpers will require addressing two well-
separated rotational states, increasing the experimental challenge significantly
further. Since the production rates of STOH and SrOCHj3 are comparable, these
factors unambiguously indicate a much more challenging laser cooling scheme
for STOCHj3. Nevertheless, as the rotational closure is well understood and the
VBF measurements identify the relevant peaks to the ~0.01% level, we expect

SrOCHj3 to be realistically fully laser coolable with sufficient effort.

5.4.2 SrNH,

We measure VBFs for the SINH, A2B, 0, state over a similarly wide range of
~80 nm. Due to lower production, however, our ultimate sensitivity is limited
to ~0.05% branching fraction. We find a similar number of states populated
at our ultimate sensitivity as in STOH (see Table 5.3). However, there are sev-
eral important differences between StNH, and its linear analog. Most notably,
the Sr—NHs bending motions, which in a linear species are doubly degenerate,
are separated by >100cm™! and belong to different 1D representations. Decay
to the in-plane vibrational bending excitation, 6;, can be induced by vibronic
perturbations between A2B,0 and C2?A;6;, owing to the by symmetry of the vg
mode. This decay is much stronger than the analogous (010) decay in SrOH.
The out-of-plane v4 mode is predicted to be populated in the 45 level near our

measurement resolution, though we do not observe a corresponding peak. Thus,
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SI"NHQ A2 B2 00

Energy (cm™1) VBF (%)
State | Calc. | Exp. Calc. Exp.
0o 0 0 04.024 | 95.1(2)
61 260 | 252(4) || 0.351 | 0.35(3)
31 454 | 459(1) || 4.627 | 3.7(2)
62 531 | 547(2) || 0.869 | 0.63(3)
3161 699 | 717(9) || 0.019 | 0.04(1)
32 904 | 918(4) || 0.048 | 0.10(1)
49 888 ~918 0.012 | 0.03(1)
3162 || 965 | 1007(2) || 0.030 | 0.03(1)
64 1083 — 0.002 | <0.03

21 1540 — 0.014 —

1y 3331 — 0.003 —

Table 5.3: Predicted and observed vibrational state energies and branching fractions from the
SrNH, A%B, ground vibrational state. We tentatively assign the observed 918cm~! peak to the
sum of unresolved decays to 32 and 45. The ratio of VBFs to these two components is assumed to
match the calculated ratio. The expected decays to 21 and 1; lie outside of the measured wave-
length range.
despite the lack of bending degeneracy, the lower symmetry of STNH, compared
to STOH does not seem to induce more loss channels at the 0.05% level.
Another difference from SrOH is that the NHy bend is predicted to be popu-
lated around the 0.01% level, though it is outside of our measured wavelength
range. This is a significantly higher level than ligand modes in SrOH, and indi-
cates a less polar bond, which is supported by spectroscopic analysis [215]. The
branching fraction to the N-H stretch mode is predicted to be around 0.003%,
smaller than that of the C—H stretch in CaOCHj3. This is likely not limiting for

a target photon budget of ~10?* scatters. Overall, the loss channels introduced

by the amine group are manageable though nonzero.
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In addition to these structural differences, there are also several resonances
that appear to perturb the ground state vibrational manifold substantially.

In particular, the 3; and 6, states are close in energy and of the same symme-
try, and so are mixed by a strong Fermi resonance. Overtones and combina-
tion bands will also be mixed (e.g., 35 and 3,62). Consider the transitions to
the 3; and 6, states as examples. The computed branching fraction to the 6,
state within the harmonic approximation is less than 0.1%. We thus infer that
the branching fraction of 0.6% for the transition to 65 observed here predomi-
nantly arises from the mixing with the 3; state due to the Fermi resonance. The
VPT2 calculation that explicitly diagonalizes the 2 x 2 matrix expanded by the
31 and 65 harmonic oscillator wave functions shows that the 65 state has around
15% contribution from the 3; harmonic oscillator wave function. This gives rise
to the ~1:5 intensity ratio between the decays to the 65 and 3; states. Since
these states would likely be populated in 10* optical cycles even in the absence
of Fermi resonances, these ground state resonances should not substantially af-
fect the complexity of laser cooling the molecule. A similar Fermi resonance ap-
pears in CaOH between the (100) and (020) modes and does not significantly
impact the number of states needed for full photon cycling [57, 94].

We also note that the present calculations may not have captured the res-
onances among the overtones accurately. The computed levels for 3; and 6,
agree well with the measured values. However, the computations substantially
underestimate the level positions for the 3;6; and 3,65 states. Future computa-

tional work will be focused on improving the potential energy surfaces and per-
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forming variational calculations of vibrational structures to go beyond VPT2.
We find only 7 vibrational states populated at the ~0.05% level, slightly more
than in SrOH. Extrapolating to the 215,000 photon scatter level using com-
puted branching fractions, only 9 vibrational states are expected to be popu-
lated. At the same branching probability level there are 8 populated vibrational
levels in STOH. However, because every vibrational decay is rotationally closed
in StNH; (unlike for the bending mode excitations in SrOH), remarkably we
tentatively anticipate one fewer repumping laser to be necessary to achieve the
same degree of rovibronic closure. Thus SrNH, appears a strong choice for full
laser cooling in a future precision measurement, as it is significantly simpler
both rotationally and vibrationally than SrOCHs, while possessing long-lived

parity doublet structure in the ground state.

5.4.3 SRSH

In SrSH we see evidence of decay to all K, manifolds allowed by selection rules
on J from the A2A’(0g; 1/2)~ excited state. We find this well-explained by the
symmetry-allowed mixing suggested previously between A2A’ (0go) and A2/ (110).
Sheridan et al. also suggested a large perturbation (of unclear fundamental ori-
gin) in SrSH that mixes K! = 0 and K] = 1 states.

To test the effect of the perturbation more rigorously, we recorded the flu-
orescence spectrum for excitations to several rotational levels in the A2B,0,
state. We narrowed the spectrometer slit to ~5 pm to resolve the decays to

distinct K, manifolds, which are spaced on a scale set by the a-axis rotational
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SrSH A%A’ 0,

Energy (cm™1) VBF (%)
State | Calc. | Exp. Calc. Exp.
0o 0 0 88.383 | 85.2(
3 268 | 268(2) || 10.206 | 10.9(
2 323 | 315(4) || 0.629 | 1.85(
32 540 | 536(2) || 0.499 | 1.51(
) (
(
(
(

2134 604 | 596(3 0.113 | 0.29
29 634 ~623 0.102 | 0.07(4

33 815 | 805(2) || 0.013 | 0.17(3
2132 889 | 875(2) | 0.008 | 0.07(3
2931 928 — 0.010 | <0.03

1; 2895 — 0.036 —

Table 5.4: Predicted and observed vibrational state energies and branching fractions from the
SrSH A2 A’ ground vibrational state. A shelf toward the red side of the peak arising from decays
to 213, is tentatively assigned to 25; however, a reliable energy estimation for 25 cannot be made
due to the partially unresolved spectrum. The predicted decay to 1; lies outside of the measured
wavelength range.

constant, A = 9.7lem™!, and thus resolvable [220]. Branching to different N
and J levels within each K, manifold remains unresolved.

In particular, we measured the decay patterns to the X2A4,0, vibrational
state for excitations to J' = 1/2 and J' = 3/2 states in both K/ = 0,1 man-
ifolds. The results can be seen in Fig. 5.4. There are clearly more decay chan-
nels from the nominal 121(110; 3/2) state than from either of the 21(000; 1/2) or
A(111;1/2) states, indicating a dependence of K, branching fractions on J. At
the simplest level, this behavior occurs because an excited J' = 1/2 state can
mix with other J' = 1/2 states, implying at most N’ = 0, 1 components. Since

K, < N, consequently a J' = 1/2 state has at most contributions from the

K! = 0,1 manifolds. For a b-type transition, these components can populate
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K! = 0,1,2 upon decay. On the other hand, a J' = 3/2 state can have compo-
nents with N/ = 1,2 and therefore K/ = 0, 1,2, which are allowed to decay via
b-type transitions to K/ =0,1,2,3.

