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Abstract

Polyatomic molecules, while ubiquitous in nature, were generally perceived as too compli-
cated and “unruly” for the majority of quantum physics experiments. However, recent theoretical
analyses have pinpointed the multiple advantages of using complex molecules for diverse appli-
cations such as the creation of a universal quantum computer, quantum simulation of non-trivial
many-body states, and tests of fundamental physical laws. Throughout my dissertation research
I focused on extending experimental techniques from atomic physics to complex molecules. The
goal of my work was to not only demonstrate new ways to control molecules, but also develop a
novel experimental platform for quantum science — complex polyatomic molecules — and provide
tools for physicists to conquer new frontiers in physics and chemistry.

The main theme of this thesis is the use of laser radiation to control internal and external degrees
of freedom for the triatomic radical strontium monohydroxide (SrOH). The research achievements
presented here can be primarily divided into the following areas: 1) out-of-equilibrium studies
of vibrationally inelastic collisions at cryogenic temperatures, ii) demonstration of the radiation
pressure force and the direct laser cooling of polyatomic molecules, and iii) the development of
concepts for laser cooling of molecules with six and more atoms. For the collisional studies, off-
diagonal optical pumping was used to populate excited Sr-O stretching state and the ratio of elastic
to vibrational quenching collisions was determined to be ~ 700. In the laser cooling work, using
only laser light, the transverse temperature of the cryogenic buffer-gas beam of SrOH was reduced
from 50 mK to below 1 mK, leading to an order of magnitude increase in phase space density of

the molecular beam. Additionally, the prospects of using a coherent bichromatic force for optical
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deceleration of polyatomics were analyzed and experimentally characterized with the transverse
deflection of the StTOH beam. Our experimental results with STOH and theoretical analysis of more
complex strontium alkoxides not only open a wide range of future directions for laser manipulation
and trapping of polyatomic molecules but also help overturn long held assumptions about the

difficulties of performing “traditional” atomic physics experiments with complex molecules.
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Chapter 1

Introduction

Development of new experimental tools in order to fully understand and harness the complexity
of individual quantum objects under fully controlled conditions has opened up new research op-
portunities in modern physics and chemistry. In particular, the study of cold molecules (~ 1K)
and ultracold molecular quantum gases (< 1 mK) has led to a deeper understanding of subtle in-
teractions within and between molecules, as well as a broad range of far-reaching applications [1].
Tiny “beakers” consisting of electric [2], magnetic [3] or optical traps [4] isolate molecules from
ambient conditions and provide a new generation of chemical reaction vessels. One of the guiding
goals of ultracold molecular research is the development of detailed understanding of inelastic col-
lisions and chemical reactions at the level of a single quantum state [5—7]. The study of accurately
controlled molecules in the gas phase promises to shed light on fundamental aspects of energy
exchange in molecular interactions.

With the ultimate goal of achieving complete control over all degrees of freedom, the field of
cold and ultracold molecules has been pursuing two directions: 1) improving cooling techniques
for simple species to reach lower temperatures and higher phase space density and ii) expanding
research to new and more complex molecules offering broader scientific applications. However,
despite the rapidly growing efforts to expand the variety of accessible ultracold molecules, the

majority of ultracold molecular gases still consist of diatomic bialkalis. Such species are assembled



from atoms that are directly laser cooled to microkelvin temperatures [8]. So far, the elements of
crucial importance in chemistry and astrophysics like hydrogen (H), carbon (C), nitrogen (N), and
oxygen (O) are not susceptible to laser cooling and trapping, the workhorse technique of modern
atomic physics.

In order to circumvent such limitations and expand the chemical diversity and complexity of
ultracold molecular quantum gases and, therefore, quantum matter more generally, we embarked
on a new course of research to create ultracold polyatomic molecules. The target molecule of this
thesis was STOH. As will be explained below, cooling and trapping of this species will also open
the door to much more complex ones, heralding the beginning of the field of polyatomic quantum
matter. STOH provides a very convenient platform for ultracold quantum science with polyatomic
molecules because of multiple “knobs” that can be tuned to achieve complete control over all
degrees of freedom and the projected extendability of the molecule to related, much larger species.
Both electric and magnetic fields can be efficiently used to engineer forces to bring the molecules
to a halt inside electromagnetic “beakers”. Very recently, accurate ab initio quantum scattering
calculations were performed for STOH colliding with Li inside a magnetic trap [9]. Favorable ratio
of elastic to inelastic collisions suggests that sympathetic cooling of STOH with Li and potentially
other alkali atoms could be possible for reaching quantum degeneracy.

A single valence non-bonding electron on the strontium metal atom leads to alkali-metal-like
optical properties, allowing for laser “juggling” of molecules between different internal rotational,
vibrational, and electronic states with exquisite precision. While the electronic structure of STOH
favors laser manipulation, additional complexities arise from new vibrational modes absent in
diatomics. Before laying out the detailed description of our experimental results with STOH and
proposed extensions to more complex polyatomic molecules, we first provide a brief background to
put the project into a broader context of the currently vibrant field of cold and ultracold molecules.
Additionally, we highlight the key areas where additional degrees of freedom offered by complex

molecules will lead to scientific breakthroughs.



1.1 Motivation for cooling polyatomic molecules

The scientific drive to work with polyatomic molecules originates from their complexity and di-
versity. Physicists are interested in working with molecules that have three and more atoms be-
cause they have more rotational and vibrational degrees of freedom compared to diatomics. While
diatomic molecules have one axis of rotation and one vibrational mode, a general non-linear poly-
atomic molecule with N atoms has 3N — 6 vibrational modes and up to three different moments of
inertia. Additionally, bending vibrations with angular momenta, as well as classically forbidden
motions like tunneling inversion and hindered internal rotations, exist in polyatomic spectra that
have no analogs for diatomic molecules. Consequently, as the number of possible transitions be-
tween different energy levels is significantly increased compared to diatomics, the spectra become
quite complex from the overlap of many lines and even different bands [10]. Therefore, cooling
polyatomic molecules becomes crucial for resolving and understanding finer details of the molec-
ular spectra. Low translational temperature leads to reduction in Doppler broadening and cooling
of the internal rotations and vibrations leads to enhanced signal in low rovibrational lines as well
as removal of the band overlap. Thus, in order to fully utilize the complexity provided by the
polyatomic molecules scientists need to work with cold samples. A natural question to bring up is
why extra internal degrees of freedom have any consequence at low temperatures when polyatomic
molecules populate a single ground rovibrational level with no excited rotational and vibrational
quanta. The idea is that once the molecules are cooled to very low temperatures, one can excite
all of them (or a fraction) to a particular rotational and vibrational quantum state using microwave,
infrared or laser light for future studies. Thus, once the molecules are cooled to very low temper-
atures you can very precisely and efficiently transfer them between different states at will in order

to study interesting applications.



1.1.1 Precision measurements

Polyatomic molecules provide new opportunities for performing precision spectroscopy in order
to test the standard model of particle physics (SM) as well as discover new physical phenomena
beyond the scope of SM description (e.g. SUSY, Lorentz invariance violation). Since there are
excellent reviews [1, 11, 12] of the subject aimed at fundamental physics tests with molecules, we

provide only a brief overview here.

1.1.1.1 Searching for time variation of fundamental constants

Some transitions in polyatomic molecules that are not present in diatomics or atoms are very sen-
sitive to time variation of fundamental constants as proposed in certain beyond SM theories. By
either performing precise spectroscopy of polyatomic molecules in the laboratory or observational
measurements from sources in outer space, we can test such predictions. The value of the fine-
structure constant o, ~ 1/137 and the electron-to-proton mass ratio' p = m,/ m, ~ 1/1836 lead to
stable protons, the formation of a large number of heavy elements, complex molecules based on
carbon chemistry, and, ultimately, development of life on Earth [13]. Motivated by the desire to
understand this “fine tuning”, some theories predict either spatial or temporal variation of funda-
mental constants in the Universe [14]. The electronic transitions, including spin-orbit interactions,
are sensitive to o while vibrational, rotational, and tunneling modes in polyatomic molecules are
sensitive to B [13]. For example, the energy scales for electronic, vibrational and rotational inter-

vals in molecular spectra are approximately [12]

Ee: Eviv: Erot~1: v/B: B. (1.1.1)
A number of grand unification theories predict that

iy - — (1.1.2)

"Here we use P rather then commonly used u in order to avoid confusion with reduced mass.



with the proportionality constant R > 1, thus making a [ variation search more sensitive to new

physics [13]. For spectroscopic measurements, the sensitivity of a particular experiment to tempo-

(%—[?) /B= (av—v) / (KgAt) (1.1.3)

where K}, is the inherent sensitivity of the probed transition to 3 variation, At is the studied time

ral variation of [ is given by

interval, and dv/v is the fractional frequency precision. From the dependence of the sensitivity

coefficient on molecular parameters [13]

B (dE. dE,

one can observe that near degenerate transitions with AE =~ 0 will lead to significantly enhanced
Kp. Complex polyatomic molecules represent a fertile ground for hunting for [ variation with
time because near-degeneracies in their spectra for levels possessing different dE /df occur as a
rule. For a comprehensive list of molecules and respective transitions sensitive to o and 3 variation
please refer to Refs. [13, 15]. Particularly, spectroscopy of molecules between states associated
with such motions as hindered internal rotation and tunneling inversion, which have no analogs in
diatomics, lead to orders-of-magnitude enhanced sensitivity to time variation of electron-to-proton
mass ratio and thus would allow for more precise tests of such new effects in physics. Spectroscopy
of the vibration-rotation transitions in a supersonic beam of SF¢ were used to constrain the time
variation of B to ~ 1073 yr~! level [16] and comparison of the torsion-rotation transitions in
methanol from both astronomical and laboratory measurements led to AB /P limit at the 10~ level
with the look-back time of 7 billion years [17]. The use of cold molecular beams or dense trapped
samples to perform precision molecular spectroscopy in combination with dedicated astronomical

observations will lead to significant improvements in this research field [18].



1.1.1.2 Testing quantum statistics

Testing violations of the Pauli principle and the indistinguishability of identical particles is another
area of fundamental physics where spectroscopy of polyatomic molecules can make a fruitful con-
tribution. While there are some theoretical proposals for small violations of Fermi or Bose statistics
[19], as of now, there appears to be a limited motivation for its existence from the theoretical side.
Spectroscopy of molecules with two or more identical nuclei can place limits on the degree of
quantum statistics violations. If P is an operator which exchanges indistinguishable identical

nuclei, then the Pauli principle requires [20]

P1oWior = T Wiot (1.1.5)

where 7+ 7 sign is for bosons (I =0, 1, 2,...) and ” — " sign is for fermions (I = %, %, %, ...). Since
Wiot = Wspace Wspin» the energy levels are labeled as symmetric or antisymmetric depending of the

effect of the Pj, operator [20]

PlZWspace = iWspace- (1.1.6)

Thus, for CO, molecule with I = 0, only symmetric Yypace are present, leading to the absence
of odd J lines. Spectroscopy of '>C!60, was used to place a stringent limit on Bose statistics
violations for two 'O nuclei [21]. Two identical particles can be either in a symmetric or antisym-
metric state. However, larger polyatomic molecules will be necessary for testing symmetrization
postulate for three or more identical nuclei in order to place limits on finding them in a state that
is neither symmetric nor antisymmetric [22]. Performing precision rovibrational spectroscopy on
polyatomic molecules like SO3 using the current state-of-the-art techniques could allow tests of

symmetrization postulate for three boson at the 10712 1evel previously achieved with CO, [21].

1.1.1.3 Discrete symmetry violations

Discrete symmetries like parity and time reversal and their violations play an important part in the

fundamental processes of nature. Molecular spectroscopy plays a complementary role to high en-



ergy searches at the Large Hadron Collider (LHC) and could potentially provide information about
the fundamental particles beyond the LHC reach [11]. For example, polar diatomic molecules
are currently used to precisely test parity violation in electroweak interactions within the nucleus
[23] and measure the permanent electric dipole moment of the electron [24]. A recent result from
the Harvard-Yale ACME collaboration has constrained new particles at the TeV energy scale [24].
While diatomic molecules have contributed a lot to this field in the past, there are significant
challenges for moving forward. For example, in the parity-violating experiments with molecules,
magnetic fields as large as few Tesla are required to bring opposite parity rotational levels to de-
generacy in order to enhance the signal from weak interactions [11]. In the electron electric dipole
moment (EDM) search experiments, the required states that can be easily polarized and have small
magnetic moment for systematic suppression are frequently metastable (like in ThO) and photon
cycling and laser cooling is prevented by complex energy level structures or technically chal-
lenging wavelengths. While polyatomic molecules could potentially aid in solving some of these
challenges, more careful research is necessary in order to identify suitable molecules and states.
A recent theoretical paper points out the suitability of RaOH, which could potentially be laser
cooled, for parity violating experiments [25] and hopefully more research in this avenue will be
prompted by our results. For example, linear polyatomic molecules like STOH in long-lived ex-
cited bending vibrational states as well as symmetric top molecules like STOCHj3, which can be
easily polarized with small laboratory fields, could potentially enable future sensitivity enhance-
ments in the EDM experiments. One area where polyatomic molecules with four or more atoms
are required is searching for parity violating energy differences between different enanteomers of
chiral molecules [26]. Here, current state-of-the-art experiments are moving towards using cold

molecular samples in order to perform high resolution spectroscopy required [27, 28].

1.1.2 Quantum simulation and computation

While initial proposals for using polar molecules for quantum computation have all studied closed-

shell diatomic molecules [29], extensive recent theoretical work points to multiple advantages of
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Figure 1.1.1: (a) Schematic representation of polyatomic symmetric top molecules loaded into
optical lattices. Electric field applied in the vertical direction can be employed to polarize the
molecules in order to perform quantum simulation or computation protocols. (b) Projections of to-
tal angular momentum J onto the molecular symmetry axis z and space-fixed quantization axis Z.
Notice that unlike in diatomic or linear molecules, the rotational angular momentum J is not nec-
essarily perpendicular to the molecular symmetry axis, leading to an additional quantum number
K.

using polar symmetric top molecules (STMs) instead [30]. Relevant quantum numbers for STMs
and slightly asymmetric rotors are shown in Fig. 1.1.1(b). Unlike for diatomic molecules, the effec-
tive electric dipole moment for a precessing STM in states K, M; = 0 is independent of the electric
field strength. The presence of first-order Stark effect removes the requirement for large electric
fields and makes resolution of small energy shifts arising from dipole-dipole interaction during
quantum logic gate operations easier. Additionally, the presence of states |J, K, M) = |1,1,1) and
|1,1,—1) with equal in magnitude but opposite in sign electric dipole moments enables the use of
radiofrequency NMR techniques for quantum information processing. Finally, the dipole-dipole
interaction can be easily turned off by transferring to states with M; = 0. All of these properties
make STMs well suited for rapid quantum gates operations. Moreover, STOCH3, which will later
be discussed in this thesis, has an additional advantage of strong optically accessible electronic
transitions for internal state manipulation and rapid state-selective readout.

There are theoretical proposals [31-33] for using a single complex macromolecule with many



vibrational modes to perform quantum computations. Each of the vibrational modes can be a
separate quantum bit, and since a polyatomic molecule with N atoms contains 3N — 6 different
vibrational modes, it represents an ensemble of 3N — 6 qubits. The scaling is favorable because the
number of qubits grows as 3N vs N for NMR quantum computation or ion trapping experiments
as the number of atoms increases [31]. The quantum logic gates would be realized with the shaped
femtosecond laser pulses for fast implementation of quantum gates, but the experimental feasibility
of these proposals and complexity comparison to other types of promising quantum computing
platforms has not yet been performed. However, some experimental progress in this direction has
been made and rapid classical Fourier transform has been implemented with vibrations of iodine
diatomics in a supersonic beam [34].

While there are many theoretical proposals where the internal structure of the molecule does
not play a significant role and they are treated as structureless dipoles [35-37], the experimental
complexity of realizing specific condensed matter models can depend on the molecular internal
structure. The long-range (1/r> dependence) and anisotropic (6 dependence) dipole-dipole inter-

actions between two STMs in an electric field described by the expression®

~ Caal —3cos%0

= 1.1.7
4r r3 ( )

Vaa (7)

is of significant interest to quantum many-body physics [38]. Since the interaction between elec-
tric dipoles is more than a thousand times stronger than for magnetic dipoles on typical atomic
scales, the use of STMs like STOCHj3 to simulate quantum magnetism would provide access to
new physics in strongly correlated regimes on shorter time scales [39]. Direct correspondence ex-
ists between quantum magnets and STMs in K, M; # 0 states because of the linear Stark shifts in
such levels and thus enabling access to arbitrary large integer spin physics [39]. Recent theoretical

work has shown that STMs can be used to simulate highly tunable and unconventional models

2Here we assume that the dipoles are polarized in the same direction with respect to a laboratory quantization axis 2,
their separation vector is 7 and 0 is the angle between the dipole moments and relative position vector. The interaction
coefficient Cy4 for two electric dipoles is approximately 1/ times stronger compared to interacting magnetic dipoles
under typical experimental conditions [38].



of quantum magnetic phenomena [40]. In order to experimentally realize such applications, trap-
ping of polyatomic molecules in optical lattices will be highly desirable as shown in Fig. 1.1.1(a).