Though parity and angular momentum selection rules would allow A(22;3/2)
to mix with A(240;3/2), the decay spectrum of A(202;3/2) does not show a sig-
nificant decay to K” = 3, which would be expected from any A(25;3/2) admix-
ture. Thus not every pair of states with the same J and parity have order-unity
mixing even in the presence of this perturbation.

Clearly, the admixture of the “leaky” rotational state A2A’(139;1/2) into the
nominal optical cycling excited state, A2A’(0gy; 1/2), is of order unity and will
therefore meaningfully affect decays to all higher vibrational branches in X2A’
as well. This behavior can be contrasted with any rotational leakage channels
that could plausibly be induced in StNHy by Coriolis or hyperfine interactions,
where few if any vibrational states should require rotational repumping. The
three K, manifolds populated in each of the SrSH vibrational decays are also
too widely spaced (2300 GHz) from the optical cycle origin to be bridged by
typical frequency modulation techniques.

Since the perturbations indicate that laser cooling this species is likely ex-
ceedingly difficult, we only measure VBFs to ~0.1% and examine a fluorescence
wavelength range of 60 nm. Nevertheless, we can still analyze the VBFs, com-
pare the computations and experiment, and compare to the other species stud-
ied here. We find poor vibrational branching for photon cycling, with 6-7 states

populated above 0.1%—significantly worse than StOH, StOCHjs, or SrNH;. This
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Figure 5.4: Comparison of rotational branching for four rotational levels in the SrfSH A24’ 0,
state to the X2A’ 0 state. Each peak corresponds to a decay to a different K, level in the
ground state. Dashed lines indicate the energies of K|, levels using the measured A constant [216].
Note that four decays only happen for K = 1 and J' = 3/2. The other states show only three
decays.
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comparison is well-explained by the difference in structure of the vibrational
modes compared to the other species. Particularly of note, the Cy point group
has only two representations, both one-dimensional. All vibrational modes are
a’ symmetry. Furthermore, the most relevant modes—the Sr—S-H bend, v,, and
the Sr—S stretch, vs—are close in energy and thus decays to one are typically
accompanied by decays to the other due to mixing between vibrational states.
This effectively introduces a similarly strong bend or combination mode for ev-
ery Sr—S stretch, which matches the factor of ~2 difference in number of popu-
lated decays at the 0.1% level compared to StOH.

As shown in Table 5.4, the computed vibrational frequencies agree well with
the measured ones. The double harmonic approximation tends to underestimate
the VBFs to the overtones of the Ca—S stretching mode. This is consistent with
the observation for the Ca—O stretching modes of CaOH [204]. In addition, we
mention that the VBF to the S-H stretch mode, 17, in SrSH is predicted to be
0.036%, an order of magnitude larger than that for the C—H stretch in STOCHj3
and the N-H stretch in StTNH,. This is also unfavorable for laser cooling.

We thus attribute both the poor rotational and vibrational branching in SrSH
to the low symmetry of the species. In particular, the absence of higher symme-
try is what allows the K, mixing to occur in the A2A’ state, as such a mixing is
forbidden in higher-symmetry analogs (specifically, in Cs, species). Similarly,
mixing between all vibrational states is symmetry-allowed, unlike in higher-
symmetry species, substantially increasing the number of significant decays be-

yond SrOH. Given that a single vibrational repumper requires at least three
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widely-spaced laser frequencies to address all populated K/ manifolds, and

many more vibrational states would be populated in an optical cycle of suffi-
cient depth to fully laser cool the molecule, these findings indicate that molecules
in the lowest symmetry groups (Cy and C4) pose significant challenges and are
less favorable candidates for laser cooling experiments unless there is a strong
specific motivation to use such a species (for example, many chiral molecules,
including STOCHDT [83], belong to the C point group). However, such a mo-
tivation is not apparent for precision measurement applications such as EDM
experiments, where these lowest symmetry groups possess states of only similar
polarizability and lifetime as Cy, and C3, molecules, which are likely simpler to

control.

5.5 CONCLUSION

We measure the vibrational branching fractions of three nonlinear strontium-
containing molecules: STOCH3, SrNHy, and SrSH. Each of these species has sen-
sitivity to BSM physics searches similar to SrF and SrOH. The lower structural
symmetry of these species offers parity doublets in the vibronic ground state,
thus combining the polarizability in small electric fields and parity doublets of
linear triatomics with the long lifetime of rotational states in diatomics. We
measure VBFs and further elucidate to what degree these nonlinear molecules
are laser coolable.

There is evidence in the literature of severe perturbation in higher electronic

states for all three molecules [89, 216, 221], suggesting that the simplest path to
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photon cycling is likely through the A states. Side-by-side comparisons of laser
coolability as a function of molecular point group are studied for these excited
states in particular.

We identify complications with rotational closure related to the respective
symmetry groups. The low symmetry of SrSH allows perturbations that result
in > 3 rotational decays of comparable strength for each vibrational excitation.
The greater molecular symmetry in the Cs, and Cs, point groups prevents these
perturbations from appearing at low order in STOCHj3 and SrNH,. Conversely,
there is one fewer symmetry-allowed rotational loss channel for the laser cooling
excitation in STNHs than in StOCHj3 due to the lower symmetry of the former.

To asses vibrational loss channels, we measure the VBFs out of each molecule’s
A excited state to at least the 0.1% level. We find that the number of vibra-
tional loss channels at this precision are similar between SrOH, SrOCHj3, and
SrNH,. SrSH is found to have significantly more loss channels than SrOH. All
loss channels for the three molecules are measured to at least the 0.1% level,
sufficient to implement one-dimensional laser cooling in the style of Refs. Au-
genbraun et al. [66], Mitra et al. [191]. Full 3D laser cooling in the typical con-
figuration [57] will require ~10x higher-resolution VBF measurements for STOCHj
and SrNH,, and ~100x higher-resolution for SrSH.

Looking toward a future polyatomic molecule for the most precise BSM searches,
the choice of species to pursue further is clear. In particular, the simplicity of
rotational closure in the Cy, point group and controlled vibrational branch-

ing at the 0.05% fractional level make STNH, the most promising candidate

212



for a next-generation search for the electron electric dipole moment. Compar-
ison of Table 4.2 and Table 5.3 illustrates that cooling the STNH; molecule be
very similar in complexity to the work on SrOH in Chapt. 4. Further investiga-
tion of the STINH; VBFs to the 107° level is thus warranted to identify whether
there are any perturbations that appear at higher resolution, which might pre-
vent straightforward full laser cooling and control of the species. These mea-
surements will be possible with the addition of Sr chemical enhancement light
[140, 210, 216] and spin-rotational closure. Such work would enable full laser
cooling of STNH; and make possible an EDM experiment in a long-lifetime con-
servative trap, reducing the volume over which a high degree of systematic con-
trol is necessary. Similar work on CaNH; could be useful in quantum informa-
tion experiments. To this end, a comparison of SrNH; and CaNH, versus their

linear polyatomic counterparts can be found in Tab. 5.5.

Comparison of Linear and (5, Varieties of Sr and Ca Molecules

CaOH | CaNH, SrOH SrNH,
Cycling excited electronic manifolds 2 ? 2 ?
T A 625 647 688 703
Main Lines (nm) B| 555 630 611 682
A 650 670 711 726
1x Stretch repumper (nm) B 5 659 631 04
~ Current VBF accuracy | 1 10°° | 10% | 10 | 107*
Repumpers known to <5 cm™! >11 3 9 )
Est. repumpers for 10* photons 11 ? 9 9-10
Observed in a CBGB Yes Yes Yes Yes
Enhancement known Yes Yes Yes Yes
Literature [57,223] | [224] | (see Chapt. 4)

Table 5.5: Comparison of laser-cooling considerations between linear and Cs, molecules of Ca
and Sr.
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We expect very similar behavior for other metal containing molecules (e.g.
RaNH,, YbNHs, or BaNHs) that have significantly higher BSM sensitivity [204],
though spin-orbit-related complications will likely affect the electronic structure
of these heavier species. Investigations into the effect of increasingly heavy op-
tical cycling centers on laser cooling in such nonlinear species is therefore highly

motivated.
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The woods are lovely, dark and deep,
But I have promises to keep,
And miles to go before I sleep,

And miles to go before I sleep.

Robert Frost

Conclusion and Outlook

In this thesis, we have demonstrated deceleration, cooling, and trapping of lin-
ear polyatomic molecules useful for BSM physics experiments. Through these
demonstrations, we have identified complications that arise when applying these
techniques compared to diatomic and lighter polyatomic species. First, we found

that the efficacy of Zeeman-Sisyphus deceleration is, in general, reduced in heavy
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molecules compared to lighter species due to a combination of congested ex-
cited state structure in very heavy molecules greatly decreases the efficacy of
Zeeman-Sisyphus deceleration due to smaller rotational constants and congested
excited state structure. Then, we found that laser deceleration and magneto-
optical trapping was possible with STOH molecules. Though both techniques
acted qualitatively similarly to their use on CaOH, the redder cycling photons
and higher mass did require a longer slowing distance and led to a slower initial
MOT trap depth. This work suggests that still heavier molecules with still red-
der cycling transitions will suffer similarly, though the techniques should still be
broadly applicable.

We finish by analyzing the prospects for controlling the motion of nonlinear
species of interest in light of these experiments. To that end, we measure vi-
brational branching fractions and analyze rotational closure in three nonlinear
Sr-containing molecules. We find that SrNH, is likely compatible with full laser
deceleration and trapping, with only slightly more complexity than StOH. This
is surprising and encouraging, as it insinuates the work on the simpler species
is almost directly transferable to this more complex molecule, and indeed likely
more complex molecules in the future. In parallel, advancement in optics tech-
nology can help to democratize the field; more accessible lasers can enable more
experimentation of how these techniques can be appplied more broadly.

However, the VBF measurements and rotational closure analyses also show
that such techniques would be significantly more complicated in STOCHj3, and

nearly impossible in SrSH. Combined with the complications identified the laser
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deceleration and MOT work, it is clear, as has always been clear, that many
molecules are simply too complex to laser cool using traditional AMO tech-
niques. ZS deceleration can begin to fill the control gap; it is likely applicable
to many more complex species even with the aforementioned complications.
Even so, application to very heavy species will likely involve significant techni-
cal challenges. Furthermore, if a species can only cycle enough to ZS decelerate,
it remains impossible to cool and trap, limiting the ultimate utility of the tech-
nique alone. Our work thus continues to motivates investigations into new or
less-explored slowing and cooling techniques in order to be able to control more
generic species.

We conclude with prospects for some such methods as have been proposed or
previously demonstrated, and note what particular aspects need improvement

before being generally applicable.

6.1 OTHER METHODS OF MOTIONAL CONTROL

6.1.1 SOME SCATTERING

In the same vein as ZS deceleration, there are some methods of motional con-

trol that have been developed to optimize the force applied per spontaneously-
scattered photon. A unique example is “pi-pulse” slowing, in which intense

pulses of laser light successively excite and coherently de-excite a beam of molecules
in times less than the spontaneous decay time of the excited state [114, 116—

118]. Each pulse sequence then removes 2 x hv. If the timing can be optimized,

a molecule could scatter many photons coherently before spontaneous emission.
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If a species has somewhat diagonal FCFs, then the stringency is relaxed. This
technique has been demonstrated on atom beams, but not on molecules, so the
effects of the additional structural complexity are not understood. Nevertheless,
proposals exist for application to species, so there is some effort to understand
the feasibility. However, the intensities required to reach high-enough Rabi fre-
quencies are not compatible with current laser technologies for molecules pro-
duced in CBGBs, thus limiting the species of interest it can be applied to. Nev-
ertheless, this technique should become more broadly viable as the technology
improves.

An other example of a low-scattering control method is opto-electric Sisy-
phus cooling [123]. Like other Sisyphus methods, it relies on a cyclic process of
potential-climbing to repeatedly remove potential energy. In this case, strong
electric fields are used to create the potential, with optical pumping used to
move between manifolds. As with the pi-pulse slowing above, this technique
has been demonstrated in chemically stable species. It is not known how effec-
tive it will mode-match to cryogenic molecular sources, but requires only ~ 102
spontaneously-emitted photons to cool from K to 500u K, and so is, in princi-
ple, broadly applicable to a wide class of molecular species. A potential down-
side is that this method can take a very long time and requires significant tech-
nical complexity, but neither of these imply application to new species would
not work. The efficiency of such a method is unknown, since its previous appli-

cations have been on again, “bottle molecules” like formaldehyde.
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6.1.2 NONRADIATIVE

On the other hand, there is also interest in methods of motional control which
do not require any spontaneously scattered photons at all. These methods will
be intrinsically less sensitive to certain molecular structure, but often suffer
their own difficulties.

Similar to the pi-pulse slowing discussed above, optical Stark slowing (OSS) is
an established method of deceleration using short, intense, pulsed light. Instead
of driving stimulated transitions, though, OSS used spatially overlapped pulses
of red-detuned light as deep, moving, optical dipole traps [225-232]. If set up
correctly, these traps enclose the moving molecules and the dipole force deceler-
ates the molecules as they encounter the trap wall. This method has again been
demonstrated on stable species. Though the wavelength requirement is looser
than for the pi-pulse method, the power requirement is higher. Mode matching
to a cryogenic source has also never been demonstrated, and laser powers are
still at least an order of magnitude beyond viable as of a few years ago. Nev-
ertheless, the simplicity of the method makes it attractive, and more accessible
higher-powered pulsed lasers may lead it back to the forefront of molecular con-
trol.

Relatedly, there is ongoing work to use an in-vacuum, in-cryogenic optical
cavity to make an enormous, very deep (~ 10 K) dipole trap in or near a cryo-
genic buffer gas cell [233]. The cavity and resulting trap depth will allow direct
loading of molecules into the trap with no additional deceleration or cooling.

While this method is expected to work for a some species, calculations raise
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concern about the extremely high intensities leading to dissociation or ioniza-
tion of a large number of molecules in such a trap. Additionally, the trap depth
will result in the trapped molecules being quite hot, and the prospects of cool-
ing inside such an ODT are not well-understood. The upside is that since the
work is ongoing, answers to these open questions are expected in the near term,
and the broader applicability should become clearer.

Some nonradiative motional control methods do not use light at all, as is the
case with the “cryofuge.” First demonstrated at MPQ [234], the cryofuge de-
celerates molecules through a rapidly-rotating curved guide. The molecules
enter at an edge, and to leave must climb the centrifugal barrier and deceler-
ate. The first generation was made from an electric guide, which, though func-
tional, required extreme technical expertise and as such has not yet been repli-
cated. However, there is work beginning towards creating such a machine with
a magnetic guide, which would still be capable of decelerating many species
(just need a magnetic moment!) but would be technically simpler to build. An-
other concern is that the previous demonstrations were again on stable, plentiful
molecules, and so the compatibility with CBGBs will need to be studied. Never-
theless, the ongoing and imminent work provides hope of near-term resolutions

to these uncertainties.

6.1.3 FIN

These methods are by no means exhaustive, and each suffers already from fun-

damental limitations in applicability. Nevertheless, they represent a real effort
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to move beyond the same techniques of control that have basically been in-
herited as are from their first demonstrations on atoms. These old techniques,
though powerful, are inherently limiting, not only on the molecules we can con-
trol, but indeed on the species in our collective subconscious.

Though there are some 100-odd atoms in the universe, there are infinitely
more molecules. Less than two dozen atomic species can be trapped, and only
a handful of molecules. We have only begun to explore the possibilities which
are afforded to us through the richness of our universe, and it is clear now that
we will need to be more clever to continue to explore more deeply. Both the
knowledge and limitations uncovered in the work here are opportunities and

invitations to strive towards a much broader world of molecular physics.
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X-Teller Interactions

Lots of interactions are thrown around with Teller’s name attached to them. We
here provide a very brief overview of what each is and when it is relevant. Most
are not relevant to any of our molecules, with the exceptions between Renner-
Teller and pseduo-Jahn Teller, but it is good to have a sense to what each term

refers to.
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A.0.1 RENNER-TELLER

The Renner-Teller (RT) effect is a rovibronic mixing that mixes electronic and
rovibrational angular momentum. The interaction is used to explain electronic
structure both in nominally linear molecules (in which the effect breaks linear-
ity) or in nonlinear molecules (in which the effect can explain why the struc-
ture is nonlinear). The RT effect predominantly appears in our work as nearly
a vibronic interaction (see Chapters 2 and 4) that splits the vibrational bend-
ing modes in 2II electronic states by mixing vibrational and electronic angular
momentum. The rotational structure is also, in general, affected, but we work
with low rotational states anyway. The RT effect is also responsible for vari-
ous intensity-borrowing mechanisms that allow the rovibrational ground state of
excited electronic manifolds to decay to nominally-forbidden vibrational states

upon decay.