While efficient lattice filling with atoms>

is required in order to achieve strong on-site interactions
to realize interesting Hamiltonians [41], the strength of electric dipole-dipole interaction with polar
molecules removes strict requirements on filling efficiency as has been already demonstrated with

diatomic bialkalis [42].

1.1.3 Molecular collisions

With only few exceptions [43], cooling of atomic gases into quantum degeneracy depends on
atomic collisions that allow efficient thermalization without significant inelastic and chemical
losses. Similarly, detailed understanding of bimolecular collisions for evaporative cooling or atom-
molecule collisions for sympathetic cooling might be crucial for reaching Bose-Einstein conden-
sates and degenerate Fermi gases with diatomic and polyatomic gases using techniques of direct
cooling #. Additionally, accurate measurements of atom-molecule collisions play an important role
in guiding theoretical calculations and development of intuitive understanding of how collisional
processes occur in the non-classical regime. The use of electromagnetic fields to control the rates
of inelastic processes in molecule-molecule collisions has been theoretically investigated [45—-47]
with experimental progress lagging behind. However, with the exception of a few outstanding
papers [9, 48], the focus has been on diatomic molecules thus far because of the computational
challenge of accurate scattering calculations as well as lack of experimental progress. Lifetimes of
collision complexes for large molecules during cryogenic buffer-gas cooling have been explored
theoretically with with both classical trajectories [49] and density-of-states approach [50] and indi-
cate non-sticking of helium buffer-gas to hydrocarbons in the experimentally interesting regimes.
These conclusions have also received experimental corroboration based on buffer-gas cooling of

trans-Stilbene and Nile Red [51]. Additionally, direct observation of conformational relaxation of

3Highly magnetic atoms with strong dipolar interactions like Er, Cr, and Dy might be an exception here [38].

“Diatomic molecules directly associated from ultracold quantum gases can have initial temperatures near quantum
degeneracy [44].
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1,2-propanediol in cryogenic collisions with helium allowed accurate measurements of conforma-
tional relaxation cross sections informing the understanding of relevant potential energy surfaces
[52]. However, all of these experimental studies have been in the regime around 10 K and extend-
ing the reach to < 1Kcould lead to discovery of new phenomena and interesting dynamics.

For chemists, the appeal of the polyatomic molecules comes from the diversity of their con-
stituents and structures. Motivated by the desire to understand molecular interactions and chemical
reactivity, chemists embrace complexity of polyatomic molecules in order to study fundamentally
interesting reactions as well as synthesize applicable compounds for drug discovery and materials.
In this instance, the advantages of cooling molecular gases to cryogenic temperatures for chem-
ical explorations are not out right obvious. Usually, chemical reactions are activated by thermal
fluctuations and, accordingly, the classical reaction constants are governed by the Arrhenius’ law
[53]

E
k(T) o< exp (—kB—AT> (1.1.8)

with the activation energy E4. Since as T — 0, one might expect that reaction rates will drop to zero
in the cold or ultracold dilute sample of atoms or molecules. However, at very low temperatures
quantum mechanical effects start to dominate and such non-classical phenomena as tunneling and
entanglement play crucial roles.

For example, by cooling STOCHj3 from 1 K to 1 uK the thermal de Broglie wavelength of the
molecules will grow from 0.2 nm to 200 nm, which is significantly larger than the classical size
of STOCH3 (~ 0.5 nm). Therefore, we expect to observe significant deviation from the chemical
intuition arising from studies involving high temperature collisions. While there are previous suc-
cessful demonstrations of seminal studies of chemical reactions at ultracold temperatures [54, 55]
they involve diatomic bialkalis only. Additionally, by selectively preparing and reading out only
a single quantum state of trapped molecules we could probe inelastic collisions and chemical re-
actions out of thermal equilibrium for a complex symmetric top molecule. Performing studies
in the regime beyond the reach of modern state-of-the-art accurate ab initio quantum scattering

calculations would drive further theoretical progress in the field.
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1.1.4 State-selective chemical reactions

One of the main reasons for cooling reactants beforehand is the motivation to study chemical pro-
cesses out of thermal equilibrium in a state-to-state enabled control when both the initial quantum
states of the incoming reactants are known as well as the final distribution of the products can be
characterized. For example, in order to prepare molecules in a single rovibrational level, cooling to
1 K could be sufficient like demonstrated with CaH and Li chemical studies in a buffer-gas cell at
1 K [56] since rotational splitting for CaH is around 12 K. However, in order to prepare molecules
in a particular hyperfine state or a single partial wave regime, cooling to uK temperatures might be
necessary [55]. In order to benchmark and test ab initio quantum chemistry calculations, it is also
necessary to determine the final states of the reaction products which is challenging because re-
sulting molecules can end up in multiple excited rotational and vibrational levels, leading to small

signals in a particular quantum state.

1.1.5 Controlled chemistry

Low temperatures also allow precise control of the chemical reaction pathway using electric, mag-
netic or optical fields. Laboratory electromagnetic fields allow shifting molecular energy levels by
a few Kelvin and thus can be used to modify gas-phase molecular dynamics for temperatures < 1 K
[5]. Tuning of bimolecular chemical reactions using electric fields has been proposed [57] and spin
suppression of chemical reactions has been seen for the N-NH pair from the experimental studies at
600 mK [58]. Additionally, theoretical ab initio studies of CaH-Li interactions in a magnetic field
indicate that chemistry can be controlled via spin-state preparation [59]. The effects of quantum
statistics and a confining geometry have also been previously observed in the ultracold chemical
reactions of diatomic KRb [60]. Since the full review of theoretical and experimental results in
cold and controlled chemistry is beyond the scope of this thesis we refer interested readers to Ref.

[5,7].
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1.1.6 Astrochemistry

A large number of diatomic and polyatomic molecules have been detected in outer space in various
interstellar environments that are characterized by diverse temperature and density regimes [61].
Studying chemical reactions between polyatomic molecules and atoms or molecules at cryogenic
temperatures could help us understand diverse in astrochemistry. The quantum-mechanical tun-
neling reaction between the hydroxyl radical and methanol has been experimentally studied [62]
in an astrochemically interesting regime and led the authors of that work to conclude that oxida-
tion of organic molecules by OH via a tunneling mechanism could be a widespread phenomenon
in low-temperature interstellar environments. This example shows that studying cold chemistry
in the laboratory could aid in understanding the abundances and formation process of complex

molecules including prebiotics [63] in cold interstellar environments.

1.2 Production of cold and ultracold polyatomic molecules

After motivating the exploration of cold polyatomic molecules in both physics and chemistry, we
will review some experimental techniques for producing cold gas-phase samples of polyatomics.
This review is not intended to be exhaustive in nature and we refer curious readers to multiple
comprehensive references on the subject (e.g. [1, 8, 64]). Additionally, we are not going to describe
methods for decelerating molecules that do not compress phase-space density of the molecular

sample like velocity filtering or Stark and Zeeman deceleration [1].

1.2.1 Supersonic beams

Many experiments on direct cooling of molecules start with supersonic beams that are brought to
rest using either electric (Stark) or magnetic (Zeeman) decelerators for further trapping and cool-
ing [65]. While decelerators can reduce the velocity of the beams to a stop, the actual cooling of
the velocity distribution happens in the supersonic expansion process. For a gas at a high initial

pressure Py and temperature 7 in a sealed container, upon rapid isentropic expansion into a region

13



with P; < Py both internal and translational degrees of freedom are cooled (77 < Tp) at the ex-
panse of significant increase in the forward velocity of the beam. Since the size of the aperture is
larger than the mean free path of the gas, during the expansion process the energy from internal
rotations and vibrations is transferred into forward kinetic energy. While sub-kelvin temperatures
in a moving reference frame have been achieved along with high number densities, large forward
velocity in the laboratory frame (v ~ 1,000 m/s) presents a problem for some applications. Mov-
ing magnetic [66] and electric [67] traps that preserve phase-space density during the deceleration
process appear to be a viable solution in order to bring the beams to a halt. Recently, high density
samples of polyatomic [68] and diatomic [69] molecules have been achieved with magnetic de-
celeration as well as a molecular fountain has been demonstrated for Stark decelerated supersonic
beams [70]. Even without any deceleration, supersonic beams have been used for many years for
precision molecular spectroscopy [71] as well as collisional and reactive studies [72]. There are
multiple extensive reviews of supersonic beams [65] and we refer the reader there for more details

on the subject matter.

1.2.2 Helium nanodroplets

Under appropriate experimental conditions and using helium as a career gas, helium droplets can
be formed during the process of supersonic expansion [73]. Doping of such nanodroplets consist-
ing of hundreds or thousands of helium atoms at temperatures below 1 K with complex polyatomic
molecules has been previously demonstrated and led to their spectroscopic studies [74]. Such
environments provide an interesting systems for studying quantum effects of complex impurities
interacting with a quantum fluid [75] but have limited applications for precision spectroscopy be-
cause of the broadening and shifts of spectral features (e.g. for example rotational constants are
modified [76]). For a range of applications envisioned in this thesis, a dilute beam of polyatomic

molecules with minimal collisional effects is required and therefore we did not explore this option.
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1.2.3 Buffer-gas cooling

Buffer-gas cooling and beam production technique has recently attracted a lot of attention, replac-
ing supersonic beams by producing bright and cold yet relatively slow molecular beams. Since
the originally proposal in Ref. [77] and first beam demonstration in Ref. [78], there have been a
few reviews covering the technical aspects of this approach [79, 80]. Briefly, upon the introduction
of the hot molecular gas into the buffer-gas cell, translational motion of the molecules is cooled
via scattering collisions with the inert helium buffer-gas that is maintained at 0.5-10 K temper-
ature via collisions with the cell walls. The inelastic collisions between the buffer-gas (usually
either helium or neon) and molecules lead to cooling of the rotational and vibrational motions °.
Buffer-gas cooling has been used for loading magnetic traps of diverse atoms and molecules [79]
and led to a BEC without any laser cooling throughout the process [81]. Extraction of the atoms
or molecules entrained in the buffer gas flow leaving the cell through the aperture leads to beams
with low forward velocities [80]. Upon the realization of the hydrodynamically enhanced buffer-
gas beams [82], molecular fluxes orders of magnitude higher could be achieved compared to other
beam production techniques, opening a completely new chapter in molecular beam development.
Direct loading of magnetic traps for molecules [83] and magneto-optical traps for atoms [84] has
been demonstrated without extra slowing. Additionally, high brightness and low forward veloci-
ties provide an almost ideal source for performing precision spectroscopy of molecules [65]. More
details on buffer-gas cooling and its application to STOH cooling will be provided in the followings

chapters.

1.2.4 Optoelectrical cooling

One additional technique recently developed for direct cooling of polyatomic molecules needs to
be mentioned. Optoelectrical Sisyphus cooling of polyatomics provided trapped samples below

I mK [85]. Reaching densities required for observing molecule-molecule collisions also appears

>The cooling efficacy for rotations and vibrations is different and will be discussed in the later chapters.
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within reach, potentially opening evaporative cooling for polyatomics (pending favorable colli-
sional properties). However, either use of velocity filtering for chemically stable samples or addi-
tional precooling techniques like buffer-gas cooling followed by deceleration will be required for
initial trapping of the molecules in order to implement the optoelectrical cooling technique [86]. To
summarize succinctly, optoelectrical cooling relies on the presence of multiple low-field-seeking
state-dependent energy potentials for symmetric top molecules in electric fields. In the polarized

regime, STM has linear energy shifts in the electric field E characterized by [87]

o _ KMEW®

E = —Ulk = ———— 1.2.1
Stark :ueff J(J+ 1) ( )

with quantum numbers® J, K, M; defined in Fig. 1.1.1(b) where ulis the electric dipole moment
of particular molecular state. Thus, consider a specific rotational level |J, K), each product of the
projection of the rotational angular momentum J onto the field axis M and onto the symmetry axis
K will give a different energy potential. Since the technique relies on large Stark shifts, it appears

to be most applicable to STMs or other molecules with linear Stark shifts.

1.2.5 Towards laser cooling of polyatomics

Revolutionary experimental tools of laser cooling and trapping developed in the 1980s and 1990s
for bringing atomic gases into a new temperature and density regime led to the modern generation
of atomic physics [89, 90]. While initial applications of ultracold atoms were in the study of atomic
properties and interactions [91], their reach has rapidly expanded to include breakthrough results in
condensed matter physics [92, 93], quantum information science [94], and particle physics [95, 96].
Presently, ultracold quantum gases are used for real-world applications in geodesy, metrology,
and precision navigation [97, 98]. Our hope that extending laser cooling to complex polyatomic

molecules will have similarly far reaching applications in pure and applied sciences.

%Good quantum numbers are associated with operators that commute with the total Hamiltonian A (i.e. [I-AI , A] =0)
and therefore can be used for characterizing the molecular eigenstates [88].
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1.3 Thesis overview

In this section we provide a broad overview of crucial experimental results presented later in the
thesis. While the thesis chapters are organized according to the step-by-step experimental progress
that was needed to achieve major results, the overview below is organized by conceptual similarity

in order to help the reader construct a coherent picture of the thesis work.

1.3.1 Laser manipulation of STOH motion

The choice of strontium monohydroxide (StfOH) as a molecule of interest was motivated by a num-
ber of its intriguing properties. Unlike for the isoelectronic diatomic molecule SrF, there are three
vibrational modes present in STOH with the quantum numbers denoted (v1 VZZV3) for the vibrational
quanta in the Sr-O stretching mode vy, Sr-O-H bending mode v, with vibrational angular momen-
tum /, and O-H stretching mode v3. While the ground vibronic state X has a linear geometry, the
first excited degenerate bending mode (not present in diatomics) can be described by a symmetric
top Hamiltonian [87]. Therefore, STOH can be manipulated as either a linear or a symmetric top
molecule depending on the requirements of the application by exciting ground state molecules into
(()110) vibrational state either using off-diagonal optical pumping via an electronic state or di-
rectly. Additionally, while direct laser cooling of hydroxyl radical (OH), which plays an important
role in atmospheric and interstellar chemistry, appears extremely challenging [99], addition of the
strontium atom allows laser-based manipulation. In a similar vein, STOH can be considered as a
model species for extending laser cooling to more complex metal-ligand compounds (e.g. StCH3,
SrOCHj3, and SrCsHs).

The presence of strong optically accessible electronic transitions at 611 nm for X — B and at 688
nm for X — A enable laser manipulation of SrOH external and internal motions with atomic physics
techniques. As a first step towards mechanical control of its motion with laser light, we demon-

strated radiation pressure force deflection of the cryogenic buffer-gas beam (CBGB) of StOH. The
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cycling transition was created by exciting N = 1 — N’ = 0 rotational transition’ leading to a factor
of 12 increase in the laser induced fluorescence (LIF) signal. By repumping the molecules lost to
the excited Sr-O stretching mode, we were able to scatter more than 100 photons per each molecule
leading to a mechanical deflection of the molecular beam by 0.2°. One possible application of this
technique is to create a quantum-state-pure beam of STOH molecules for collisional studies or pre-
cise measurements of the state-dependent forces. A state-pure beam of STOH molecules in the first
excited rotational level N” = 1 in the vibrational ground state can be separated from the rest of the
CBGB by increasing the interaction time between the molecules and laser fields, as was previously
demonstrated with atoms.

Direct laser cooling of atomic gases to ultracold temperatures [89] and ultimately even into
the quantum degenerate regime [43] was the true hallmark of motion control for neutral atoms.
Even though laser cooling of simple diatomic molecules (StF, YO and CaF) was very recently
demonstrated [100-102], the effort of extending this technique to even the simplest polyatomic
molecules seemed daunting because of the rapid growth of the vibrational degrees of freedom with
the number of atoms in a molecule. However, despite the presence of three vibrational modes in
SrOH, we were able to cool STOH CBGB in 1 dimension from 50 mK to 750 uK with the same
number of lasers as used for diatomic molecules SrF and YO. Our results with StOH not only
open up a wide range of future directions for laser manipulation of polyatomic molecules but also
overturn long held convictions about the impossibility of performing “traditional” atomic physics

experiments with complex molecular systems.

1.3.2 Controlling internal quantum states for collisional studies

In addition to controlling the external motion, we used laser light for preparing STOH molecules in
a specific quantum state in order to study state-selective inelastic collisions with cryogenic helium

gas. By optically pumping molecules from the first excited rotational level N” = 1 of the vibronic

"We follow the usual spectroscopic notation that quantum numbers for the lower state are marked with double
prime symbol while those for the upper state are indicated with the prime symbol.
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Figure 1.3.1: Photon absorption and spontaneous emission in STOCH3.

ground state X (000) into first excited rotational level of the vibrationally excited state X (100) we
were able to measure the dependence of the molecular dynamics on the nature of vibrational state
used. Dramatic differences in population lifetimes for molecules in (000) and (100) vibrational
modes have been observed. Our measurements of vibrational quenching cross-sections in inelastic
collisions between StOH and helium at 2K extended the study of relaxation in cold atom—molecule
collisions to linear polyatomic radicals and contributed to an overall physical picture of the depen-
dence of quenching rates on vibrational energy spacing in low energy collisions. Additionally, the

measurement precision provided an important benchmark for future theory calculations.