A.0.2 JAHN-TELLER

The Jahn-Teller effect (JTE) is a true vibronic mixing that refers to the break-
ing of electronic degeneracy in nonlinear molecules by nuclear distortion. In par-
ticular, a non-totally-symmetric nuclear coordinate (e.g. the bending coordinate
in SrOCH3) will cause splitting of nominally degenerate electronic states. This
interaction also mixes nominally symmetric vibrational states with non-totally-
symmetry modes, which can lead to intensity borrowing on vibronic transitions.
The true JT effect does not appreciably occur in the A states of STOCH; or

CaOCHg3;, as noted in literature.
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A.0.3 PSEDUO-JAHN TELLER

The pseudo-Jahn Teller effect (pJTE) is not really a single effect, but a term
used to describe mixings that mimic the state mixing one would see in the Jahn-
Teller effect but enabled by mixings between different electronic manifolds, not
between degenerate electronic states. The symmetry of the electronic states is
not necessarily significantly broken by such an interaction.

In SrOCH3;, the pJTE is responsible for decays from the A(ZE)OO state to
X2A,8, vibrational state, which is nominally vibrationally forbidden. This as-
pect mimics the effect of a true JTE, hence the “pseudo” in the name. However,
the pJTE is caused by mixing between the A(2E) and B2A; electronic mani-
folds as noted in Chapter 5, not a direct vibronic mixing between the degener-
ate states. The lack of true JTE is evident by the maintained near degeneracy
of the parity-doubled states in the A2E manifold in spite of the intensity bor-

rowing of decays.

A.0.4 HERZBERG-TELLER

The Herzberg-Teller (HT) effect is vibronic mixing that causes nominally forbid-
den electronic transitions to become allowed. It can also be understood as the
electronic transition dipole moment having a strong dependence on the nuclear
coordinates. Bunker and Jensen [75] show the two descriptions imply the same
physical effects; the dependence of the transition moment on nuclear coordinates
can be understood as necessarily a result of vibronic mixing. In our species, we

almost exclusively drive electronically allowed transitions, and so typically the
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HT effect is not encountered. An argument could be made that transitions to
some electronic manifolds in YbOH are strengthened by such interactions, but
the electronic character is not extremely well-defined in the first place in these

cases, so the verdict is not clear to the author.
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Magnet Details

We compile useful drawings and datasheets for the superconducting magnets in

this Appendix.
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B.1 Coir FOrRM DESIGN

The magnet coils were designed to house the magnets. The bore of the form

was made to be 1”7, with the overall length minimized. Two half-forms are bolted
together with ~ 8 mm spacers between. The spacers are not solid disks, but in-
stead made of four separate pieces that allows optical access through the bore

of the magnet at the region of highest field. This gap is important to being to
optically pump transversely, at a single field value, in comparison to longitudi-
nal pumping. There are also tapped and through holes on the outer faces of the
forms, useful for heatsinking and thermometer mounting. The machine drawings

are displayed here.

B.2 AMI DaTa

We provide the public data provided to us by AMI about the magnets. These
include a rough outline of the magnet construction in the coil form, as well as
datasheets for the two magnets used. Field profiles were also provided, but they

are not reproducible here.

B.3 COMPENSATION COILS

The field between the two ZS coils was originally too high to drive only rotationally-
closed transitions (see Chapter 3). To make the field smaller, two superconduct-
ing compensation coils were wound on the Doyle lab coil winder. The details of

construction will be covered in later students’ theses.
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American Magnetics, Inc.

P.0. Box 2509, 112 Flint Road, Oak Ridge, TN 37831-2509
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Internet: http: i .com E-mail: com
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Figure B.5: Datasheet for one magnet used in the ZS slower.
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Figure B.6: Datasheet for the second magnet used in the ZS slower.

233



Figure B.7: Compensation coils just after winding. The superconducting wire is stabilized and
clamped to a normal conducting lead on the G10 connectors on each coil, which also serve as a
heatsink.
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Figure B.8: Mounted coil in between the two ZS magnets. The current lead heatsink is bolted to
the ZS magnet face in the lower anterior of the photograph.
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Spectroscopy of Previously Unobserved

States in STOH

Though many rovibrational states in the optical cycle had previously been ob-
served, there were six that had not been identified. In this supplement, we dis-

cuss how each of these states was characterized to ~ 10 MHz resolution using
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various spectroscopic techniques. Four of the states were identified using the ap-
paratus described in Lasner et al. [46], and the remaining two in the apparatus
described in the main text used for the slowing and trapping of STOH. The state

energies of the laser-cooling rotational levels can be found in Table C.1.

State | Energy (cm™!)

B(010) N = 1 16778.74
A(200) J = 1/2F 15621.93
A(02°0) J =1/2F 15275.84
Ak(010) J =1/2+ | 15191.15

X(300) N =1 1566.86
X(110) N =2 884.74
X(110) N =1 883.75

Table C.1: State energy of the previously-unobserved rotational levels identified with a combina-
tion of DLIF and depletion-revival spectroscopy. The absolute uncertainty is conservatively esti-
mated to be < 0.03 cm~! through comparison of wavemeter frequencies of transitions previously
observed in our apparatus to literature transition values.

C.1 DISPERSED LASER-INDUCED FLUORESCENCE SPECTROSCOPY

We briefly reiterate the main aspects of the spectroscopy apparatus described
in [46]. The molecular source is a cryogenic buffer gas beam source (CBGB).
The molecules are produced in a copper cell held at ~ 8 K via laser ablation
of a strontium metal target in the presence of ~ 300 K water vapor and he-
lium buffer gas thermalized with the cell. The SrOH molecules formed from the
water vapor and ablated metal are thermalized with the cell by collisions with
helium. The cold molecules are then in entrained in a beam of helium that ex-
its the cell through a 7 mm aperture. About 2.5 cm downstream, the molecular

beam is vertically intersected by a laser beam (where the laser source and ad-
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dressed transition depends on the specific spectroscopic search). When the light
is resonant with a transition, the molecules are excited to an electronic excited
state. Fluorescence from the subsequent decay is collected and collimated by a
50.8 mm diameter lens in the cryogenic chamber, subsequently propagating out
of the beam source and into a Czerny-Turner style grating spectrometer that
disperses the fluoresced light. The wavelength resolution of the dispersion is
controlled by an adjustable slit aperture at the input to the spectrometer. This
dispersed laser-induced fluorescence (DLIF) is imaged in 40 nm spans by either
an EMCCD camera or gated ICCD camera, for CW and pulsed laser excitation,
respectively. The wavelength range is tuneable over ~300 nm by adjusting the
angle of the diffraction grating. The wavelength axis of the collected fluores-

cence is calibrated using known transitions.

HIGH-RESOLUTION B%(010) SPECTROSCOPY

The B2(010) state is used to repump the X2(110; N = 2) state. The excited
vibronic manifold had previously been observed ([161]), but only for higher ro-
tational states. It was thus necessary to identify the energy of the 32(010; N =
1,J = 1/2%) state at high resolution.

To find this state, a CW dye laser was used to drive rotational lines on the
X?(000)-B2(010) vibronic transition. The B>(010) state remains vibrationally
diagonal like other low-lying vibrational states in the A% and B2 manifolds, and
so upon excitation predominantly decays to X 2(010). The frequencies of the

excitation scatter and decay light differ by ~ 360 cm™!, a splitting easily resolv-
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able on the spectrometer, even with a low-resolution widely-opened slit.

Since the X2(000; N = 1)-B2(010; N = 1, J = 1/2%) transition had not been
observed, we first identified the X2(000; N = 3)-B2(010; N = 3) line in our
apparatus, which is listed in Ref. [161]. We found a ~ 300 MHz offset between
our frequency reference and the published value, well within the uncertainty of
the absolute wavemeter accuracy.

To identify the X2(000; N = 1)-B?*(010; N = 1,.J = 1/2%) transition, we cal-
culated the energy using Eqgs. 3 and 4 in Ref. [161] and the constants in the pre-
viously work, accounting for the observed frequency offset. The line was iden-
tified almost exactly where this calculation predicted, with strong fluorescence
observed over a few hundred MHz. The width is attributed to both Doppler
broadening and the partially resolved ground state spin-rotation (SR) splitting
of ~110 MHz.

The energy of the B2(010; N = 1,.J = 1/2%) state (found in Table C.1) is
somewhat surprising given that Refs. [90] seems to imply that the rotational en-
ergy formulae in Ref. [161] are only valid in the high-/V limit. Nevertheless, sev-
eral peak positions out of low-/N that had been observed in this reference were
also observed with similar wavemeter frequency offsets to these other peaks, and
the assignment based on spacings between lines is only consistent with our as-

signment matching these formulae.
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A2(200)

The A%(200) state is used to repump population out of X?(300). This vibra-
tional manifold had never been previously observed at any resolution, so the
search began with pulsed-dye laser DLIF, since a pulsed dye laser has a larger
linewidth (~0.1 cm™!) and extremely high intensity which enabled driving of
comparatively weak transitions. The dye laser was a HyperDye-300 pumped by
a 10 ns, ~ 100 mJ YAG. The dye laser routinely produced more than 2 mJ/pulse
over the wavelength range studied. The dispersed fluorescence was collected by
an [CCD in this stage, with the intensifier on the camera gated a few ns after
the excitation pulse was fired to avoid blinding the sensor.

We estimated the position of the A(200) manifold from the A(100) position
and the ground state x. anharmonic constant. We then centered the dye laser
in the vicinity of this prediction, and scanned the frequency in ~ 0.1 cm™!
steps. By recording the fluorescence spectrum as a function of excitation fre-
quency, we could deduce the nature of the transitions we were driving again
by the separation between the excitation and decay light frequency, and addi-
tionally by the pattern of decay peaks. In particular, the 121(2()0) manifold was
identifiable by a strong decay ~ 1000 cm™' higher energy that the excitation
light, and weaker decays to & ~ 500 cm™! from this dominant decay, indicating
stretching character with few percent decays to Av; = 1 stretch modes. The
state was quickly discovered.

Low resolution (~ 1%) vibrational fractions (VBFs) were measured with

the dye laser frequency parked at the low frequency edge of the feature. These
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measurements suggest an 80% diagonal decay to X (200), an 11% fraction to
X(300), and an 8% fraction to X (100). Less than 2% of the population decays
to X (400), with lower probability decays below the measurement resolution.
These VBF measurements were important for our later utilization of the state,
since it confirmed new vibrational decay channels would not arise as long as the
A(200) was populated infrequently (< 50 times).

To find the rotational photon cycling line, we also conducted high-resolution
narrow-band CW DLIF spectroscopy on the X (000)-A(200) transition, similar
to the above work on finding the B(010), N’ = 1 state. Since no rotational lines
had been assigned at all in the excited state, however, the assignment was more
difficult. After locating a few rotational features, the spectrum was fit using the
PGopher program, with known constants as the inputs, using lowing vibrational
manifolds’ constants if necessary. The resulting fit accurately predicted the po-
sition of the laser cooling lines, which we confirmed spectroscopically by tracing

rotational spacing and SR splitting across several rotational features. The en-

ergy of the A(200), J' = 1/2% excited state can be found in Table C.1.

X(110)

The decay from A and B vibrational states to X (110) had been observed at low
resolution in Ref. [46]. The observation made clear it was necessary to repump
this state to sufficiently photon cycle for a MOT, but the data was not high
enough resolution to locate the photon cycling ground state exactly. Addition-

ally, given that it is the lowest vibrational combination mode, the presence and
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size of possible anharmonic contributions to the energy were unknown.

To locate the position of the state more accurately, we started by driving the
X (000)-B(010) transition. Averaging of the dispersed fluorescence revealed a
small decay from the excited state, consistent with Av; = 1 (to X(110)). The
axis of this spectral range was calibrated to ~ 1 cm™! using several known laser
frequencies. This calibration allowed extraction of the center of the presumed
decay to X(110) to similar uncertainty.

Similar to the A(200) state, no rotational structure of the level had been
previously identified. Scanning the laser over ~ 1 ecm™! around the X (110)-
-B(010) best-guess origin revealed several rotational features to the same vi-
brational state. Fitting of this decay spectrum was again assisted by PGopher
to assign the lines. The resulting fit successfully predicted the energy of the
N’ =1 — J = 1/2,+ transition, identifiable from a ~ 110 MHz SR split-
ting*. The N” = 2 state was then identified by jumping a rotational frequency.

The energy of the X (110), N” = 1,2 states can be found in Table C.1.

C.2 DEPLETION-REVIVAL SPECTROSCOPY

The DLIF spectroscopy above relied heavily on being able to drive a relatively
strong transition out of a reasonably populated ground state. Combined with

driving vibrationally off-diagonal transitions, this combination ensured a strong

*The CaOH experiment has pointed out that the SR splitting in an ¢ = 1 mode should
naively be ~  1/2 the SR splitting in an ¢/ = 0 mode. However, the SR splitting in these
modes was found to be similar in both cases, as measured in both X (010) and X (110), N” =
1 states. There is a parameter one can include in the effective Hamiltonian capable of explain-
ing the discrepancy, but inclusion of the parameter is not well-motivated based on literature.
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fluorescence signal whenever the excitation laser was resonant with a transition.
The X (300) ground state and A(02°0) excited states do not meet both crite-
ria: X (300) is expected to barely be naturally populated after entrainment in
the buffer gas beam, and 121(0200) is not well-coupled to any highly-populated
ground states.

The apparatus used in the following work was the MOT apparatus described
in Chapter 4. Reiterating briefly, a CBGB beam of STOH molecules traverses
a 1.5 m beamline. Any or all of the optical cycling lasers can counterpropagate
the molecular beam (with white light broadening), depending on the spectro-
scopic pathway. Molecules are detected in the MOT chamber at the end of the
beam line with different detection schemes in each case, with fluorescence col-
limated by an in-vacuum lens and collected by a PMT outside of the vacuum
chamber.

The spectroscopy of states in this apparatus was done via depletion-revival
spectroscopy. In this class of schemes, a laser first pumps population through
some transition that empties a specific ground state or set of ground states. The
newly populated states can then be repumped through a known excited state,
which can “revive” the population in a detection scheme. This method is espe-
cially effective when optical cycling, where including specific repumpers can be
used to cycle effectively into a higher vibrational ground state, and/or make ev-
ident the return or disappearance of the population from the optical cycle. The
layout of each state’s specific spectroscopic layout is discussed in the respective

subsections.

243



The Ax(010).J” = 1/2, + repumping state was also identified via this method,

despite nominally being compatible with DLIF searches as well.

X (300)

X (300), N” =1 level, one of the least populated states in the optical cycle, had
not been previously observed. However, unlike the X (110) manifold, the domi-
nant anharmonic contributions to the stretching vibrational mode rovibrational
energies were measured in previous work on the X (100) and X (200) manifolds.
This allowed prediction of the N” = 1 rotational line to within a few GHz using
a standard rotational energy formula using previously measured constants.

To populate the state, the X(000)-A(200) line was driven. From this tran-
sition, about 10% of the molecules decay into X (300) in a single excitation.
To increase the population further, the X (000)-A(000), X (100)-B(000), and
X (200)-B(100) transitions in the optical cycle were also driven by white-light
broadened slowing light, which depleted the lower lying stretching modes and
increased the X (300) number.