1.3.3 Laser cooling of complex polyatomics

Inspired by the promising results with STOH, we have identified a broad class of larger molecules
— alkaline earth monoalkoxides (MOR) — for which similar techniques can be applied. Intuitively,
since the optically active electron is located on the strontium metal, replacing H with a different
ligand will not perturb electron’s wavefunctions significantly, and thus preserving optical cycling
ability (see Fig. 1.3.1). By performing a careful theoretical analysis of the properties of multiple
complex MOR molecules with up to 15 atoms, we identified an experimentally feasible strategy to

achieve laser cooling with numerous applications in physics and chemistry.
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Chapter 2

Molecular Structure and Properties of

Strontium Monohydroxide

A prominent class of diatomic molecules identified as suitable for direct laser cooling is alkaline
earth monohalides MF like CaF [102], SrF [100], BaF [103], and RaF [104]. Pseudohalogens
are polyatomic functional groups with the chemical properties reminiscent of those for halogens
like fluorine (F), chlorine (Cl), and bromine (Br). As pointed out by Isaev and Berger [105],
employing substitution of the halogen in a diatomic molecule with a pseudohalogen group like
CN, NC, or OH, one could potentially allow identification of polyatomic molecules with optical
cycling properties similar to those of MF compounds. Figure 2.1.1 provides a comparison of
the electronic configurations for CaF and CaOH. As can be inferred from the diagram, similar
electronic configuration of the OH™ and F~ can influence the electronic levels of Ca* in an identical
way. However, compared to the diatomic molecule SrF, which was previously laser cooled in
the DeMille group at Yale [100], the addition of a single atom to make the triatomic molecule
SrOH leads to a variety of new phenomena in the structure and dynamics of StOH compared to
SrF. Therefore, before proceeding forward with with the description of the experimental results on
SrOH, it is important to carefully review molecular structure of linear polyatomic molecules. After

understanding the energy level details, we will consider how photon cycling can be achieved in

20



linear polyatomic molecules in general and what technical requirements are necessary for working

with SrOH in particular.

2.1 Electronic structure of polyatomic molecules

In order to determine the electronic structure of a polyatomic molecule it is necessary to solve a

time-independent Schrédinger equation
I:Imol\Pmol = EW¥ ol (2.1.1)

for a system consisting of N electrons and Ky, nuclei interacting with each other via electro-
magnetic forces. The exact relative positions of the nuclei are determined by the averaged spatial
distribution of all electrons which lead to a stable chemical bonding of the molecule despite re-
pulsive forces between nuclei [10]. Molecular Hamiltonian! includes contributions from kinetic

energy of the electrons and nuclei” as well as various potential energy terms [20]
I:Imol = Tnuc + Tel + Vnuc,nuc + Vel,el + Vnuc,el- (2- 1 -2)

Different terms in the equation above have the following expressions:

e kinetic energy of the nuclei with mass M}

R hz Knue 1 2
Thue = —— _Vk (2.1.3)
2 = My
e kinetic energy of the electrons with mass m
A h &
fa=—5-). Vi (2.1.4)

'For now we have ignored contributions to Aol arising from interactions associated with electronic and nuclear
spins that are present in StOH and other polyatomic radicals.

2We are considering a molecule at rest in the laboratory frame.
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e pairwise repulsion between the nuclei with charges Z; and Zys and separation Ry y = |Ry — Ry/|

2 KHUC
A e Zka/
Vnuc,nuc = _4 R (2.1.5)
€O jZkk=1 kK
e pairwise repulsion between the electrons separated by r; y = |r; — ry|
2 Nei
N e 1
elel = 4 - (2.1.6)
€0 ;i =hi=1 Vi
e attractive force between electrons and nuclei separated by r; , = |ri — Ry
2 Knue Net
A e Zy
Vnuc,el = - (217)

4neo (= 121 Tik

The accurate solution of Eq. 2.1.1 with an appropriate molecular Hamiltonian in Eq. 2.1.2 would
explain in detail the chemical structure and spectroscopy of the species under consideration. How-
ever, since even for the simplest molecule H; with Z; = Z, = 1 the Schrodinger equation (Eq.2.1.1)
with the molecular Hamiltonian in Eq. 2.1.2 cannot be solved exactly, resorting to either numeri-
cal methods or physically inspired approximate approaches is required [10]. While the Coulombic
forces exerted on the electrons and the nuclei are similar, because of their significantly lighter
mass electrons move much faster than the vibrating nuclei and therefore the electron cloud adia-
batically follows the changes in the nuclear framework. By considering nuclear kinetic energy as

the perturbation on the electronic Hamiltonian with a fixed nuclear framework R
I:Iel = 7Awel + Vnuc,el + Velpl (2.1.8)

the electronic structure of the molecule can be found by solving the electronic Schrodinger equa-
tion

I:Ielllfel (I’,R) = Ee1Wel (I",R) (2.1.9)
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for electronic states e m With energy’ Eeim(R).
In the Born-Oppenheimer approximation the coupling between rotation and vibration of the
nuclei and the motion of the electron cloud is ignored and the full wavefunction can be separated

into the parts coming from electronic and nuclear motions

Wil (F,R) ~ Yel (”) Xnuc (R) . (2.1.10)
The total energy of the electron cloud
Uel = Ee1 + Vnuc,nuc (2.1.11)

serves as the potential energy for the nuclear motion and, therefore, nuclear wavefunctions Ypyc

and eigenenergies Epy can be found by solving [10]

(Tnuc + U) Xnuc (R) - Enchnuc (R> . (2112)

Thus, the molecular energy levels are given by the sum of the two solutions
Emol = Uel + Enuc (2.1.13)

where the first term accounts for the energy associated with electronic motion and the second term
for nuclear kinetic energy from rotations and vibrations. While the Born-Oppenheimer approach
enables us to separately speak of energy levels associated with electronic and nuclear (rotation and
vibrations) motions, the effects of the breakdown of this approximation do play an important role
in molecular spectroscopy discussed in this thesis and will be elaborated on in detail later in this

chapter.

3The fixed Vnuc,nuc repulsion energy can be added as an offset to Eg| .
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Figure 2.1.1: Electronic configurations of the isoelectronic molecules CaF and CaOH.

2.1.1 Electronic levels of ST OH

With three nuclei and more than hundred electrons the structure of a triatomic molecule like STOH
may seem to appear complex at first, however, a relatively simple one-electron hydrogenic model
provides a good enough model for understanding atomic physics experiments performed here. The
details of the electronic structure for STOH can be extracted from the model including ionic bond-
ing between positively charged Sr>* closed shell and negatively charged OH" ions with the addition
of an unpaired electron located on the metal center. The presence of this valence optically active
electron leads to strong low-lying electronic transitions making SrOH a particularly attractive can-
didate for laser spectroscopy [106]. The electronic structure of SrOH can be further understood
as arising from the states of Sr* ion which is isoelectronic to Rb. Because of the partially positive
charge on the proton in the OH group, electrostatic repulsion between the strontium ion and the
proton leads to the linear geometry of SrOH that maximizes the distance between Sr* and H*.
Figure 2.1.2 shows how the electronic energy levels of STOH relevant to the experiments per-
formed in this thesis arise from the levels of Sr ion perturbed by the negatively charged OH ligand.

The single valence electron experiences the Hamiltonian of the form [107]

A=A91+AV A, + A (2.1.14)
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SrOH

Figure 2.1.2: Correlation diagram for low lying electronic states of Sr* and SrOH. The three shaded
regions indicate the rearrangement of the electronic energy levels in the ligand field theory due to
the effect of OH" ligand on Sr* ion levels. The details of the diagram are provided in the text of
the chapter and the figure has been modeled after Ref. [107].
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where the field of the negatively charged OH ligand is treated as the perturbation. While solving
the Hamiltonian above is beyond the scope of this thesis, the results on the energy levels can be

summarized qualitatively as indicated in the three regions of Fig. 2.1.2

e The energy levels of the atomic Sr ion are rearranged as demonstrated in region 1 (blue).

e The degeneracy of the atomic orbitals is lifted in the excited electronic states as shown in

region 2 (red)
e Orbitals of the same m; are mixed to create molecular states (region 3, green).

Therefore, different molecular energy levels result from the mixtures of atomic energy orbitals
(except for the ground electronic state X). Understanding the energy levels of SrOH and more
complex alkaline earth alkoxides in this way allows applying atomic physics intuition to such

complex molecular species.

2.2 Vibrational levels of linear polyatomic molecules

Treating vibrating nuclei in a non-rotating polyatomic molecule harmonically in the normal mode
coordinate system leads to no cross terms in the kinetic and potential energy parts of the vibrational
Hamiltonian. Therefore, the total Hamiltonian operator is the sum of 3N — 5 independent harmonic
oscillator operators in the linear case? [20]

. . 2 0% 1,
where Q; are the 3N — 5 normal modes. Consequently, the total vibrational wavefunction is the

product of the individual wavefunctions for each mode

Wyib = W1 (Q1) Y2 (02) ... Yay—5 (Q3n—5) (2.2.2)

“For a nonlinear molecule, there are 3N — 6 degrees of freedom for the vibrations since six degrees are associated
with translation and rotation. However, for linear molecules vibrations have 3N — 5 degrees of freedom since they do
not rotate around the internuclear axis [10].
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where ; (Q;) are the harmonic oscillator wavefunctions. The intensities of the vibronic transitions

in the Born-Oppenheimer approximation are given by [88]
2
Ie/vlellv// x< ’Rel qv' —y (223)

where the Franck-Condon factor (FCF) g,/_,» = ( i Wtib"l’vib”dr)z determines the intensity distri-
bution among vibrational levels while |R,| is the electronic transition dipole moment. The energy

levels of the vibrating polyatomic molecules become [108]

G(vivavs...) = ;mi (vi + %) (2.2.4)

where d; is the degeneracy and ; is the vibrational frequency of the ith vibrational mode. However,
if the anharmonic contributions to the molecular potential are included? there exist coupling terms

between different modes [20]

d; d; d;
Gvivavz...) = Z(’)i (Vi + 5) + inj (Vi + 5) (Vj + é) + Z gulely (2.2.5)
:

J<i 1<t

where index t runs over only degenerate modes with vibrational angular momentum /; (e.g. bending
vibrations in SrOH) and x;; and g, are the anharmonicity constants. For example, for SrOH with

a single bending vibrational mode v,, the term value is

1 1
G(V1V2\/3) ~ 0 (Vl + 5) —+ My (Vz + 1) -+ 3 (V3 + 5) —f—gzzl% (2.2.6)

where we have neglected x;; cross coupling anharmonic terms. The true wavefunctions of the

complex Hamiltonian can be represented as mixtures of the harmonic oscillator wavefunctions.

SFor example, the use of internal molecular coordinates rotating with the molecule introduces a Coriolis force
that leads to rotation-vibration interaction and coupling between different normal modes for rotating diatomic and
polyatomic molecules [87].
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2.2.1 Bending vibrations in linear polyatomics

Bending or perpendicular modes of vibrations in linear polyatomic molecules have no analog in
diatomic molecules and therefore need to be discussed in greater details since they will play a
role during the laser cooling process. For a detailed treatment of the bending motion of linear
polyatomics we refer the reader to great references available [20, 87, 109] and only focus on
the aspects necessary for introducing the concept of vibrational angular momentum. For a two-

dimensional harmonic oscillator, the wavefunction in Cartesian coordinates is given by

W (x,¥) = WHo (x) Wao (1) (2.2.7)

with the total energy of the oscillator becoming

E,=hv(v+1) (2.2.8)

for v = v, + vy where v; is the number of vibrational quanta in the ith oscillator. Thus, each level
with energy E, has v+ 1 degeneracy. Classically, a proper phasing of the two oscillators in the x
and y directions will lead to circular or elliptical motions of the nuclei around the symmetry axis
z, resulting in the associated angular momentum. Quantum mechanically, such vibrational angular
momentum has to be quantized and only +/A values are possible [20]. If n, and n;, are correspond-
ingly the number of the left and right circularly polarized quanta then v =n,+np and [ = n, —ny
and, therefore, possible values of |/| are v,v—2,v—4,..., 0 or 1. For a linear triatomic molecule
like StOH with only one degenerate bending vibrational mode, molecular spectra in this mode are
very similar to those of symmetric top molecules with K = [ [87]. The degeneracy for different
values of || is split because of the anharmonic terms. For a rotating molecule, the symmetry of
bending in the xz plane vs in yz plane is broken by the axis of rotation. The value of the Coriolis
force depends on whether the vibration is perpendicular or parallel to the angular momentum J. As

a result of the vibration-rotation interaction, two degenerate levels +/ and —/ are split in the pro-
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Figure 2.2.1: Coupling of angular momenta for a linear polyatomic molecule under Hund’s case
(a) scheme (e.g. A state in STOH).
cess known as I-type doubling. For |/| = 1, the splitting is given by g; (vo+1)J (/4 1) /2 where

q; is the [-type doubling constant while for |/| > 2 the splitting is even smaller [87].

2.3 Breakdown of the Born-Oppenheimer approximation

In many real molecules the description provided above is highly approximate and there are multiple
perturbations to the energy levels because of the coupling between different electronic states or
between different types of motion (e.g. rotation-vibration). For an exhaustive treatment of such
effects in molecular spectra please see Refs. [10, 108, 110]. It is important to discuss the couplings
between different angular momenta in molecules since they play an important role in determining
selection rules for perturbations and symmetries of the states involved [10].

The vector models for Hund’s coupling schemes (a) and (b) are shown in Figs. 2.2.1 and
2.3.1, correspondingly. In case (a), the electronic orbital and electron spin angular momenta cou-

ple strongly to the symmetry axis of the molecule and precess rapidly to form a new quantum

29



Figure 2.3.1: Coqpling 9f angular momenta for a linear polyatomic molecule under Hund’s case
(b) scheme (e.g. X and B states of STOH).

number Q = |A+Z|. This effect arises because of the strong interaction between the spin of the
unpaired electron and the magnetic field originating from the electronic angular momentum pre-
cession around the internuclear axis [10]. In the states with excited bending vibrations that have
associated vibrational angular momentum G, such vibrations introduce a vibrational dipole mo-
ment to which the valence electron couples resulting in the modification of the electronic energy
levels due to bending vibrations. The bending motion of the linear molecule lifts the orbital degen-
eracy of the state initially present because of the cylindrical symmetry. The two potential curves

ET (@) and E~ (@) become distinct

E" (@) —E™ () = ag* +po*, (2.3.1)

where @ is the bond angle, and lead to the mixing between the zeroth-order vibrational and elec-
tronic wavefunctions associated with the linear molecular configuration [10]. The good quantum

number for the vibronic states of symmetries I'ViP @ "¢l = [vibronic jg g — A 47 [20].
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SrOH Levels Energy (K)

B (000) 1 25" 23567
2
~ N, 21306
A (000) —
2
7 |_|1/2 20927
611 nm
675 nm
688 nm
(100) 2y* 758
X (010) N 523
(000) %0
B=0.36 K

Figure 2.3.2: Three lowest optically accessible transitions in STOH. Because of the spin-orbit
splitting in the excited A state, each of the spin-orbit manifolds can be selectively addressed with a
different color laser. Two lowest-lying vibrationally excited levels in the ground state are indicated
along with the rotational constant B for the ground vibronic level X (000).

For case (b) scheme the spin of the electron is not coupled to the internuclear axis but instead
to the rotation of the molecule as can be seen in Fig. 2.3.1. Both X and B states of SrOH do not
have any orbital angular momentum, so we consider the case of 2% electronic states here. When the
bending vibration is excited as in (010) state, the vibrational angular momentum does not produce

a large enough magnetic moment compared to the orbital angular momentum L in case (a) for

example. Thus, the spin still remains coupled to the rotation as shown in Fig. 2.3.1.

2.4 Rotational energy levels of SfOH

Rotational energies in ground vibrational level of a linear polyatomic molecule like STOH are

essentially the same as for a diatomic molecule like StF. For a case (b) 2y state like X and B states

31



of SrOH the energy levels are given by [111]
Fi(N)=B,N(N+1)—D.N*(N+ 1)+ (y,/2)N (2.4.1)

F(N)=B.N(N+1)—D.N*(N+1)* = (1,/2) (N+1) (2.4.2)

where the subscript refers to the upper and lower spin-rotation component for each rotational level
N and B, D, and v are rotational, centrifugal, and spin-rotation constants, correspondingly. For case
(a) molecules in the I electronic state (like A state of STOH), the energy levels are described by

[111]
Fie(J) =Ty, —Ay/24 By ;p0J (J+1) = Dyy oy 2 (T4 1) = (pu/2) (T 4+ 1/2) (2.4.3)
for the upper A doublet component of the *IT; /2 manifold and
Fia(J) =T, = Ay/2+ B,y )] (J+1) =Dy 1y (T + 1)+ (po/2) (T + 1/2) (2.4.4)
for the lower A doublet component since p, < 0. While for the *I15 /2 manifold we have
Fae  Fyg m Ty + Ay /24 By 30 ] (J+1) = D3 7 (J+1)° (2.4.5)

since the A-doublet splitting is too small to resolve here. In order to compare the relative sizes of
different spectroscopic constants in the equations above in Table 2.1 we provide the molecular con-
stants for X and A states of STOH. See Fig. 2.3.2 for the diagram of electronic states of SrOH used
in this thesis. Notice that since D < B, the anharmonic terms can be ignored when calculating the
transitions for laser spectroscopy in the buffer-gas cell or beam. The effective rotational constant
for different spin-orbit components of 211 electronic state can be calculated as Begf = B (1 — A%)
[112].