A Ti:Sapph probe laser transversely intersected the molecular beam in a
detection chamber downstream, and was scanned near the estimated X (300)-
A(100) transition. The depletion lasers were kept on continuously. When the
scanning laser was resonant with the photon cycling line, the population from
the X (300) state was returned predominantly to the X (100) state, which had
been depleted of natural population. The X (000)-A(000) and X (100)-B(000)

lasers could then cycle the revived population ~ 400 times before loss. A PMT
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with optical filters collected fluorescence from B(000) state, which was bluer

than any lasers or other scattered light in the system, allowing nearly-background-
free detection. In this way, the transition between these states was identified

to high resolution. The energy of the X(300), N” = 1 level is recorded in Ta-

ble C.1, which enabled driving of the actual repumping transition through A(200).

A(02°0)

The A(02°0) state is used to repump the X (0220) state in the final cycling scheme.
Second-order Renner-Teller interactions mix the excited state with some 121(0220)
character making the transition relatively strong. The manifold had not been
previously observed, the line positions were estimated from low-resolution pulsed
DLIF taken with a pulsed dye laser taken in the manner described in the above
section. The high-resolution spectroscopy was done using a depletion-revival
method.

To populate the X (02°0), the earlier lasers in the cycle were pulsed for 40 ms
counterpropagating to the molecular beam. A Ti:Sapph probe laser transversely
intersected the molecular beam downstream, scanning over the best estimate
for the X (02°0) — A(02°0) transition frequency. When the probe laser was
resonant with the transition, the population that had accumulated in X (02°0)
was emptied out. The nominal X (02°0) repumper was then used as a detection
laser downstream, with fluorescence from the molecules collected by a PMT.
When the probe light was off-resonant, the detection laser induced fluorescence

from the population in the X (02°0) state. When the resonance condition was
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met, the induced fluorescence was much smaller since the probe laser depleted
the detected state. Using this method, several rotational features, including the
photon-cycling line, were identified successfully through the patter of rotational
and SR splittings. The energy of the A(02°0),.J' = 1/2F state is noted in Ta-
ble C.1.

Ar(010)

The Ar(010) state is used to repump X (010), N” = 2. Originally, this ground
state was repumped through B (000), but the line was not strong enough to
drive with the laser system we had planned. Driving through the Ax(010) state
would both necessarily be much stronger (since it is a vibrationally diagonal
line) and also accessible via diode laser. The vibronic A(010) levels had been
observed previously in Ref. [163], but the low J’ states had only been observed
in wrong symmetry vibronic mainfolds (e.g. ¥~ and A) for optical cycling. Nev-
ertheless, the constants and the matrix elements therein allowed calculation of
the N” = 2,.J" = 3/2 — J' = 3/2 transitions from the X (010) manifold to both
the p, kX) manifolds.

To find the states, a similar method to the X (300) search was used. All lasers
in the full optical cycling scheme were sent counterpropagating to the molec-
ular beam to deplete as much of the population into X(OlO), N” = 2 as possi-
ble. This ground state is populated from decays out of the B (010) state, which
is only populated late in the cycle, but also is low-lying enough to have non-

negligible natural population. The cycling thus served both to increase pop-
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ulation and empty the rest of the ground states for higher contrast. A probe
laser then intersected the molecular beam as it scanned near the calculated res-
onances. First, a Ti:Sapph laser was used to probe the X (010)— AME(’) transi-
tion. While the laser frequency was scanned, the fluorescence from the decaying
population was collected by a PMT. When the transition was reached, the fluo-
rescence increase was mapped over the peak. The SR splitting was observed as
expected by scaling the X(010), N” = 1 value.

After this state was found, the process was repeated searching for the AxX(H
vibronic manifold, the transition of which was easily accessible via ECDL. Given
the confirmation of the low-N line in the other ¥ vibronic manifold, this transi-
tion was predicted to within a few hundred MHz, and the transition was quickly

observed. The energy of the AxX(t), .J' = 1/27 state can be found in Table C.1.
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Symmetry Analysis

This appendix is reproduced from the appendix of the publication Frenett et al.
[106]. It serves both as a useful stand-alone for the point groups discussed here
but also as a template for extending the analysis to other molecular symme-

tries. We note, as a word of warning, that extending this analysis to Cj3, seems

quite difficult and was not successfully done by our group so far. The presence
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‘ AK, AK, Exceptions
a-type | 0 +1 AN#Ofor K, - K/ =0
b-type | +1 +1
c-type | £1 0 AN#Ofor K] - K!=0

Table D.1: Rotational transition rules for asymmetric tops, up to weak transitions allowed by
perturbations (e.g., those that make N, K, or K. imperfect state labels). In a structureless rigid
rotor, |[AN| < 1.

of E electronic, vibrational, and rotational states makes the analysis very dense,

though worthwhile if someone has the time and patience to do so.

D.1 SYMMETRY ANALYSIS FOR (g AND (5, ROVIBRONIC BRANCHING

In this Appendix, we expand upon the ideas presented in Sec. 5.2 regarding the
consequences of molecular symmetry point groups on the rotational closure in
C, and Cy, molecules. For each of these point groups, we present an overview
of the relevant representation theory with connections to the special cases of
SrNHs and SrSH. We also briefly treat the situation for C; molecules (for ex-
ample, STOCHDT) for comparison. We do not treat C3, molecules here, as the
essential concepts specific to that point group are already addressed in the lit-
erature [191]. We first discuss generic considerations of molecular structure, and
then treat each point group individually. All representation theory results are
derived from basic principles outlined in [75] but are developed here in detail for

clarity and reference.
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D.1.1 TRANSITION SELECTION RULES AND PERTURBATIONS

For all asymmetric top molecules, the nominal transition selection rules are
shown in Table D.1; see Ref. [83]. The a-type, b-type, and c-type selection rules
apply for cases in which the transition dipole moment is along the a, b, and ¢
axis, respectively. We denote a transition dipole moment component along the
i axis (where i = a,b,c) by T;. In realistic cases, a transition dipole moment
may have nonzero components along multiple principal inertial axes. For exam-
ple, the X2A~A2 A’ transition dipole moment in SrSH is predominantly along
the b axis but also has a small component along the a axis. We also note that
a given energy eigenstate might have contributions from multiple (Ng,g,.) com-
ponents. We warn the reader that in the literature, a single (Ng, ,) label may
be employed to label an energy eigenstate based on the dominant rotational ba-
sis component, even if a small admixture of other rotational basis components
is present. Up to hyperfine structure and the influence of external fields, J is
a perfectly good quantum number, and for doublet molecules N = J + 1/2,
constraining the identity of (Nk,k,) basis states that can mix. In Cy, Cy,, and
C3, molecules the parity of a state is also pure even in the presence of realistic
perturbations. All dipole moment and rotational basis components will con-
tribute to the transition strengths between two energy eigenstates according to
Table D.1.

We now provide a general overview of vibronic decays. In the Born-Oppenheimer
approximation (BOA), the vibronic transition dipole operator acts only on the

electronic state, and the transition probability from an initial vibrational state

250



i) to a final vibrational state |j) is proportional to |(j|i)|* (i.e., governed by
Franck-Condon factors). This inner product is non-zero only for a final vibra-
tional state with the same representation as the initial vibrational state. Thus
in the BOA, the representation of the vibrational state is unchanged during de-
cay.

However, the vibronic representation is obtained from the product of elec-
tronic and vibrational representations. In certain cases, interactions can mix
states of different electronic and vibrational symmetries but the same vibronic
symmetry. This kind of vibronic coupling is a signature BOA breakdown. Typ-
ically, BOA-forbidden decays are weak (e.g., ~1073 branching fraction) but not
necessarily negligible at the level of vibrational closure required for deep laser
cooling. For this reason, here we will rely on the vibronic representation (rather
than electronic and vibrational representations separately) to determine better-
respected selection rules on transitions.

In the same manner that states of different electronic and vibrational repre-
sentations (but the same vibronic representation) can mix via vibronic coupling,
it is possible for states of different vibronic representations to mix. The first no-
table way in which mixing between states with different vibronic representations
occurs is Coriolis interactions, which couple rigid body rotation with some other
angular momentum (such as a vibrational or electronic angular momentum).
These interactions can mix states only of the same total rovibronic represen-
tation. Such perturbations will typically be relatively small, and their effects

(if any) on optical cycling have already been discussed in Ref. [83]. The second
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notable way in which states with different vibronic representations mix is spin-
orbit interactions, via a term in the Hamiltonian like ASCL,S;. This operator
has the same representation as the angular momentum .J;, which is not gener-
ically the totally symmetric representation and therefore can produce mixed
vibronic representations for an energy eigenstate. Such a term is possible be-
cause the full symmetry group of a spin-doublet molecule is an electron spin
double group [75] rather than the molecular symmetry group that is more con-
ventionally used in the literature (including here). We note that for molecules
like SrSH and SrNH,, because the ligand quenches orbital angular momentum
(in low-J states), we can expect spin-orbit interactions to have a smaller influ-
ence on electronic state mixing than in species like STOH or STOCH3 with ~h
of electronic orbital angular momentum around the molecular symmetry axis.
Insofar as such effects do mix states of different overall vibronic symmetry, they
play a role in laser cooling analogous to the Coriolis effects mentioned above.
All vibronic-symmetry-violating perturbations are expected to be weak and
to affect rotational branching only at a low level, if at all (e.g., after scatter-
ing ~103-10* photons or more). As a result, any rotational leakage channels
introduced by such effects will likely be important only for the vibrational states
populated most frequently in an optical cycle, and can be addressed if needed
by one or a few rotational repumps even in a deep optical cycle. Another per-
turbation that could conceivably be important in a sufficiently deep optical
cycle is hyperfine interactions, which could mix states of different nuclear and

rotational representations, but the same total molecular state representation.
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Because hyperfine interactions are small (< 1 MHz) in molecules like SrSH and
SrNH,, where the nuclear-spin-bearing hydrogen atoms are far from the metal-
centered valence electron, here we treat them as having a negligible effect on
rotational state purity.

To summarize, in the following treatment of symmetry-allowed and symmetry-
forbidden transitions in Cs and (5, molecules, we assume that there may be
interactions that mix states of different electronic and vibrational symmetries,
provided the vibronic symmetry remains pure. Specifically, we neglect any pos-
sible effect of Coriolis or spin-orbit interactions that could, in principle, mix
states of different vibronic symmetry. We also neglect any possible effect of hy-
perfine interactions, which could mix states of different rotational symmetry.
Otherwise, we allow for the possibility of mixing rotational state components
(Nk,k,.) in the excited manifold. We will not consider the effect of rotational
state mixing in the ground electronic manifold. Such mixings have been con-
sidered in Ref. [83], and can result in rotational leakage on the order of ~1075.
This is likely negligible for realistic experiments, and could easily be addressed
by microwave or optical repumping schemes for any frequently-populated vi-
brational states in the ground electronic manifold. Vibrational states populated
later in the optical cycle are even less likely to require repumpers to address

these weak rotational leakage channels.
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‘ E E*| A A ‘ Operators ‘ State ‘ K,
Al1 1 A A T,T,,J. | X,A C | even
A1 =1 AT A T, T, T B odd

Table D.2: Summary information for Cj, including the character table, product table, operator
representations, electronic states in SrSH, and rotational state representations. Dipole operators
T; and angular momentum operators J; assume the molecule is in the ab-plane. We also note the
rotational symmetry for an (Nk, k) state according to the even/odd identity of K.

A'l(0g0) + €(110)] " = A7 | (Ton) | (111) | (211) | (221)
A"[(000) + €(110)]” — A" | a,eb | byea | ea eb

A"[(000) + €(110)]” = A™ | (Oo0) | (202) | (110) | (212) | (220)
A'l(0go) + €(110)]t — A" | ec — c — ec

Table D.3: Possible decays from an excited state in its nominal ground rotational level, with a
possible rotational state admixture, for each excited vibronic symmetry and to each ground vi-
bronic symmetry. Superscript + denotes parity. The second and further columns show ground
rotational states and their possible population pathways. For SrSH only A’ vibronic levels exist

in the X2A’ manifold but vibronic A” ground levels are shown for the general case. Entries of

1 = a, b, c denote fully allowed i-type transitions, while those with e factors require an excited state
admixture with (119) induced by perturbations. An entry of — shows states compatible with .J
and P selection rules for decays, but which cannot be populated via any mechanism considered
here.

D.1.2 ANALYSIS OF Cy MOLECULES

We now consider the symmetry properties of C's molecules relevant to rotational
and vibrational transitions. Summary information is presented in Tab. D.2. The
operations in the Cy group are E (the identity) and E* (inversion, or equiva-
lently parity). The totally symmetric representation is A, and the odd-parity
representation is A”.

In SrSH, the ground state is X2A4’ and the first three excited states are A2A4’,
B2A” and C?A’. All vibrational states and nuclear spin states are A’. Rota-

tional states are A" if K, is even, and A” if K, is odd. This implies, for example,
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that states in the X2A’ manifold are even (odd) parity when K, is even (odd).
By examining the character and product tables, we can see that X2A" — A2A’
and X2A" — C2?A’ are (a + b)-type transitions, and X2A4’ — B2A" is a c-type
transition. To a good approximation, in SrSH the X2A’ — A2A’ transition is b-
type (with a small a-type amplitude) and the X2A" — C2A transition is a-type
(with a small b-type amplitude).

Because all vibrational states are A" in SrSH, no vibrational decays are for-
bidden in the BOA. Here we analyze rotational decays for all possible vibronic
symmetry combinations involving an upper (Ogo; 1/2) state. Since we assume,
for purposes of this treatment, that only states with the same J, parity, and
vibronic symmetry can mix, a (0g; 1/2) excited state in either an A’ or A” vi-
bronic state can mix only with a (110;1/2) state of the same vibronic symmetry.
For example, the (1;7) rotational state (in a manifold with the same vibronic
symmetry) would have opposite parity from (0g), while a (2¢2) rotational state
cannot have J = 1/2. Furthermore, since (0gg) and (119) have the same rota-
tional representation, namely A’, there is no additional symmetry-based pro-
hibition against these states mixing (as mentioned already in Sec. 5.2). In Ta-
ble D.3 we show the possible rotational states populated in a ground vibronic
manifold, from a combination of (0y) and (110) in an excited vibronic manifold.
All ground rotational states consistent with the appropriate parity selection rule
and containing a J = 1/2 or J = 3/2 level are presented.

We see that for A" — A’ or A” — A” transitions, a nominal (Og) state can de-

cay to (1g1) via a-type transitions or to (117) via b-type transitions, as expected.
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E (12) E* (12)* | Ay Ay By By | Operators | State | K, K.
Al 1 1 1 1 Al AQ Bl BQ Ta X,C ee
A2 1 1 —1 —1 A2 Al BQ Bl Ja €0
Bi|1 -1 -1 1 |B, By A Ay | T., J B 00
By|1 -1 1 =1 |B, By A A | Ty J. A oe

Table D.4: Summary information for Cs,, including the character table, product table, operator
representations, electronic states in SrNHs, and rotational state representations. Dipole operators
T; and angular momentum operators J; assume the molecule is in the ab-plane and with the sym-
metry axis along a. We also note the rotational symmetry for an (Ng, k) state according to the
even/odd identity of K, and K..

However, an admixture of an excited (1;9) component can also enable decays to
(211) (a-type) and (291) (b-type) as well as additional decay pathways to (1o;)
(b-type) and (111) (a-type). For example, in SrSH even if the A2A’-X2A’ tran-
sition dipole were exclusively b-type, an excited state admixture of (1y1) would
result in the population of (1¢1) and (29;).

Additionally, J and parity selection rules alone would allow vibronic transi-
tions A” — A’ or A" — A” originating from an excited (0go; 1/2) state to pop-
ulate (00o), (202), (110), (212), or (290). As seen in Table D.3, the nominal (Ogp)
excited state leads to population of (1;9) while the possible admixture of (110)
can produce decays to (0gg) and (29). However, because both excited state
components have K. = 0, the (2p2) and (212) states with K. = 2 should not
be populated upon decay even though they possess J = 3/2 levels of the correct

parity.
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D.1.3 ANALYSIS OF Cy, MOLECULES

We now consider Cs, molecules such as STNH,. The Cy, group possesses four
symmetry operations: the identity, F; permutation of identical nuclei, (12); in-
version, E*; and permutation-inversion, (12)*. Representations even under (12)
are written A, while those odd under (12) are B. States even under (12)* obtain
a subscript of 1, while those odd under (12)* obtain a subscript of 2. The four
representations defined in this way are summarized in Tab. D.4.