The term symbol for labeling electronic transitions in linear molecules is given by “VAJ g
L)
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Molecular Constant cm’!

Tooo (X) 0
Booo (X) 0.2492032
Dyoo (X) 2.1801 x 1077
Yooo (X) 2.4273 x 1073
Tooo (A1, 5) 14542.573
Booo (A) 0.2538873
Dooo (A) 2.1735x 1077
pooo (A) —0.1432006
Agoo (A) 263.51741

Table 2.1: Spectroscopic constants for the X and A states of STOH taken from Refs. [113, 114].

where AN is specified by P, Q, or R for —1, 0, and +1 values correspondingly. Using nota-
tion above, some of the transitions can be calculated as Q1 (J") = Fig(J') —FL (J"), Rip(J") =
Fia(J))—F ("), and P,y (J")=F.(J"—1)—F (J").

The structure of the rotational levels for the excited stretching modes of SrOH is almost the
same as that for the ground vibrational levels describe above®. However, for the excited bending
vibrations the rotational levels and finer substructures are no longer the same as in diatomics and
therefore need more attention. The expressions for the X (010)2 IT rotational levels are given in the

case (b) basis as [116]

Fi(N)=B,[N(N+1)—*)| =D, [N(N+1) —12}2+ %yvNi%qu(N+ 1) (2.4.6)

B (N)=B,[N(N+1)—1?] =D, [N(N+1) —12}2— %yv (N+1) ¢%qu(N+ 1) (47

where Fj and F; are the spin-rotation components and the upper/lower sign refers to the e/ f parity

®Like for diatomic molecules, because of the rotation-vibration interaction the rotational constant B is slightly
different for excited vibrational levels, i.e. B, = B, — Y ; 0; (vi + %) —J(J+1)D[115].
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level with the vibrational angular momentum / = 1 for (010) level of SrOH. If the term values are

referenced to the rotationless levels with N = 0 we obtain familiar expression of
1
Fi(N)=B,N(N+1)+ EYVN (2.4.8)

Fy(N)=BN(N+1)— %'Yv (N+1) (2.49)

where we have ignored the anharmonic contribution. However, because of the /-type doubling each
of the spin-rotation components consists of closely spaced opposite parity levels and additional
constraint that N > [. For SrOH the magnitude of the splitting between the two opposite parity

levels is equal to ~ 24 MHz [117].

2.4.1 Parity of energy levels

As discussed below, during the photon cycling process in StOH, parity selection rule 4 <+ — for
allowed one-photon electric dipole transitions plays an important role in preventing losses to dark
rotational states. The parity eigenfunctions for ¥+ and IT states are linear combinations of the state

basis functions [88]

- |25+1Ag>i(—1)1‘22+5 |25+1A_Q>

25+1A :|:> 2.4.10
5+ Ag 7 (2:4.10)
where upon application of the inversion operator E*

E* 2S+1Agi> —+ )2S+1Agi>. 2.4.11)

However, for a fixed electronic state A, ¥, and Q quantum numbers are fixed and the total parity

only changes sign because of J [107]. It is often much more instructive to use the rotationless e/ f
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parity instead when the J dependence is factored out. Therefore, the parity eigenfunctions become

22+

o D o

2 2
PTL ) (/) = | H1/2>:_}‘2H_1/2> (2.4.13)

for the states involved in our experiments. While for the A%IT, /2 electronic state of SrOH, the

levels with opposite total parity are close together in the form of A-type doublets, for X?L " state
the opposite parity levels are separated by the rotational splitting. This explains why it is easier
to polarize molecules in the 2IT electronic state than in 2X states. However, for X (010)vibronic
state of SrOH that has IT symmetry, closely spaced opposite parity levels arise from the linear

combinations of the vibrational wavefunctions for the two-dimensional harmonic oscillator [88]

0+ 10

24.14
N ( )

Wyib (e/f) =R (p)

where R (p) is defined in Appendix A.

2.5 Creating a cycling transition for SrOH

In order to create an optical cycling configuration for STOH we need to consider possible electronic,
vibrational and rotational loss channels upon the optical excitation. Ideally, one would pick the
lowest accessible electronic transition so as to avoid losses to intermediate electronic states. For
example, laser cooling of a diatomic molecule YO has been more complicated than expected due to
a presence of a metastable A2 A5 , state [118]. From Fig. 2.3.2 we conclude that using X —A*IT;
as a main cycling transition will lead to an electronically closed cycle. In fact, laser slowing on
the X2X* — B2X™ transition has been already demonstrated for CaF making use of a small dipole

moment’ and small energy spacing between A and B energy levels [119]. Similarly, in addition

"Both A and B states result from the mixture of the 4p and 3d atomic orbitals.
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Figure 2.5.1: Details of the vibrational structure of SrOH relevant to the optical cycling scheme.
The energies of the excited vibrational levels in the electronic ground state have been previously
measured [114]. The main cycling laser is indicated with an upward arrow, while the spontaneous
decay channels in the Born-Oppenheimer approximation are shown with the downward dark-red
arrows. Thicker decay lines correspond to stronger transitions with the corresponding Franck-
Condon factors (f) indicated. The rotational lines are not depicted at this scale. Vibrational levels
not present in diatomic molecules are indicated with dashed lines.

to cycling on X — A we could employ the X — B transition for StOH. While in the first case an
injection-locked diode laser system can be used to seed a tapered amplifier, in order to address
X — B either a dye laser or a frequency doubling stage is necessary.

Even in the absence of any electronic loss channels, the absence of angular momentum associ-
ated with the stretching modes of vibrational motion will lead to losses to excited vibrational levels.
As was previously mentioned, the vibronic transitions are governed by the values of corresponding
Franck-Condon factors instead of strict selection rules. Figure 2.5.1 shows the dominant FCFs for
the X — A excitation. As can be seen, there are significantly more possible vibrational dark states
than for a diatomic molecule like SrF. However, because of the highly diagonal FC arrays for all
vibrational modes as well as the vibrational angular momentum selection rule Al = 0 only a few

vibrational levels need to be addressed with additional lasers in order to bring the molecules back

into the optical cycle. Table 2.2 summarizes both FCFs and VBRs?® for the two electronic transi-

8Vibrational branching ratio (VBR) includes ®* dependence of the transition dipole.
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Transition FCF VBR

Xt - A, ),

(000)-(000)  0.9550  0.9594
(100)-(000)  0.0425  0.0382
(200)-(000)  0.0016  0.0013
(020)-(000) 7x107* 7x107*
(001)-(000) 7x107° 3x10°°

X2yt — B2yt

(000)-(000)  0.9769  0.9788
(100)-(000)  0.0185  0.0168
(200)-(000)  0.0023  0.0019
(020)-(000)  0.0022  0.0021
(001)-(000) 3x 107 1x107

Table 2.2: Franck-Condon factors (FCFs) and vibrational branching ratios (VBRs) for StTOH
X — A and X — B transitions. The probabilities of a transition to a combination level (e.g.
P [(1200) — (000)] ) are smaller than values displayed in the table because they equal to the product
of probabilities for the corresponding overtone levels (e.g. P [(100) — (000)] x P [(02°0) — (000)])
[120].

tions considered for optical cycling in STOH. Appendix B provides the details of how FCFs were
calculated.

For polyatomic molecules with inherent symmetry, there are specific selection rules for vi-
brational transitions. Just like in diatomics, for allowed electronic transitions the strength of the
vibronic components is determined by the value of the overlap integral [ V7 y,»dt,. However, for
the integral to be nonzero the product of the vibrational wavefunctions y},\,» must be totally sym-
metric with respect to all symmetry operations permitted by the point group to which the molecule

belongs. Since the two vibrational levels must have the same vibrational species (i.e. Tt — X7
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Figure 2.5.2:~Relgvant r9tati9nal, fine and hyperfine structure of STOH. Rotationally closed excita-
tions on the X — A and X — B electronic transitions are shown with red and orange upward arrows,
correspondingly. The unresolved hyperfine splittings have been previously measured [121] and are
smaller than the natural linewidth of the electronic transitions [122].

or IT—IT), the following selection rules apply to degenerate vibrations v, in StOH: Al, =0 and
Avy =0,+2 +4, ... While Al # 0 transitions are strongly suppressed they have been previously
observed for STOH and CaOH and calculations in Appendix C provide the estimation of such
forbidden bands.

In order to ensure that upon the electronic excitations STOH molecules decay to the same ro-
tational level we employ N” =1 — N’ = 0 rotational transition that prevents decays to other rota-
tional levels because of the parity selection rule AP = =+1. Figure 2.5.2 shows the the fine structure
of the rotationally closed transitions used to achieve optical cycling in STOH. Spin-rotation split-
ting of ~ 110 MHz can be easily addressed with an acousto-optic modulator and the hyperfine
structure is smaller than the natural linewidth of the electronic transitions (~ 7MHz). Because
F" > F', for a given laser polarization there exist dark magnetic sublevels which do not couple to

exciting laser light. Figure 2.5.3 shows allowed optical transitions for excitation with 7 polarized

light and demonstrates the presence of dark m; = +2 magnetic sublevels. Because of the presence
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Figure 2.5.3: Hyperfine/Zeeman structure for STOH during the photon cycling process (for clarity,
relative splittings are not to scale). Allowed transitions for driving with 7 polarized laser light
are indicated with arrows. Effectively, three separate transition bands are created (indicated with
colored regions) that are mixed together because of the polarization of the spontaneously emitted
photon is not controlled. Dark magnetic sublevels with m} = +2 can be remixing via Zeeman
precession in the presence of an external magnetic field as indicated in the figure. With stimu-
lated deexcitation processes, the polarization of the emitted photon can be controlled providing
advantages for molecular slowing and cooling as discussed in Chapter 7.

of the unpaired electron on the strontium atom, magnetic field can be used to precess dark magnetic
sublevels back into the bright states as shown in Fig. 2.5.3. Magnetic field of 10 gauss will give

precession rates of ~ 10MHz enabling rapid optical cycling.

2.6 Conclusions

While the structure of polyatomic molecules can be significantly more complicated compared to
atoms and diatomic molecules, optical cycling still appears possible for some species. STOH pro-
vides an ideal testing ground for optical cycling and laser cooling of polyatomics because of its
linear geometry, diagonal Franck-Condon factors, short radiative lifetimes, and convenient elec-
tronic transitions. However, additional vibrational states could potentially lead to complications as

the number of scattered photons is increased.
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Chapter 3

Cryogenic Production and Dynamics of

SrOH

Previously, SrOH has been produced in the laboratory in the Broida ovens and supersonic beams.
However, the efficiency of direct laser cooling of molecules in such experiments would be inhib-
ited by the limited interaction time because of the fast molecular velocity in the laboratory frame.
Thus, it became important to produce large numbers of STOH molecules via cryogenic buffer-gas
cooling in order to perform high resolution spectroscopy to accurately determine various transi-
tions required for laser cooling as well as a crucial step towards producing slow buffer-gas beams
for laser manipulation. Since SrOH has never been produced at cryogenic temperatures before,
we carefully characterized its cooling dynamics and measured collisional properties with helium
buffer gas at 2K.

The study and control of cold atom-molecule collisions lies at the interface of physics and
chemistry [1, 5, 58]. The diversity and complexity of internal molecular structures and molecu-
lar interactions provide new possibilities in precision measurement [24, 71], quantum information
science [29, 123], condensed-matter physics [35], and controlled chemistry [5]. Detailed under-
standing of low temperature molecular collisions provides important information necessary for

further development of these applications.
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Compared to atomic collisions [124], low-temperature collisions of diatomic molecules are
much less understood. Recently, however, significant progress has been made [125-127]. Ex-
perimental measurements of low energy collisions between simple polyatomic species (like linear
triatomics) and atoms can provide crucial input for advancing theoretical models. Supersonic jet
beams (sometimes Stark decelerated [128, 129]), atom association [44, 130, 131], and buffer-gas
cooling [3, 132, 133] are the main experimental tools for exploring molecular collisions in the cold
(1 K) and ultracold (1uK) temperature regimes. The cold, rarefied buffer-gas environment offers
a way to study cooling and molecular collisions with precise control of helium buffer-gas density
and cell temperature. The efficiency of quenching vibrational motion during the atom-molecule
collisional process at low temperature has been recently measured for several systems [134—137].

In this chapter, we explore inelastic collisions between strontium monohydroxide (StOH) and
helium (*He) at 2.2 K. Our measurements probe the intermediate range of vibrational energy spac-
ings, compared to previous low temperature collisional results [135-138]. For the excited Sr-O
stretching vibrational mode of SrOH, we observe rapid rotational quenching and translational
cooling followed by a slower vibrational quenching to the ground vibrational level. Vibrational
quenching cross sections are determined with high accuracy. Our work extends the study of vi-
brational relaxation in cold atom-molecule collisions to linear polyatomic radicals and contributes
to an overall physical picture of the dependence of quenching rates on vibrational energy spac-
ing in low energy collisions, providing an important benchmark for theory. Additionally, we also
measured the strength of the off-diagonal Franck-Condon factor for the X — A electronic transition
in order to confirm the feasibility of scattering multiple photons per molecule and benchmark our

theoretical calculations.

3.1 Cryogenic buffer-gas cooling of SrOH

To create cold STOH molecules we use laser ablation in combination with buffer-gas cooling

[79]. A schematic diagram of the experimental apparatus is shown in Fig. 3.1.1. SrOH (X?X1)
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Figure 3.1.1: Schematic of the apparatus. Hot STOH molecules produced during laser ablation
of a Sr(OH), target quickly cool translationally and rotationally after colliding with cold (~ 2 K)
helium buffer gas. Thermalization dynamics are studied u§ing a probe laser to observe molecular
absorption. An optical pumping beam is used to populate X (100) vibrational level to measure the
quenching rate.

molecules are introduced into the gas phase using pulsed Nd:YAG laser ablation at 532 nm of a
Sr(OH); solid precursor with a pulse energy of ~ 15mJ and duration of ~ 5ns. We continuously
flow “He buffer gas into a 2.5-cm-diameter cell at rates of 0.5 — 10 standard cubic centimeters per
minute (SCCM). The cell is thermally anchored to a pumped helium reservoir at a temperature of
T ~2.2K. The helium density in a cell can be varied between nye ~ 1 X 10 — 1 x 10'%ecm 3, re-
sulting in the typical mean time between molecule-helium diffusive collisions of T ~ 0.6 — 0.06 us.
The typical StOH density in our experiment is a very small fraction of the helium density nsog ~
10 cm 3. A detailed description of the cryogenic apparatus used in this experiment is provided by
Ref. [84].

Laser absorption spectroscopy is performed in the cell to monitor molecule production and
thermalization dynamics. SrOH in the ground and excited vibrational levels is detected using
“diagonal” A’IT, /24 X2¥* transitions. We use external-cavity diode lasers (ECDLs) at 688 nm
with a typical detection power of P ~ 5uW and a beam diameter of @ ~ 1 mm. We employ the

“off-diagonal” excitation A*IT; /, (100) - X2X* (000) at 662 nm (25mW for @ ~ 2cm) followed

by AT1, /2(100) — X2%" (100) spontaneous emission (T, & 30ns) for optical pumping of ground
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Figure 3.1.2: Optical pumping and detection procedure for STOH. The energies are specified in
cm~! and taken from Ref. [114]. The vibrational quantum numbers (nml) correspond to the
Sr <+ OH stretching mode (n), the Sr-O-H bending mode (m) and the SrO<«+H stretching mode
(1). Rotational states are not shown at this scale. Excitation lasers are shown with solid lines.
Spontaneous emission is depicted with a dashed line.

state molecules into X (100) state. The relevant energy levels and lasers are shown in Fig. 3.1.2.

We use a mechanical shutter to block the optical pumping beam with a closing time t < 150 us.

3.2 Results and discussion

3.2.1 SrOH-He diffusion cross section

We determine the STOH-He diffusion cross section by measuring the time dynamics in the buffer-
gas cell of molecules in the X2X* (000), N = 1 state, which is the most populated rotational level
at 2K (Fig. 3.2.6). The spectrum of the ground vibrational level of cold SrOH in the first excited
rotational level (N = 1) is shown in Fig. 3.2.1. The normalized Doppler lineshape function is

given by [20]

gp(v—vo) = szD 1012) s (s o) (3.2.1)

in terms of the Doppler FWHM, which is specified by

2T In (2
Avp = 2vpy | 22T In(2) (3.2.2)

mc
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Figure 3.2.1: Spectrum of cold gas-phase StOH molecules in the X2+ (000) vibronic, first excited
rotational (N = 1) state using A’IT, /2 X?¥* electronic transition ~ Sms after laser ablation.
The two measured peaks are for different spin-rotation components in the electronic ground state
(J”=0.5 and 1.5) of the N = 1 level. We perform a Doppler fit of the form y =a- e (=0)*/1h
to each resonance line separately. Measured Doppler width yp ~ 38 == 1 MHz corresponds to a
translational temperature of 4.3 +0.1K.
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Since usually our spectrum plots are not normalized to the area of 1, we actually fit the data to the
following lineshape function

g]()actual) —ax ef4ln(2)((V7V0)/AvD)2 (323)
where (V—Vp) is detuning from resonance in MHz. This is the functional form we use to fit the
incell and beam absorption data in order to extract the kinetic temperature of the molecules.

The time decay profile of the molecules in the X (000) vibronic state is governed by the diffu-

sion to the walls and pump-out of the cell through the aperture:

1 1 1
_— = — (3.2.4)
Tooo T Tp

where Togo, Td, and T, are the timescales for the decay of (000) vibrational mode molecules (Tooo)
due to diffusion (t4) and cell pump-out (T,). By measuring the on-resonance absorption time
profile (Fig. 3.2.2(a)) we can extract the diffusion lifetime of StOH: 14 = (1 /Tooo — 1/ ’l:p)fl. For
low buffer-gas flows t4/7, < 1 [82], and the molecule loss is primarily due to diffusion to the cell
walls. Therefore, from our measurements of Topgp we can directly determine the diffusion lifetime
of the molecules in our cell: T4 =~ Togo.

At long times after laser ablation (> 10ms), when higher-order diffusion modes have decayed,
the in-cell X (000) population profile is well fitted by a single exponential (Fig. 3.2.2(a)). We
determine the STOH-He momentum transfer cross section by measuring the diffusion lifetime of
SrOH (000) mode molecules at different densities of helium buffer gas. From Fig. 3.2.2(b) we find
that Tpoo has a linear dependance on the helium density and conclude that (000) mode molecule
loss is primarily dominated by diffusion. For a cylindrical cell of length L and radius r the time
constant of the exponential decay for molecules diffusing through helium gas of density (npye) is

given by [139]:
NHeOd
Tqg =
TG

(3.2.5)

45



5 (a) (b)
5
O <]
Ry
Py [}
%) 5
E B
o
()] n
E w8
g |3 ‘ |
= 0 5 10 15 20
=) Time after Yag (ms)
o
2 <«
I
O
—
w
o -

T T T

T
0.5 1.0 15 2.0 2.5
“He density (10" cm™)

Figure 3.2.2: (a) Time decay of StOH molecules in the (000) vibrational mode at the buffer-gas
flow of 2 sccm with the linear fit shown. (b) In-cell lifetime for the ground vibronic, first excited
rotational (N = 1) level of StOH for various buffer-gas densities with a linear fit. For low buffer-gas
flows (shown here) the molecule loss is dominated by diffusion to the cell walls.

G ;_’2‘ (ii;ﬂ;é) (3.2.6)
where v = (8kgT'/ Jt,u)l/ ? is the mean SrOH-*He collision velocity at temperature 7' with reduced
mass of the atom-molecule system u and the diffusion cross section 64 (jo; =~ 2.405 is the first root
of the Bessel function Jy (x)). From Eq. 3.2.5 we determine that in the diffusive regime (tq/7p<1)
the in-cell lifetime is directly proportional to the helium density, as seen in our data.

From the measurement of Tygo as a function of the helium density (Fig. 3.2.2(b)) using Eq. 3.2.5
we can extract the value of the diffusion cross section, 64 ~ Too0vG /nge, finding the StOH diffusion
cross section in He at 2.2 K to be 64 (StOH —*He) = (5+2) x 10~ cm?. The measured SrOH-He
diffusion cross section is somewhat larger than previously measured for diatomic molecules [133,
138] at similar temperatures. The measured value of G4 (SrOH 4 He) agrees with the theoretical

prediction for larger polyatomic molecules colliding with helium [49].
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Figure 3.2.3: (a) Rotational state (N = J — 1/2) population for SrOH X?%* (100) vibrational mode
500us after laser ablation. The measurement was performed using Q;; (J”) line absorption on
the A°TI, /2 (100) < X?x*(100) electronic transition. From the Boltzmann distribution fit, we
conclude that molecules in the excited vibrational level quickly thermalize rotationally to the cell
temperature of ~ 2 K. (b) Spectrum of cold gas- phase SrOH molecules in the X>X* (100) vibronic,
ground rotational (N = 0) state using A°TI, p X X2 T electronic transition ~ 0.5ms after laser

ablation. We perform a Doppler fit of the form y = a-e~ (=b)*/% to obtain a Doppler width
Yp ~ 42 +2MHz, corresponding to a translational temperature of 5.3 + 0.3 K.

3.2.2 Vibrational quenching cross sections

Vibrationally excited STOH molecules are produced during the process of laser ablation. As can
be seen from Fig. 3.2.3, vibrationally excited molecules of the (100) Sr-O stretching mode quickly
(< 500us) thermalize rotationally to 7y = 2.8 0.7 K and translationally to a temperature < 5.6 K.
We place a bound on the translational temperature from the Doppler fit. Additional linewidth
broadening mechanisms are present inside buffer-gas cells as has been seen repeatedly [138].
Vibrational temperature remains out of thermal equilibrium (7, ~ 400K) with other degrees of
freedom.

In order to increase the number of molecules in the X (100) state we optically pump SrOH

molecules from the (000) mode to the (100) mode using A’IT, /2(100) « X?x*(000) electronic
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Figure 3.2.4: SrOH absorption signal vs time for different vibrational modes: vibrational ground
state (000) and Sr-O stretching mode (100). The optical pumping laser excites molecules from
the X2X* (000) state to A%II, /2(100) state on Q1 (J” = 1.5) transition. Excited molecules pre-
dominantly decay to X>X* (100) state. After the optical pumping laser is turned off, the decay of
molecules in the (100) mode is dominated by vibrational quenching. We monitor populations in
the different modes using Q1 (J” = 1.5) bands of the A>TT, /24 X237 electronic transitions.

excitation (Fig. 3.1.2). Optical pumping process increases the population in X (100) state by an
order of magnitude. After the optical pumping laser is turned off, STOH molecules in the (100)
mode decay faster than those in the (000) mode (Fig. 3.2.4). The additional effect that leads to the
faster decay for the (100) molecules is vibrational quenching with timescale T4. Using Eq. 3.2.4,

we can write the decay rate of the (100) molecules in the buffer-gas cell:

1 1 1 1
e (3.2.7)
T100 Tq Td Tp

In the regime where vibrational quenching dominates other loss processes (Tq < Tq,7Tp), the
measurement of the (100) lifetime gives quenching time: Tjgo ~ Tq = (Fane) _1. As can be seen
from Fig. 3.2.5(a), the in-cell lifetime of the molecules in the X (100), N = 1 state is inversely
proportional to the helium density which indicates that (100) molecule loss is dominated by vibra-

tional quenching.
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Figure 3.2.5: (a) Observed vibrational quenching for X>X* (100), N = I state of SrOH in collisions
with “He at 2 K. Helium flow is proportional to the in-cell buffer gas density. (b) The plot of (100)
mode lifetime against (000) mode lifetime for a range of in-cell helium densities. The fit is to the
expected functional form T o< I'/Tooo-

The dimensionless ratio of elastic to inelastic collision rates Y100 indicates the rate of trans-
lational versus vibrational equilibration of a molecular sample and can be determined from our
measurements by:

I'4 Ogqv

Y100 = F =

- =Gty (3.2.8)

where we used Eq. 3.2.5 in the last step. After extracting lifetimes for the decays of the (000) and
(100) vibrational modes (Fig. 3.2.5(b)), we calculate ;oo using an approximate form of Eq. 3.2.8:

Y100 ~ 7 GT000T100 (3.2.9)

at various buffer-gas densities. The measured value for SrOH(100)-*He collisions is Y100 = 680 £
80 at 2.2 K, i.e. StOH X(100) molecules undergo approximately 700 momentum changing colli-
sions before quenching vibrationally.

We can also place an upper bound on Ypio for the excited bending mode. The number of
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collisions necessary for translational cooling of vibrationally excited STOH molecules produced

during laser ablation is given by [140]:
Tr—1T,
N=—xIn {%} ~ 100 (3.2.10)

for Tr = 4K, T, = 2K and the coefficient k¥ = (ms;on —l—mHe)2 / (2mgroumpe). Therefore, if
vy > 100, the sample will cool translationally and rotationally, before collision-induced vibrational
relaxation, leaving a metastable population, as was seen in the (100) mode of SrOH. However,
if Y < 100 vibrationally excited molecules will quench before they cool translationally and rota-
tionally. Molecules in the X?I1(010) vibronic state were previously detected in supersonic beams
for STOH [141] and CaOH [142] produced using pulsed laser ablation at 300 K. Experimentally,
when measuring absorption on A2Z(*) (010) < X?I1(010) band we saw no evidence of molecules
in the excited bending mode. This rapid vibrational thermalization is due to inelastic vibrational
collisions with helium. This allows us to place an upper bound Yy10 < 100, which is consistent
with direct experimental measurements for low-lying bending modes in large molecules [137]. In
addition to vibrational quenching, there could potentially be other unexpected contributions to the
loss of (010) molecules in our experiment like state dependent chemical reactions.

The measured values of y can be used to calculate the absolute values of collisional quenching
Cross sections:

Gq =04q/Y (3.2.11)

Combining our measurements of y and 64 we obtain the following values for the vibrational

quenching cross sections 64 (100) = (7 £2) x 10717 cm? and 64 (010) > 5 x 10~ 6 cm?.

3.2.3 Rotational thermalization

Rotational thermalization dynamics for STOH molecules in (100) and (000) vibrational modes can
be extracted by monitoring Q1 (J”) transitions for different rotational levels. From the data shown

in Fig. 3.2.3 and 3.2.6, we estimate that rotational temperature thermalizes to T; ~ 3K within 1
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Figure 3.2.6: Thermal distribution of rotational levels (N = J — 1/2) for the ground vibra-
tional mode (000) of SrOH 1-2 ms after laser ablation. From the Boltzmann distribution fit
y=a(2J+1) e B/U+D/T (Bgon = 0.36K), we obtain the rotational temperature 7 = 3.5 +0.4K.
ms after ablation. Since the mean time between collisions is < 1us we conclude that fewer than
1,000 collisions are necessary for complete rotational thermalization after laser ablation. The initial
rotational temperature following laser ablation process in a similar experiment was measured to be
> 300K [143]. Typically, initial translational temperature of species immediately after the ablation
process is ~ 1000K [79, 80]. Precise measurements of rotational quenching cross sections can be
performed by driving rotational population out of thermal equilibrium with microwave pulses but

it is beyond the scope of our work.

3.2.4 Franck-Condon factor measurements

Diagonal Franck-Condon (FC) factors are required for scattering thousands of photons neces-
sary for laser cooling or slowing of molecules [144]. Experimental measurements of these fac-
tors have focused on diatomic molecules thus far [145-147]. We measure the ratio of FC fac-
tors by comparing the ratio of the absorption signals Ry, for AT, /2(100) < X?x+(000) and
ATT, 1, (000) «— X2X+(000) transitions using Q11 (J” = 1.5) lines shown in Fig. 3.2.7(b).
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3.24.1 Off-diagonal Franck-Condon factor from molecular absorption data

In this section, we describe how the formula for the off-diagonal Franck-Condon factor was derived
from the ratio of the two absorption signals. The detection signal from the fraction of laser light
absorbed is given by [148]:

Sig = AI/I = —nyol (3.2.12)

where G is the absorption cross section for a Doppler broadened line, ny, is the molecular density
and [ is the width of the cell. Thus,the ratio of the two absorption signals with the same ground
state is:

Sigi  O)

— 3.2.13
Sigo O ( )

For a linear polyatomic molecule the absorption cross section for a Doppler broadened line in

the electronic transition is given by [20]:

A
_ anqu/_v» ’Re’2 SJ”J
3eghc (207 + 1)

gp (V—Vo) (3.2.14)

where g,/ is the Franck-Condon factor, R, is the electronic transition dipole moment, and SJA,,J is
the rotational line strength term. The normalized Doppler lineshape function is given in Eq. 3.2.1
. Combining results of Eq. 3.2.13 and 3.2.14 we obtain the following expression for the ratio of

absorption signals in our experiment:

Sig1 _ V100000 ,, 9100000
Siga V000000 000000

(3.2.15)

where Sig; is an absorption signal for the off-diagonal electronic transition AIT, /2 (100) X2x+(000)
and Sig» is an absorption signal for the diagonal transition A%TT, 2 (000) <+ X 2yt (000). Both of

the signals are for Q1 (J” = 1.5) lines. The measured frequency ratio is:

V100000 - 452.235667THz
Vooo—ooo  435.984522THz

~1.037 (3.2.16)
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Therefore, the ratio of Franck-Condon factors is:

q100+-000 Sig1 1
Rpc = =X (3.2.17)
qooo—o00  Sigz  1.037
The sum of the FCFs is constrained in the following way:
4100000 + 000000 < 1 (3.2.18)

From Eq. 3.2.17 and 3.2.18 we can estimate the off-diagonal FCF from the measured ratio
Rpci
1

4100000 = —— 7 (3.2.19)
1+ (Rpc) ™!

where we assumed q100000 + q000—000 = 1 since 200000 <K 100000 <K g000+000-

3.2.4.2 Measurements of the off-diagonal Franck-Condon factor

Since the absorption cross section ¢ for a Doppler broadened line in an electronic transition is
proportional to the product of the excitation frequency (v) and FC factor (g,/_,») as G o< vgq,/_,»

[20, 149], the ratio of FC factors from our measurements is given by:

v
Rpc = 2000 o R (3.2.20)

V100000

where Ry;, is the ratio of the absorption signals and Vv is the frequency of the corresponding transi-
tion. The Born-Oppenheimer approximation and the Franck-Condon separation of electronic and
vibrational motions was applied to the Sr-O stretching mode in the A state of STOH [20, 150]. We
obtain Ry, = 5.2£0.2% which gives Rpc = 5.0£0.2%. Combining our measurement of Rrpc with
the sum condition F'Cygp—ooo + F'C100—000 < 1, we obtain the following value for the off-diagonal
factor FCigp_gop = (4.8 + 0.2 = O.SSyst) x 1072, The systematic error contribution is estimated
from the laser frequency lock error Av ~ 10MHz and using the Doppler lineshape function for

the measured linewidth Avp ~ 40MHz. From Eq. 3.2.14 and 3.2.1 we find that the ratio of the
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absorption signals is proportional to:

Ryig gD (AVi00<000) _ 6*41112((AVl()O(—()OO)Z*(AVOOW—OOOy)/(AVD)Z (3.2.21)
gp (AV00+-000)

where Avp is the Doppler linewidth and AV, goo is a detuning from resonance. Thus, if
both detunings have the same magnitude |Avi00—000] = |AVooo«o000|, the ratio in Eq. 3.2.21 will
be 1. The measured Doppler linewidth in our experiment is Avp ~ 40MHz and the estimated
error in the laser frequency lock is Av,g0._000 &~ 10 MHz which results in the following estimated

relative systematic error:
8Rsig

— 1 — e Hn20/4° ¢ 169 (3.2.22)
Rsig

This corresponds to an absolute systematic error of 0.8% in the measured value of FCigp—ooo =
4.8%.

We assume a simple harmonic oscillator model of molecular potentials [151] to estimate
FCy0—000 < 1 x 1073, The estimation of FCapo—000 (A —X) was done using the closed-form
approximate expression for FCF that uses reduced mass (u), vibrational frequency (®,), and equi-

librium internuclear distance (7,) in both the ground and excited states [151]:

FCo(A—X) = (5*/8)exp (—S$*/2) (3.2.23)

where the subscript refers to the Sr-O stretching mode vibrational quantum number v; and S =

Vs 001 /5,807 for /% = 2y fo, (&) 0. (X)/ (/00 () + 0. (X)) in (em™)'", sro

in amu and Ar, = r, (A) —Fe (X ) in Angstroms. The molecular constants used were from Ref.

[114, 152].

At low vibrational quantum numbers these approximate formulae agree well with more com-
plex models of molecular vibrations. The model assumes a simple harmonic oscillator approxima-
tion which is applicable to the Sr-O stretching mode in StOH because the anharmonic contribution

is negligible (x,0,/®, ~ 2 X 103 for the ground electronic state X from the data in Ref. [113]).
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From the comparison of approximate FCFs found using Eq. 3.2.23 for the isoelectronic molecule
SrF and those calculated using the accurate first-order Rydberg-Klein-Rees procedure in Ref. [153]
we estimate the relative error on the calculated off-diagonal FCF for SrOH to be < 1%.

We can also use measured values of FCyop—ooo and FCppo—100 to estimate the off-diagonal
factor FCppo—200- In the harmonic oscillator approximation, using expressions in Ref. [151] and

definitions provided above, we obtain the following ratios:

FCyy 2

— =95°/2 3.2.24

FCoy / ( )
FCyr

-2 _ ey 3.2.25

FCy s / ( )

where the subscript refers to the Sr-O stretching mode vibrational quantum number. Therefore, we

get the following estimation:
FC3
2FCy_og

FCy_» = ~ 1073 (3.2.26)

As previously mentioned, the break down of the harmonic oscillator approximation is on the order
of 103 for STOH [113].