A detailed treatment of the rovibronic structure is much more complicated in
SrNH, compared to SrSH, for several reasons. In addition to the greater num-
ber of representations to consider, vibrational states and nuclear states may not
be in the totally symmetric representation. We begin with an analysis of the
nuclear state symmetry, followed by an analysis of allowed rotational decays
from a nominal (0go; 1/2) state (with any combination of upper and lower vi-
bronic representations).

Directly applying symmetry operations to nuclear states allows a given state’s
representation to be determined. For ordinary hydrogen with Iy = 1/2, the
triplet I = 1 state has symmetry A; and the singlet I = 0 state has symmetry
B,. For deuterium with Iy = 1, the quintet with / = 2 and singlet with I = 0
both have representation A; and the triplet with I = 1 has representation Bs.
With identical fermions, the total molecular wave function must be odd under
hydrogen exchange and therefore transform as By or By. On the other hand,
with identical bosons, the total molecular wave function must be even under

hydrogen (i.e., deuterium) exchange and therefore transform as A; or A,. This
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’ Fev ‘ ]H H Frot :Al ‘ Frot :AQ ‘ Frot - Bl ‘ 1jrot - B2

Al 1/2 BQ,O;BQ,+ BQ,O;Bl,— Al,l;Bl,— A1,1;32,+
AQ 1/2 BQ,O;Bl,— BQ,O; BQ,+ A1,1;327+ Al,l;Bl,—
Bl 1/2 Al,l;Bl,— A1,1;32,+ BQ,O;BQ,+ BQ,O;Bl,—
By | 1/2 || Ay, 1;Bo,+ | A1, 1; By, — | By,0; By, — | By,0; Bo, +
Al 1 Al,e;A1,+ Al,e;Ag,— Bg,l;AQ,— BQ,l;A1,+
Ay | 1 Ajye; Ay, — | Aye; A+ | Bo, 1, A+ | B, 15 Ay —
B | 1 By, 1; Ay, — | Bo, 1; Ay 4+ | Ayye; A+ | Agye; Ao, —
Bg 1 Bg,l;A1,+ Bg,l;AQ,— A1,€;A2,— Al,e;A1,+

Table D.5: Relationship between vibronic representation,

nuclear spin, and rotational representa-

tion in Cy, molecules. Rows correspond to vibronic representations I'.,, and hydrogen nuclear spins
Iy, while columns correspond to rotational representations. Entries are of the form '\, I; T'iot, P
specifying the required nuclear state representation, nuclear spin, total molecular state representa-
tion, and associated state parity. A nuclear spin of e indicates allowed values of I =0 or [ = 2.
implies that not all nuclear spin states are compatible with a given rovibronic
state. The allowed nuclear state representation, nuclear spin states, total molec-
ular representation, and total state parity for every combination of vibronic rep-
resentation, rotational representation, and hydrogen spin magnitude is shown in
Table D.5.

The rotational representation of an (N, ) state depends on whether both
K, and K, are even or odd. However, the parity of a state is, as for Cj, de-
termined only by whether K, is even or odd (see Table D.4). Thus the com-
bination of parity and J selection rules alone would enable (0y) in an excited
vibronic manifold to mix with, at most, a (119) state with the same vibronic
symmetry. However, unlike in the Cj case, the (0go) and (1;9) states have dif-
ferent rotational symmetries and therefore do not ordinarily mix under the

classes of perturbations we consider, described in Sec. D.1.1. Specifically, (0go)

has A; symmetry while (119) has By symmetry. Viewed another way, as seen
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in Table D.5, the (0gg) and (19) states exist for different nuclear isomers and
can only mix via hyperfine interactions, provided the vibronic representation is
pure.

We show the resulting rovibronic transitions in Table D.6. For completeness,
we construct tables with the possibility of mixing excited state (0go) and (1gg)
components, but adopt a new rotational state label notation (N% . ) to em-
phasize the appropriate nuclear state I in each case. As already mentioned, in
every case the admixture of (119) into (0g) requires mixing states with different
total nuclear spin values. If we assume that such a mixing is absolutely negli-
gible, ¢ — 0, then for every combination of ground and excited vibronic repre-
sentations there is exactly one rotational state that can be populated from the
excited (0go; 1/2) level (except for cases where the vibronic manifolds differ by
an A, representation, in which case the transition is vibronically forbidden re-
gardless of the rotational levels involved). These results do not depend on the
value of the hydrogen spin, Iy. The increased symmetry of Cs, compared to C,

therefore provides strong protection against rotational leakage channels.

D.1.4 ANALYSIS OF (', MOLECULES

Totally asymmetric (chiral) molecules such as STOCHDT have also been con-
sidered for laser cooling. In this case, the only operation in the molecular sym-
metry group is the identity, £, and the only representation is the totally sym-
metric representation, A. A molecule in C'; cannot be in a parity eigenstate be-

cause parity maps an enantiomer to its opposite chirality, regardless of the ro-
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A1[(050) +e(Lig)]* — A7 | (1) | (250) | (11) | (211)
Ao[(050) +€(119)]” — A5 a — €a €a
B1[(0g0) +€e(150)]™ = By | (15) | (231) | (151) | (251)
Bs[(08) + €(1%9)] T — By a — ea ea
A1[(059) + e(11p)I" — By | (1) | (231) | (15y) | (251)
As[(08,) +€e(11i)]” — B | eb eb b —
Bi[(0g0) + €(150)]” = A3 | (15,) | (251) | (11y) | (211)
Bs[(0dy) +€(1)]T — Ay | eb €b b —
A[(050) +€e(Li)]" = By | (0g0) | (202) | (25) | (150) | (262)
A0 + () B | e | — | e | ¢ | —
Bi[(0g) +€e(150)]™ = A7 | (050) | (262) | (250) | (110) | (212)
Bo[(05) + (1) T — A | ec — ec c —
A1[(05p) + €(1ip)]" — Ay | (05g) | (262) | (250) | (L) | (212)
A[(05y) + e(14)]~ — AY — — - -
Bi[(0gg) +€(150)]” — By | (0g0) | (202) | (230) | (1%0) | (22)
Bs[(0go) +e(Li))* = By | — | — | — | — | —

Table D.6: Allowed decays from an excited state in its nominal ground rotational level, with
possible rotational state admixture of (119), for each excited vibronic representation and to each
ground vibronic representation. Superscript 4+ denotes parity, and superscripts within a rotational
state label denotes nuclear spin I. For Iy = 1/2, e signifies I = 0 while for Iy = 1, e signifies

I =0 or 2. The second and further columns show ground rotational states and their possible pop-
ulation pathways. Entries of i = a,b, ¢ denote fully allowed i-type transitions, while those with

e factors require an excited state admixture with (119) induced by perturbations. Entries of —
show states compatible with J and P selection rules on decays, but which cannot be populated via
mechanisms considered here.
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tational composition. In principle, one may obtain parity eigenstates of a chiral
molecule by considering an extended set of states that includes both left-handed
and right-handed configurations; the parity eigenstates are constructed from
even and odd linear combinations of enantiomers. However, in most practical
cases the tunneling time between enantiomers is extremely long and a chiral iso-
mer may be considered in isolation, so that the C'; molecular symmetry group is
appropriate.

In this situation, rotational branching is constrained only by J selection rules.
An excited (0gg) state can decay to the J = 1/2 or J = 3/2 sublevels of (110),
(1o1), or (111). Furthermore, excited state rotational mixing of (0go) with (1g;),
(110), and (1;1;) may enable additional decays to (0gg), (202), (211), (212), (220),
and (221). Nevertheless, the magnitudes of any excited state mixing or transi-
tion strength must be assessed on a case-by-case basis, and these 9 ground rota-

tional states will not typically be comparably populated.
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