The extracted value of the diagonal factor FCppo—ooo = (95.2+0.8) x 102 together with the
sum condition F Cpp—ooo + F Cooo—100 < 1 lead to a value for the off-diagonal factor of FCyno—100 =
(4.8J_r8:g) % 1072, The error in the measured FCpoo_100 accounts for a possible decay to X (200)
with the estimated FC factor of FCypg_200 ~ ;@)ﬁ ~ 1.2 x 1073 in the harmonic oscillator
model [151]. Our result indicates that the STOH A — X Franck-Condon array is highly diagonal,
and it should be possible to scatter ~ 10° photons for SrOH using two lasers O\‘A(OOO) <X (000) and
A% (000)«% (100)) before the molecules will decay to the X (200) state. In order to determine branch-
ing ratios to the excited bending vibrations in the X state a more detailed experimental and theoret-
ical analysis is necessary, which will be discussed later in the thesis. By driving N' =0+« N” =1

transitions, the rotational loss channel can be eliminated [154]. In addition to the possibility of

laser cooling, this may also have important applications for sensitive molecule detection in the
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Figure 3.2.7: (a) Histogram of the ratio of the absorption signals for the Q;; (J” = 1.5) resonant
lines in SrOH exiting the diagonal AIT; /; (000) <— X*X* (000) and off-diagonal AIT; /, (100)
X?X*(000) electronic transitions. We observe an average value of 5.2% with a standard deviation
of 0.2%. Figure (b) shows the corresponding absorption signals as a function of time. To determine
the histogram of the measured ratios, only the signal between 0.5ms and 10ms is used in the
analysis.

magnetic trap environment [83]. Spectrum of the rotationally closed transition in SrOH is shown
in Fig. 3.2.8. The spin-rotation splitting of ~ 110 MHz is characteristic of the ground N = 1 state.

Both of the spin-rotation components separated by ~ 110 will need to be addressed during the

photon cycling process.

3.2.5 Measurement of the dominant repumper frequency

As we have determined, upon the electronic excitation using the X (000) — A (000) transition,
approximately 5% of the molecules will decay to the excited Sr-O stretching (100) vibrational
state. Thus, on average each molecule will scatter only 20 photons before decaying to the dark
(100) vibrational level. In order to bring lost molecules back into the photon cycling process,
we need to optically pump them back into the ground vibrational level X (000). While there are
two possibilities for achieving this goal by optically exciting either the X (100) — A’IT, /2 (000)
or X (100) — B(000) we chose the second option since optical pumping through the B state will

allow to decouple main cycling laser from the repumping light and lead to higher scattering rate
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Figure 3.2.8: Spectrum of the rotationally closed transition in SrOH on the X?X* (000) —
AT, /2 (000) transition. A relatively hot temperature extracted from the Doppler fit is potentially
due to the overlap of the two lines that leads to additional broadening.

and thus larger radiative force.

In order to measure the spectrum of the X — B off-diagonal repumping transition, we continu-
ously probed in-cell absorption on either one of the two spin-rotation components of the P (N” = 1)
transition of the X (100) — B (000) vibronic band at 631 nm while optically pumping molecules
into the excited vibrational level using X (000) — A (100) transition at 662 nm. While for the vi-
brational quenching studying we turned the optical pumping light for a fixed time duration, in this
spectroscopy experiment we performed optical pumping in the X (100) state continuously in order
to optimally enhance the signal in the excited vibrational level. Figure 3.2.9 shows the absorp-
tion spectrum in-cell for both SR components of the rotationally closed Py (N” = 1) branch of the
X (100) — B (000) transition. By comparing the results of the P; (N” = 1) spectrum for the X — A
transition data in Fig. 3.2.8 vs X — B transition data in Fig. 3.2.9, we can see that while the SR
splitting remains approximately the same within the experimental resolution in our measurements,
the relative intensities of the two SR components are inverted because of the different symmetries

of the excited electronic state.
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Figure 3.2.9: StOH absorption spectrum inside the cryogenic buffer-gas cell for the X>X* (100) —
B?X*(000) transition. The frequency offset is 475.171730 THz and the splitting between the peaks
is 107 MHz.

3.3 Conclusions

Our measurement of the collisional quenching coefficient ;o9 and an upper bound on Yy in STOH-
“He collisions provide important information on the interactions between polyatomic molecules
and !S-state atoms at temperatures near 1 K. In Table 3.1, we compare our measurements with
other experimental values for molecules in the similar collisional energy regime (multiple-partial
waves and ~ 1 K).

Since SrOH is a relatively heavy molecule with a large density of rovibrational states it is not
surprising that vibrational quenching proceeds relatively quickly. Our results indicate that buffer-
gas cooling with helium can efficiently thermalize not only translational and rotational but also
vibrational degrees of freedom in polyatomic molecules with low frequency vibrational modes
(® < 600cm~!) at timescales < 1ms. Study of STOH-He cold collisions provides benchmark
information on the dependence of vibrational quenching rates on the frequencies of molecular

vibrations. The experimental techniques demonstrated in this work can be easily extended to
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System Y o,cm~! T, K

NH->He [135] >5x10* 3093 0.6
CaH-’He [138] >9x10° 1258 0.5
ThO-*He [136] 2 x 10* 896 1.2
SrOH(100)-*He 700 527 2.2
SrOH(010)-*He < 100 364 2.2
PhCN-*He [137] 200 372 6

Table 3.1: Comparison of the vibrational quenching results for STOH with other experiments at

cryogenic temperatures.

the study of buffer-gas cooling and inelastic collisions for other linear polyatomic molecules (for
example CaOH and BaOH). Future work can include experimental investigation of vibrational
quenching for different modes in planar (e.g. StNH;) and symmetric-top (e.g. StTCH3) molecules.

Additionally, we have measured the off-diagonal Franck-Condon factor for the X — A transi-
tion that will be the limiting dark vibrational state for implementing photon cycling in StOH. Our
measurement of FCooo—100 = (4.8705) x 1072 is consistent with the predicted value we calculated
using the harmonic oscillator approximation. Using in-cell absorption spectroscopy we have also
identified both of the spin-rotational components of the P(N”" = 1) branch of the X (100) — B (000)
vibronic transition that will be used for returning lost molecules back to the cycling process. There-
fore, results presented in this chapter provide crucial information on cryogenic SrOH production
and dynamics as well as its high-resolution spectroscopy required for implementing photon cycling

and laser cooling in this polyatomic molecule.
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Chapter 4

Bright and Slow SrOH Cryogenic

Buffer-gas Beam

Helium buffer gas cooling performed inside the cell allows spectroscopy of reactive radicals in
the gas phase at cryogenic temperatures and even magnetic trapping of atoms and molecules with
specific collisional properties'. Even though Bose-Einstein condensates of metastable helium 4
have been created with buffer-gas precooling without the use of any laser cooling in the process
[81], removal of residual helium buffer gas remained a formidable challenge [156]. On the other
hand, initial helium densities were orders of magnitude lower for experiments performing trap-
ping of molecules from the buffer-gas beams [83], opening possibilities for further sympathetic
and evaporative cooling. Additionally, since molecular beams expanded into high vacuum provide
effectively a collision-free environment, such beams play a crucial rule in precision measurement
applications [65]. Because of all these considerations, production of a bright, slow, and cold beam

of the SrOH radical became an important goal for our experiment. Luckily, techniques of cryo-

I'Since only atoms and molecules in low-field seeking (LFS) states can be trapped in the conservative magnetic
traps, the ratio of elastic collisions to Zeeman-state changing collisions Yzeeman has to be quite high to ensure that LFS
molecules are cooled and trapped before any detrimental collisions occur that lead to the change in spin projection.
For 2% molecules like StOH, SrF, CaF, and CaH this imposes a fundamental limit on the acceptable ratio of Y2y /B,
for direct buffer-gas trap loading. Intuitively, this can be understood as coming from the fact that virtual excitation to
the first-excited rotational level N = 1, which is 2B, above the N = 0 level, is necessary for direct coupling between
spin-up and spin-down to arise due to spin-rotation interaction parametrized by the Ysg constant. We refer the reader
to Refs. [133, 155] for further details.
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genic buffer-gas beams for atoms, diatomics and polyatomics have been extensively developed and

reviewed in the past [79, 80].

4.1 Absorption spectroscopy

The side image of the cryogenic buffer-gas cell in the two-stage configuration where there is second
low-helium density chamber attached to the main cooling cell is shown in Fig. 4.2.3(a). Since a
careful characterization of such a cell design was previously performed [140, 157], here we provide
only results specific to STOH CBGB. Transverse spectrum of the STOH beam from the two-stage
cell is shown in Fig. 4.1.1. From the peak absorption signal we can extract that the beam contains
approximately 10° SrOH molecules in the first excited rotational level in the X (000) state. The
transverse spread of +15 m/s corresponds to a transverse temperature of 2.8 K and is consistent
with the measured cell temperature during ablation of T¢¢j; ~ 2.3 K. The on-resonance time profile
of the SrOH beam is shown in Fig. 4.1.2. We can use the peak on-resonance absorption signal as
well as the measured Doppler spread to extract the density in beam as well as extraction efficiency.
The resonant absorption cross section? is given by [158]

xZ

== 4.1.1)

0o

For a Doppler broadened line, the frequency dependent absorption cross section is given by
[158]
6(A) = ope(4/To)° 4.1.2)

where I'p is the Doppler width and 6p = ‘/TE%GO ~ 0.89%(50 and 7y is the natural linewidth of the

transition. Using the following experimental parameters
e Y~ 7MHz

e I'p ~33MHz

“Here we assume Yp = Yiot and J” — J' transition for simplicity without sacrificing much precision.
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e A =688nm

we obtain the resonance absorption cross section for a Doppler broadened SrOH line of 6 (A = 0) &~
1.3x 107 %cm?.
According to the Beer’s law, the fraction of laser light transmitted through the molecular beam

sample is given by [20]

1/Iy = e Otmo—m)l (4.1.3)
and under assumption that we are not saturating the transition we obtain I/l = e~°"'. Equiva-
lently, the molecular absorption signal is given by

I—1
R (4.1.4)
Io
In the low absorption limit like in the beam, we obtain
I1—1
0 ~ ongl (4.1.5)
0

where for our experiment with two-stage cell we have / = 6.5mm as the aperture of the second

stage cell. Therefore, the molecular density in the beam is given by
nscon ~ Absorption/ (6l) =0.015/ (1.3 x 10" '%cm? x 0.65cm) =2 x 10%cm ™. (4.1.6)

Thus, beam densities achievable with STOH are comparable to those demonstrated previously with
diatomic radicals like CaH and SrF [140, 159]. This result while potentially expected because of
similar chemical properties of SrF and SrOH is still a bit surprising since there are more chemical
reaction channels available during the violent ablation process of strontium dihydroxide Sr(OH),
than of strontium difluoride SrF,. In fact, we have measured that more than 102 strontium atoms
can be produced while ablating Sr(OH), target; Sr spectrum on the 'Sy —3 P line is shown in Fig.
4.1.3. Large numbers of detected strontium atoms can have two potentially useful applications.

First, if a portion of them can be made to react with released hydroxyl radicals OH and hydro-
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Figure 4.1.1: Transverse spectrum of SrOH cryogenic beam.

gen peroxide molecules HyO;, the number of STOH molecules produce could be significantly
enhanced. In this avenue, previous studies of chemical reactions between H,O, and strontium
around room temperature indicate that exciting strontium atoms into a metastable state 3P, makes
the reaction exothermic and leads to enhanced SrOH production [160]. Potentially, introducing
a high power 689 nm laser along with the Yag beam to excite unbound Sr atoms could lead to
larger SrOH beam signals. In another research direction, strontium atoms from the cell can be de-
celerated and trapped together with StOH in order to explore ultracold atom-molecule collisions.
More details about this option will be provided in the chapter on the prospects of magneto-optical

trapping of SrOH.

4.2 Eliminating SrOH-He in-beam collisions

In order to ensure that the maximum possible number of STOH molecules is extracted from the
cell, we measured on-resonance SrtOH absorption signal in the beam as a function of the buffer-

gas flow. Figure 4.2.1 shows that at about 5 sccm flow the extraction efficiency starts to saturate
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Figure 4.1.2: In-beam SrOH resonant trace with exponential decay fit for a single-stage cell. The

absorption measurement is performed at most a few millimeters from the cell aperture.
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Figure 4.1.3: (a) Resonant in-cell absorption signal for atomic strontium on the 'Sy —3 P; line at
689 nm. (b) Absorption spectrum of buffer-gas cooled strontium. From the measured Doppler
width of 35 42 MHz we can extract the motional temperature of 3.1 0.1 K which is consistent

with the cell temperature during laser ablation. The frequency offset is 434.829101 THz.
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Figure 4.2.1: StOH beam absorption signal as a function of the helium flow into the cell. Initially,
the number of molecules extracted into the beam increases with the flow until full extraction is
reached around 6 sccm.

and therefore flows > 6 sccm should deliver the largest molecular fluxes downstream. However,
upon the installation of the collimation aperture 15 cm from the cell aperture we determine that
molecular fluorescence signal is decreasing with increasing flow into the cell, as can be seen in Fig.
4.2.2. Therefore, we hypothesized that helium pressure was building up in the room-temperature
section of the vacuum chamber where cryogenic pumping was not available.

In order to reduce the amount of helium gas extracted into the room temperature portion of
the experiment we took two crucial steps in modifying the cryogenic dewar design. First, we sig-
nificantly increased the amount of charcoal inside the 4K shields in order to improve cryogenic
pumping of helium buffer gas before it is extracted into the room temperature portion of the cham-
ber. As shown in Fig. 4.2.3 the charcoal area inside the 4K shield approximately doubled after
the installation of seven fins between the end of the cell and 4K exit aperture. A similar design
was previously employed in the YO CBGB experiment at JILA [161]. The second improvement
was also aimed at reducing the amount of helium gas flowing out of the cryogenic 4K shield by

significantly reducing the open effective area as can be seen in Fig. 4.2.3 and 4.2.4. By installing
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Figure 4.2.2: SrOH LIF signal 45 cm away from the cell as a function of the helium flow. The
rapid drop in the signal as flow is increased provides strong evidence that helium pressure build-up
in the vacuum chamber is scattering STOH molecules.

sealed windows where previously were open holes and reducing the sizes of the remaining two
apertures, the open area became less then 2 cm? coming from a 1 x lcm? aperture for the helium
buffer-gas line and 6 mm diameter front aperture on the 4K shield.

Figure 4.2.5 shows the change of the SrOH LIF 45 cm away from the cell as a function of the
buffer-gas flow into the cell. By comparing the results presented in this figure with those of Fig.
4.2.2 we conclude that the number of the STOH-He scattering collisions at the collimating aperture
was reduced significantly. The maximum beam signal downstream is achieved at 7 sccm which is
consistent with the saturation of the cell extraction. With these improvements, the maximum SrOH
LIF beam signal was increased by an order of magnitude in size enabling the signal-to-noise ratio

required for the experiments presented later in this thesis.
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Figure 4.2.3: Inside the 4K shield before (a) and after (b) installation of the 4K fins for increasing
effective cryopumping area.

Figure 4.2.4: Front cover of the 4K shield before (a) and after (b) reduction of the 4K exit aperture.
The aperture size was reduced from 25 mm to 6 mm. Additionally, the charcoal was removed from
the outside of 4K shield in order to reduce the black body heating.
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Figure 4.2.5: SrOH LIF beam signal vs flow after modification of the dewar design to reduce
detrimental helium collisions.

4.3 Two CBGB regimes: very bright and reasonably slow vs
very slow and reasonably bright

In order to determine the optimal beam parameters for the laser cooling experiment, we charac-
terized the forward velocity of the StOH beam in two different regimes. In order to achieve the
slowest forward velocities we operated the experiment with the two-stage cryogenic sell that led to
the velocity distribution given in Fig. 4.3.1. This CBGB already provided SrOH fluxes 2-3 orders
of magnitude brighter then previous SrOH sources.This beam configuration would be ideal for
implementing direct laser slowing since about 10* scattered photons will bring the peak velocity
distribution to rest in the laboratory frame. While 2D plot containing both velocity and time of ar-
rive is useful for understanding the general shape of the STOH beam in the TOF-velocity space, in
order to more carefully visualize the number of slow molecules we plotted the integrated beam data
in Fig. 4.3.2. The slow velocity part in the range of 15 — 40 m/s corresponds to kinetic energies of

1-10 K and can be directly loaded into a magnetic trap with minimal deceleration.
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Figure 4.3.1: SrOH velocity distribution as a function of arrival time for a 2-stage cryogenic buffer-
gas cell. The black line on the graph is the expected time of flight (TOF) arrival. As can be seen
from the plot, there is a significant fraction of molecules between 40 and 60 m/s that can be easily
decelerated for loading into a conservative trap. A fraction of molecules below the TOF line at
very low velocities could be due to excitation of the other SR component. The forward velocity
was measured without the collimation aperture.
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Figure 4.3.2: Integrated velocity distribution for STOH CBGB from a 2-stage buffer-gas cell. The
peak of the distribution is 55 =5 m/s which is consistent with the data in figure 4.3.1. While there
appears to be a significant fraction of molecules at low velocities around 20 m/s, slow velocity tail
needs to be studied in much more detail in order to exactly determine the number of molecules
there.
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Figure 4.3.3: Forward velocity distribution of the STOH beam in the single-stage configuration.
The data was taken with the collimation aperture in place.

While such very slow CBGB of StOH will find future applications in direct trapping and laser
slowing, for initial photon cycling and laser cooling experiments we decided to work with a beam
that gave us the most flux. In the single-cell configuration as shown in Fig. 4.2.3(b), the molecules
are directly entering the beam after being extracted from the original cell. Figure 4.3.3 shows that
with a single-stage cell we achieve velocities a factor of 2 higher compared to the two-stage set-up.
However, the molecular fluxes achieved are an order of magnitude larger as measured by direct
absorption outside the cell. Increased molecular number plays a crucial role once we install the
collimation aperture to limit the transverse velocity spread for laser cooling experiments. After
the elimination of the STOH-He in-beam scattering described in the previous section, the forward
velocity measured with and without the collimation aperture was consistent, as expected in the

absence of velocity dependent scattering.
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4.4 Conclusions

Using cryogenic buffer-gas beam technology [80] we have achieved StOH beams with intensities
in a single rovibrational state up to 10! molecules/sr/pulse with forward velocity of 130 m/s and
10'9 molecules/sr/pulse with velocities peaked at 60 m/s. Because of the limited photon budget
due to decay to dark vibrational states, cryogenic pre-cooling in the form of CBGB played a vital
role in direct laser cooling and magneto-optical trapping of diatomic molecules. Similarly, we
expect bright beams of polyatomic radicals like STOH to become a prerequisite for laser cooling

and manipulation of polyatomics.
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Chapter 5

Photon Cycling and Radiation Pressure

Force Deflection

The use of laser radiation to control external and internal degrees of freedom for neutral atoms
[89], molecules [99, 100], microspheres [162, 163], and micromechanical membranes [164, 165]
has revolutionized atomic, molecular, and optical physics. In most cases, such manipulations
relied on the use of resonant laser fields to change the internal state of the quantum system in a
well controlled manner. Upon absorption of the light photon of wavelength A, the momentum p of
the quantum object is changed by Ap = hk = 2mh/A. Even though this momentum change from
a single photon can be accurately measured with modern experimental techniques [166], a large
number of photon absorption-emission cycles is necessary in order to modify atomic or molecular
motion significantly. For example, for Rb atomic beam moving at a forward velocity vy = 100
m/s, approximately 17,000 photon scattering events are required to bring the beam to rest since
one absorbed photon only modifies the velocity by Ap/Mgp = 0.6 cm/s. Thus, it becomes crucial
to find a way for quantum objects under consideration to repeatedly get excited by the same laser
field.

While a nonresonant dipole force was used to deflect a beam of CS; [167] and optical pumping

led to rotational cooling of CH3F [168], there has been no demonstration of the radiative force via
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optical cycling for a species with more than two atoms. One of the primary reasons for the lack
of previous experimental results is that polyatomic molecules are more difficult to manipulate than
atoms and diatomic molecules because they possess additional constituents and their concomitant
additional rotational and vibrational degrees of freedom. In this chapter, we demonstrate opti-
cal cycling and the radiation pressure force on triatomic strontium monohydroxide (SrOH). Pho-
ton cycling allows for sensitive molecular detection with close to unity experimental efficiency,
while resulting light pressure force enables state-selective molecular deflection or longitudinal
beam slowing.

The structure of SrOH is more complicated compared to previously laser cooled diatomic
molecules: it contains three vibrational modes [114], including degenerate bending vibrations with
no direct analog in diatomic molecules. Additionally, the Renner-Teller effect, which is absent in
diatomics, further complicates molecular structure [169]. Therefore, while the presence of the
diagonal Franck-Condon factors and closed rotational transitions provided strong indications that
photon cycling can be achieved in SrOH, it was crucial to carefully characterize the photon scat-
tering process before proceeding to more complex experiments involving laser cooling. Our ex-
perimental results demonstrate that despite the significantly increased complexity associated with
even a simple polyatomic molecule like SrOH, optical cycling on a quasi-closed transition can be
applied with technically straightforward modifications. In particular, for this species (and those
isoelectronic to it, to be discussed later in this thesis), the additional degrees of freedom do not
affect photon cycling up to the level of hundreds of photons, more than enough to implement high
efficiency molecular imaging and deflection through radiative force. To reach the level of thou-
sands of scattered photons (necessary to cool to the millikelvin regime), very similar techniques
can be used, for example in STOH by repumping the excited bending mode and will be discussed

in the future chapters.
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5.1 Radiation pressure force in multilevel systems

Before proceeding to experimental results on StOH, we will briefly summarize the theory of light
pressure forces in multilevel systems. Part of the complexity in working with both diatomic and
polyatomic molecules comes from the absence of effective two-level systems that can be identified
in many atoms. Usually, the absence of vibrational selection rules is cited as the main difficulty
in laser cooling molecules but it is important to notice that even if we ignore vibrational structure
completely in order to achieve optical cycling addition of multiple laser frequencies is necessary
to address a multitude of ground state sublevels coupled to few excited states. This challenge
comes from the combination of the need to work with rotationally excited molecules and presence
of electronic spin and nuclear angular momenta in most molecules under consideration for direct
laser cooling. In this section we will quantitatively describe how this additional complexity leads

to the significant reduction of the radiation pressure force compared to an ideal two-level system.

5.1.1 Radiative force on a two-level system

Since we are going to be using the classical concept of force in order to describe the photon effect
on a quantum molecular system it is necessary to clarify a few points here. From the classical-
quantum correspondence principle and according to Ehrenfest theorem, the expectation value of
the operator must agree with the classical physics picture. Therefore, when we use the force F on

the atom we actually mean the expectation of the quantum mechanical force operator # [170]:

F=(F)=—(p) (5.1.1)

where the time evolution of the momentum operator can be found as

d

=L —(2)
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The relevant time-dependent approximate Hamiltonian for a single valence electron atom or molecule

interacting with a light field is given by:
H(t) = —eE(F,1) T (5.1.3)

With the help of eq. 5.1.2 and 5.1.3 it can be rigorously shown [170] that the force on a two-level

atom at rest from repeated absorption and spontaneous emission is given by

Fyp = hkyp, (5.1.4)

where Y = 1/7, is the decay rate due to spontaneous emission with lifetime T, and p, is the
probability for an atom to be in the excited state |e). Since the process of spontaneous emission
carries away entropy from the atom, the dissipative force Fy, is equal to the change in momentum
hk per scattering event multiplied by the rate of scattering yp,. For an atom at rest, the scattering

rate has the following form

R soY/2
sC — 2
1+s0+4(8/7)

(5.1.5)

where the on-resonance saturation parameter is so = I /Iy = 2 |Q\2 /¥ and the frequency detuning
from resonance is given by & = @ — ®¢. The saturation intensity I, = he/ 3X3TSP is an important
experimental parameter for laser slowing and cooling experiments since it provides the guidance
to achieve laser powers sufficient for s > 1.

For large optical powers when Rabi frequency Q! is much larger than spontaneous emission
rate vy, excited state fraction p, approaches 1/2 and, therefore, the maximum attainable dissipative

force is

Y

Fsp7max = hki (5.1.6)

and thus limited by the inherent atomic spontaneous emission rate.

I'The Rabi frequency Q = 72E° (e| r|g) quantified the coupling strength between the atom and the light field Z (F,1).

Additionally, Q is the real oscillatory frequency of the excited state population for zero detuning from resonance

& =0).
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5.2 Extension to a multilevel configuration

While the structure of SrOH requires coupling of multiple ground state sublevels to multiple ex-
cited states, complex expressions for photon scattering rate and radiative force can be presented
in a form reminiscent of the familiar two-level system for which intuitive understandings have
been previously developed. Because of the multiple levels coupled with laser light, expressions for
scattering rate, saturation parameter, and saturation intensity have to be modified to account for ad-
ditional complexity. It has been previously shown that the scattering rate for a complex molecular

system like SrF and CaF can be accurately modeled as [171]

Yetf Seff
= (5.2.1)
T2 T +4(8/7)°
where the following notation has been adopted?
2n
Yetf = ———Y (5.2.2)
ng +ne
Znéz,
Isat,eff = Lsat (5.2.3)
ng +ne

with Segr = Lot/ Isat, eff as the new on-resonance saturation parameter. First, it is important to notice
that in the two-level configuration with ng = n, = 1, we obtain Yerr =y and Ly efr = s as expected.
Additionally, because the number of ground state sublevels is large, high laser intensities are re-
quired in order to saturate the transitions of interest. For example, for STOH with cycling on the
X — A transition Lat, eff = 1815t = S1mW/ cm? thus requiring significantly higher laser powers for
experiments that need high saturation parameters (seff > 1) like laser cooling. Finally, the max-
imum radiative force in a multilevel system is reduced compared to a two level expression. For

SrOH with ny, = 12 in N = 1 of the X state and n, = 4 in N = 0 of the A state, Rsc max = Y/4, thus

ZHere we consider the main cycling laser to be decoupled from the repumping lasers. Alternatively, in the so-
called A-type configuration when multiple laser colors couple to the same excited state, the expression will have to be
modified to account for the fraction of molecules remaining in the ground state vibrational level.
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leading to a reduced radiative force compared to two-level atomic systems. Below we describe that
despite these complexities, significant radiation pressure deflection of the STOH cryogenic molec-
ular beam can be achieved with experimental parameters similar to those in typical atomic physics

experiments.

5.3 Experimental configuration
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Figure 5.3.1: Schematic of the experimental setup used for radiative deflection of STOH. A cryo-
genic beam of SrOH is produced using laser ablation of a pressed Sr(OH), target followed by
buffer-gas cooling with ~ 2 K helium gas. Transverse lasers, resonant with P (N” = 1) line of the
X2 (000) — A1) /5 (000) and X?£F (100) — B2L£T (000) electronic transitions, interact with
the collimated molecular beam in order to apply radiation pressure force. In order to remix the
dark magnetic sub-levels, a magnetic field at an angle of 60° is applied in the interaction region.
Molecules remaining in the excited vibrational level of the electronic ground state are optically
pumped back into the ground vibrational level using X — B off-diagonal excitation. The spatial
profile of the molecular beam is imaged on the electron multiplying charge-coupled device (EM-
CCD) camera and the time-of-flight data is collected on the photomultiplier tube (PMT).

A schematic diagram of the experimental apparatus is shown in figure 5.3.1. Gas-phase SrOH
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is produced by laser ablation of solid Sr(OH), placed inside a cryogenic cell maintained at a tem-
perature of ~ 2 K. SrOH molecules entrained in helium buffer gas flowing into the cell at a rate of
6 sccm (standard cubic centimeters per minute) are extracted into a beam through a 5 mm aperture.
This cryogenic buffer-gas beam (CBGB) [80] contains approximately 10° molecules in the first ex-
cited rotational level (N = 1) in a pulse about 5 ms long. The forward velocity of the STOH beam
is 130420 m/s and its transverse velocity spread is 15 m/s. A rectangular 2 X 2 mm slit situated
15 cm away from the cell aperture collimates the beam. Deflection of the molecules is achieved
by applying laser light perpendicular to the beam’s flight path. To increase the interaction time,
several laser beams are applied in a series. The deflection laser beams originate from a single-
mode fiber containing two colors - 688 nm for driving the X*£* (000) — A%I1, , (000) transition
and 631 nm for driving the X?2* (100) — B2>X" (000) transition. The exact scheme is for creat-
ing a cycling transition has been previously described in the chapter on STOH molecular structure.
Each color contains two frequency components separated by ~ 110 MHz to address Py (J” = 1.5)
and Q15 (J” = 0.5) lines of the spin-rotation (SR) splitting. Each dual-color beam has FWHM
diameter of 1.8 mm and contains 50 mW of total laser power. In order to create multiple passes
(to maximize molecule deflection), the same beam is circulated around the vacuum chamber. The
light is generated using injection-locked laser diodes seeded by external-cavity diode lasers in the
Littrow configuration [172]. In order to destabilize the dark states created during the cycling pro-
cess [173], we apply a magnetic field of a few gauss at an angle of 60° to the polarization plane
XZ.

In the “clean-up” region, we repump all the molecular population from the excited vibrational
level X (100) back to the ground state in order to increase the signal in the detection region. The
spatial profile of the molecular beam is extracted by imaging the laser-induced fluorescence (LIF)
from a transverse retroreflected laser beam on an EMCCD camera. The laser beam addresses both
SR components of the P (N” = 1) line for the X*£* (000) — AI1, 5 (000) transition with ~ ImW
each. In a similar laser configuration, time-of-flight data is recorded by collecting the LIF on a

PMT 8 cm downstream.
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5.4 Photon cycling results
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Figure 5.4.1: Laser induced fluorescence (LIF) increase due to photon cycling. The red trace shows
the STOH beam signal in the first excited rotational level (N = 1) when only one of the spin-rotation
lines is addressed with the 688 nm laser resonant with the P (N” = 1) line of the X2X+ — AII, /2
electronic transition. More than an order of magnitude LIF increase is observed (in blue) when
two laser frequencies separated by ~ 110 MHz excite both of the spin-rotation lines. Increased
fluorescence corresponds to the scattering of approximately 24 photons per each molecule limited
by the decay to the dark vibrational level. The inset diagram shows which frequency components
are applied during the experimental runs.

We chose the lowest frequency X — A electronic excitation at 688 nm for optical cycling in the
experiment because it can be addressed with all solid-state lasers. The diagonal FC factors of the
X — A band [113, 174] allow for scattering multiple photons before decaying to excited vibrational
levels. Following a previously developed scheme for diatomics [101, 102, 154, 175], we address
the molecules in the first excited rotational level on the P (N” = 1) line. Because of the rotational
selection rules, molecules return to the same rotational state after the cycle N” =1 <» N’ = 0. Hy-
perfine splittings in SrOH are below the natural linewidth of the electronic transition [121]. The
observed fluorescence enhancement due to photon cycling is demonstrated in figure 5.4.1. The

red trace shows the molecular beam signal without photon cycling when only the Pj; (J” = 1.5)
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line is addressed and, therefore, on average, the molecules will scatter approximately two pho-
tons before decaying to the dark SR component. Adding the second laser frequency to excite the
PO, (J” = 0.5) transition, we see more than an order of magnitude increase in the LIF, which cor-
responds to about 24 scattered photons per molecule. We model the number of photon scattering
events before a decay to the dark vibrational level X (100) as a geometric distribution with proba-
bility of success p, identified as the “off-diagonal” FC factor? fA(OOO) —%(100)" Since the expected
value of the geometric probability distribution is 1/p [176], on average, 1/ fA(ooo) S%(100) 25
photons are scattered per molecule before the loss to the dark vibrational level, which agrees with
our observations. Figure 5.4.2 shows the scan of two laser frequencies together, where the spin-
rotation components manifest themselves as peaks detuned by ~ 110 MHz from the center peak.
The cycling LIF is larger than the combined signal for both of the SR components alone, indicating
photon cycling in the molecular system.

The experimentally relevant vibrational structure of SrOH is depicted in the inset of figure
5.4.3. Upon electronic excitation, 96% of the molecules return to the vibrational ground state
while 4% decay to the excited Sr-O stretching mode (100). We repump these molecules via the
B state using the 631 nm laser, as shown in the diagram. Figure 5.4.3 depicts cycling between
the (000) and (100) vibrational levels of the ground electronic state X. By applying light in the
interaction region, we pump all X (000) molecules (in black) into the excited vibrational mode
X (100) after scattering of ~ 25 photons, which is indicated by the depleted beam profile (in red).
Application of the repumping beam returns the molecules to the ground vibrational level and we
recover the fluorescence signal (in blue). Cycling between vibrational levels indicates that the
dominant vibrational loss mechanism in the molecular system is to the excited Sr-O stretching
mode X (100). The spectrum of the repumping laser is shown in Fig. 5.4.4. It is estimated [174,
177] that the molecules will scatter about 770 photons before they decay to the second excited
Sr-O stretching mode X (200).

As previously mentioned, in addition to Sr-O stretching, STOH contains two other vibrational

3 Actually, p should be a branching ratio but the difference is quite small here and will not result in the number of
scattered photons before loss to (100) state.
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Figure 5.4.2: Fluorescence spectrum with photon cycling. (a) A three-peak spectrum is observed
upon scanning of two laser frequencies separated by ~ 110 MHz through the two spin-rotation
components of the P (N = 1) line for the X*X* (000) — A%IT, /, (000) transition. Due to the pho-
ton cycling process, collected fluorescence with both spin-rotation lines addressed is an order of
magnitude larger than the sum of the individual signals. (b) Spectrum on the logarithmic scale
clearly shows the three peaks. The frequency offset in the data is 435.968072 THz.

modes that can limit the photon cycling process. Because the vibrational angular momentum
selection rule Al = 0 allows only for specific decays to the excited bending mode vibrations from
the A (000) state [108], the dominant loss channel in the bending mode is to X (0200) energy level
with / = 0. SrOH molecules will scatter at least 10,000 photons before decaying to the excited
O-H stretching mode X (001) [150]. Therefore, laser cooling can be effectively performed without

the need for the O-H stretching mode repumping laser.

5.5 Radiation pressure force deflection

The effect of the radiation pressure force on SrOH due to photon cycling is shown in the de-
flection of the molecular beam (see figure 5.5.1). In order to extract the shift per photon in our

setup, we perform cycling between (000) and (100) vibrational levels of the electronic ground
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Figure 5.4.3: Cycling between vibrational levels. The molecular beam signal (black curve) is
depleted (red curve) by the main cycling laser at 688 nm (light red, inset) due to off-diagonal vi-
brational decay to the excited vibrational mode (100). The signal is recovered (blue curve) by the
application of the 631 nm repumping laser (blue, inset) in the clean-up region. The inset diagram
shows the details of the vibrational structure of SrOH relevant to the optical cycling scheme. The
energies of the excited vibrational levels in the electronic ground state have been previously mea-
sured [114]. The main cycling (A1) and repump (A;) lasers are indicated with the upward arrows,
while the spontaneous decays are shown with downward dashed arrows.

state as described in figure 5.4.3. We measure the deflection with only the 688 nm laser applied
in the interaction region and the 631 nm clean-up beam. We observe a shift of 0.007 mm/photon,
which is consistent with the value estimated from the travel distance and the forward velocity of
the molecular beam. The measured deflection shown in figure 5.5.1(a) corresponds to about 90
scattered photons in the interaction region or 110 total scattered photons per molecule. From the
comparison of the unnormalized signals scaled by the in-cell absorption (which indicates the total
number of molecules produced), we determine that ~ 20% of the molecules are lost during the
deflection process. Using a Bernoulli sequence to model the absorption-emission cycles [144], we
estimate from the data that the combined FC factor for loss to all dark vibrational levels above

(100)is (3+1) x 1073, Employing the Sharp-Rosenstock method [120], we previously calculated
FC factors for decay from A (000) to X (200) and X (02°0) to be 1.6 x 1072 and 7 x 1074, corre-
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Figure 5.4.4: Spectrum of the Sr-O stretching mode repumper. X (100) — B(000) laser with 110
MHz sideband is scanned across both spin-rotation lines to optically pump molecules into the
X (000) state. The molecules are detected by optically cycling on the X (000) — A (000) transition.
The central peak has approximately twice the intensity of the sidebands as expected. The frequency
offset in the plotted spectrum is 475.171626 THz.
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spondingly, leading to a total loss probability of 2.3 x 10~3. Additionally, vibronic coupling and
anharmonic terms in the potential could increase these decay rates [113, 178]. In particular, the
large anharmonic contribution to the bending mode potential in STOH [114] could lead to enhanced
decay to the X (0200) state. Since our measurements of the loss rate are highly consistent with the
calculations performed in the harmonic oscillator approximation, this is a strong indication that
treating both stretching and bending vibrations of SrOH in this manner are appropriate for decay
rates estimations. A measurement of the FC factor for A (000) — X (0200) transition in the laser

cooling experiment will be describe in the next chapter.
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Figure 5.5.1: Deflection of the STOH beam due to optical cycling. (a) Unperturbed spatial profile
of the SrOH beam is shown in red. Upon the application of the transverse main and repump lasers
in the interaction region the center of the beam distribution is shifted in the negative y direction
(black curve). The shift of 0.65 mm between the centers of the peaks corresponds to the scattering
of ~ 90 photons per molecule. (b) The measured difference between the normalized beam profiles
vs position is shown. The deviation from zero (dashed black line) indicates the deflection of the
molecular beam.

5.6 Conclusions

By repumping out of only a single excited vibrational state, we demonstrated cycling of ~ 110 pho-

tons in SrOH. The ~ 90 photons absorbed in the interaction region lead to a 0.65 mm deflection of
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a cryogenic beam of SrOH. Our estimations indicate that the molecules lost from the photon cycle
end up in the combination of X (02°0) excited bending state and X (200) excited Sr-O stretching
state. Additional repumping lasers to pump the molecules out of those states and back into the pho-
ton cycle would lead to scattering of ~ 1,000 photons per molecule, potentially allowing for laser
cooling of SrOH to millikelvin temperatures [100]. Furthermore, the demonstrated optical cycling
scheme opens a path towards the use of optical bichromatic forces [179-181] for rapid deceleration
of SrOH originating from a CBGB [140] to near the capture velocity of a molecular MOT [175].
One potential application of the radiative force deflection for SrOH is to separate STOH molecules
in a single rovibrational level N = 1 of X (000) from the cryogenic buffer-gas beam that contains
not only helium atoms but also other byproducts of the violent ablation process. As described in
the previous chapter, we have detected a large number of strontium atoms in the CBGB after ablat-
ing Sr(OH), target. State-selected STOH molecules can be used for collisional studies or trapping
in an ultrahigh vacuum environment.

While SrOH has a linear geometry in the vibronic ground state, it also serves as a useful
test candidate for the feasibility of applying radiative force to more complex linear and nonlinear
molecules. Other strontium monoalkoxide free radicals [160] look particularly promising for laser
cooling applications. Our results corroborate previous observations that the X — A electronic tran-
sition in STOH promotes a strontium-centered, nonbonding electron, leading to highly diagonal FC
factors and the dominant vibrational activity associated with the Sr-O stretching mode [113, 182].
Thus, replacing the hydrogen atom with a more complex group R (e.g. CH3 and CH,CH3) should
not perturb the valence electron significantly [182]. SrO-R molecules share a number of properties
with SrOH that are advantageous for laser cooling, including the previously mentioned very ionic
Sr-O bond, linear local symmetry near the metal, diagonal Franck-Condon factors, and technically
accessible laser transitions [182]. Further work in this vein should include the evaluation of FC

factors for other vibrational modes and effects of Jahn-Teller coupling [108].
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Chapter 6

Doppler and Sisyphus Laser Cooling

Cooling of the external motion of neutral atoms from above room temperature into the sub-
millikelvin range (leading to, e.g., Bose-Einstein condensation [43]) commonly relies on the use
of velocity-dependent optical forces [170]. Laser cooling requires reasonably closed and strong
optical electronic transitions, so its use for molecules has been severely limited. Recently, follow-
ing initial theoretical proposals [144, 183] and proof-of-principle experimental results [154], laser
cooling has been achieved for SrF [100], YO [101], and CaF [102, 175], including a 3D magneto-
optical trap for SrF [171, 184, 185], and recently for CaF [186, 187]. Motivated by this progress on
diatomic molecules, and building upon previous theoretical work [105], we demonstrated photon
cycling — a crucial requirement for achieving light induced forces — with the triatomic molecule
SrOH [188]. However, since SrOH had 3 distinct vibrational modes, including a doubly-degenerate
bending mode, and because Doppler cooling required scattering an order of magnitude more pho-
tons, compared to deflection experiments, the question of direct laser cooling remained open.

In this chapter, we report direct laser cooling of a polyatomic molecule using both Doppler and
sub-Doppler cooling techniques. In the Sisyphus approach the temperature of the STOH beam is
reduced from 50 mK to below 1 mK in 1 dimension. The dissipative force for compressing phase
space volume is achieved by a combination of spatially varying light shifts and optical pumping

into dark sub-levels, which are then remixed by a static magnetic field, as explored previously in
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atomic and diatomic systems [100, 189, 190]. Since the magnitude of the induced friction force
is directly related to the modulation depth of the dressed energy levels, the cooling process is
much more efficient than with Doppler radiation pressure forces [191, 192]. This enhancement
is especially important for complex polyatomic molecules, where scattering thousands of pho-
tons necessary for Doppler cooling becomes more challenging due to additional vibrational modes
[193]. Here, we demonstrate transverse cooling (and heating) of a STOH beam using two differ-
ent electronic transitions, study loss channels to vibrational states (including the bending mode),
and highlight proposed extensions to more complex strontium monoalkoxides with six and more

atoms.

6.1 Doppler cooling in a multilevel system

In the previous discussion on the radiative force for a two-level atom we ignored the velocity
dependence of Fy, and assumed a stationary atom which was a reasonable approximation for small

transverse velocities used in the deflection experiment. However, because of the Doppler frequency

shift @p = —k - ¥, radiative force obtains a velocity dependent component now [170]
¥ 50
Fraq = hk—= : (6.1.1)
" 21450448+ 0p)* /72

By tuning the laser frequency below atomic resonance 0 < 0, the force will be higher for atoms
counter-propagating to the laser beam (& + wp ~ 0) and lower for atoms moving in the same

direction as the photon wave vector k. Thus, the force depends on the sign of kv product.

6.1.1 Optical molasses for a two-level atom in 1D

In order to cool atomic motion in both directions, the technique of optical molasses (OM) is fre-
quently used that relies on a pair of counter-propagating laser beams detuned below atomic reso-

nance to dampen atomic motion. As a starting point in our analysis we will assume low intensity
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regime so < 1 and ignore effects arising from stimulated emission which will play an important
role in the later sections. In this parameter space, the total force on the moving two-level atom is

given as the sum of the force arising form the laser beams from the left F', ; and right F_; directions:
Fom = Fig+F_s. (6.1.2)

The total force on the atoms becomes the product of the maximum radiation pressure force, satura-

tion parameter, Doppler shift to linewidth ratio, as well as detuning and velocity dependent factor

[194]

Fou ~ "KY WD 168/y . 6.13)

0
2T R (B o) (P ep)’

The exact expression for Foy can be simplified in order to gain a better physical intuition into the
damping process by considering the regime of small velocity classes such that wp < 7, 8. In this

regime the cooling force acquires a more familiar damping form Foy = —pv [194]:

®p (28/7)
2
(1+08/°)

Fom = 4hks (6.1.4)

in the limit of sy < 1. The force decelerates atoms for 8 < 0 (red-detuned) and accelerated for
d > 0 (blue-detuned) leading to cooling and heating of the atomic motion, correspondingly. Ef-
fective cooling happens over a finite velocity range called “capture velocity” v, and corresponds
to the Doppler shift comparable to the natural linewidth v, ~ y/k. For StOH cooled on the X — A

transition, v, ~ Sm/s.

6.1.2 Extension to multiple levels

As was discussed previously in the context of radiation pressure force, the addition of multiple
ground and excited states in real atoms and molecules complicates the two-level picture presented
above. However, it was discovered recently [171, 195] that a careful analysis of Doppler laser

cooling in molecules based on accurate rate equation calculations reasonably agrees with a simpler
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picture of modifying two-level equations presented above and incorporating expressions for the
effective decay rate Yefr, saturation intensity Ig off, and saturation parameter sefr as discussed in
the section on photon cycling in multilevel systems. There are two configurations for laser cooling
employed in the STOH experiments described below. In the first implementation, the main cycling
transitions is X (000) — A (000) and the repumper for the (100) state of the Sr-O stretching mode
is X (100) — B (000); thus the main cooling transition and the repumper transitions are decoupled,
leading to Yesr = Y/2 and sefr = s0/18. In the second configuration when both main cycling and
(100) repumping laser are exciting the X — B transitions, the number of total ground states is
ng = 24 now and the number of excited states is still n, = 4. The effective decay rate becomes
Yeft = 27Y/7 and the effective saturation parameter is seir = 750/72 =~ 509/10.3 since the saturation

intensity for the excitation of the X (000) sublevels becomes [171]

Lsat (6.1.5)

where ngo = 12 is the number of ground state sublevels in X (000) and n, = 24 is the total number
of ground states in both X (000) and X (100). Despite the complexity of the presented expression
in eq. 6.1.5, one possible way to interpret the scaling prefactor is to consider it as a product of the
total number of (000) ground state sublevels n,0 that are driven by the laser excitation times the
fraction of time the molecules spend in the ground vibrational state ng0/ (ng + n.). The factor of 2
makes sure that when ng = ngy = n,, the expression gives Iy eff = nglsar. The advantage of using a
decoupled scheme where the main cycling laser is not coupled to any of the repumpers is that the

effective cycling rate is independent of the number of vibrational repumpers and always remains

at Yeff = 'Y/2

6.1.3 Limits of Doppler cooling

While Foum &~ —Pv leads to cooling of the velocity distribution at the rate of (dE /dt).., = Fom -V =

cool —

—Bv?, atom-light interactions also lead to heating because of the finite root-mean-square scatter

90



value of the momentum change due to absorbed and emitted photons. For example, for an atom
at rest that has undergone a single absorption and spontaneous emission event, the average energy

has increased by [158]
R k>

(E) TR (6.1.6)

Thus, the heating rate becomes (dE /dt), .. = Rs.h*k? /M. By analyzing the equilibrium condition

heat
(dE/dt), oo + (dE/dt); ., = O, it can be shown [194] that during the Doppler cooling process
the minimum temperature reached is equivalent to the energy width of the cooling transition, i.e.

kpTpop = Try/2. For SrOH on the 689 nm transition, the Doppler cooling limit becomes Tpop ~

200uK. For regime when seff 2 1, the minimum Doppler temperature will scale as well Tpop, =

200uKA/1 + seff.

6.2 Sub-Doppler laser cooling mechanisms

There are multiple other laser cooling schemes that can reach temperatures below the Doppler limit
and therefore go under the name of sub-Doppler laser cooling mechanisms. Majority of such tech-
niques rely on the breakdown of the two-level atom approximation where multiple ground state
sublevels need to be considered. Particularly, in our description of the optical forces on a multi-
level system like StOH, so far we only used statistical weights to scale the relevant experimental
parameters from the two-level atom analysis like saturation intensity and scattering rate. However,
we have ignored the fact that multiple ground sublevels may interact differently with the laser light.
Additionally, the presence of strong electric fields from the laser oscillations leads to shifts of the
atomic or molecular energy levels which we have not considered so far.

Upon the addition of the light-atom interaction #’ (¢), the energies E, of the original Hamil-
tonian #; (¢) cease to remain eigenenergies of the new total Hamiltonian H (1) = H' (t) + Hy (1).

Upon the transformation into the rotating frame, the new eigenenergies become [170]

| St

Eeg=

(—S:F V2 +52> . 6.2.1)
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In the limit of small Rabi frequency Q < |8| achieved in our experiment, the energy shifts simplify

to [170]
AE, = sgn (8)% (6.2.2)
g =sgn(0); ) 2.
hQ?

with sgn (8) = 8/9|. Therefore, the direction of the energy shift for the ground state depends on
the sign of laser detuning, with & < O resulting in lower energy and & > 0 giving higher energy
shift for E,. An intuitive way to understand the direction of this shift is by considering the dressed
atom picture that includes the atom plus field Hamiltonian. Then, two atomic states coupled by the
laser light are separated by 6. While a pair of interacting energy levels repels each other [20], the
term sign (8) determines which state is higher in energy before the interaction is included. For an
inhomogeneous light field like a standing wave, there will be a periodic spatially modulated light
shift to atomic or molecular energy levels with largest light shifts at the antinodes and small energy
shifts at the nodes. While the resulting energy gradient leads to a conservative force that averages
to zero on the size of light’s wavelength, spatially dependent optical pumping processes can lead

to nonzero cooling forces.

6.2.1 Magnetically-assisted Sisyphus laser cooling

The simplified schematic diagram of the magnetically-induced laser cooling (MILC) mechanism
utilized in our experiment is presented in Fig. 6.2.1. In the inverted level scheme of the form
F, > F, as in StOH, for a fixed linear laser polarization, all magnetic sublevels cannot couple to
the laser light, leaving some substates dark to the addressing laser light [196]. While the bright
states are shifted by the amounts calculated in eq. 6.2.2 and 6.2.3, the dark states effectively have
no AC Stark shifts. Also, both the magnitude of the AC Stark shifts as well as the optical pumping
rate between the energy levels are largest at the antinodes of the standing light wave. Therefore,
molecules originally in the bright states will loose kinetic energy as they ascend the potential hills

created by the light field and are most likely to be optically pumped into the dark states at the
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top of the antinodes. However, once in the dark states, the molecules will no longer couple to
the laser light. In the absence of a mechanism to precess those molecules out of dark states, the
cooling process would stop. Because, STOH has an unpaired electron with a magnetic moment
approximately ugp = 1.4MHz/Gauss, the application of the magnetic fields will cause precession
of the dark states back into the bright states at the rate determined by the applied magnetic field.
To ensure efficient optical pumping into the dark states, the magnitude of the magnetic field is
chosen such that the precession rate of the molecular magnetic sublevels is less than the optical
pumping rate at the antinodes [170]. Additionally, the Sisyphus cooling will be the most effective
for molecules that travel A/4 distance in time to be pumped into the dark state [100]. If the rate
of optical pumping into the dark states is y,, then the capture velocity range for Sisyphus laser
cooling is vsis ~ AY,/4 < 1m/s for StOH which is less than vDop- The force profiles for the MILC

has the following functional form [189]:

(6.2.4)

with the positive slope around v = 0 and smaller capture velocity.

6.2.2 Sisyphus cooling at high intensities

In low intensity regime when Q < v, upon the electronic excitation, molecules return back to the
ground state via incoherent process of spontaneous emission. However, for high laser intensities
spontaneous emission starts to play a crucial role. Since in our laser cooling experiments the
saturation parameter seer > 1, it becomes important to consider coherent momentum exchange
between the standing light wave of optical molasses and molecules. Such stimulated emission
laser cooling has been observed for atoms in the past [191, 197] and compared to MILC has a
different physical mechanism underpinning it that we describe in more detail.

In the dressed atom picture, the eigenstates of the total Hamiltonian |+) are mixtures of the
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Figure 6.2.1: Diagram of the magnetically-assisted Sisyphus laser cooling for J, =1 — J, =
0 electronic transition with blue-detuned laser light. With the ® polarized light only m;» = 0
sublevels experience energy modifications due to AC Stark shifts. Periodic intensity modulation in
the standing light wave results in a position dependent energy shift with maximums at the antinodes
(denoted “a”) and minimums at the nodes (denoted “n”) of the standing light wave. Combination
of the slowing, irreversible optical pumping, and magnetic-field induced remixing leads to the
cooling of the velocity distribution.
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bare atomic states |g) and |e)[170]

|+) =sinB|g) +cosO]e) (6.2.5)
|—) =cosB|g) —sinB]e) (6.2.6)
where the mixing angle 0 is given by
)
cos (20) = — (6.2.7)

Vool

Therefore, in a standing light wave created by the optical molasses beams, the composition of the
eigenstates |4) acquires an oscillatory spatial dependence since the ratio of Rabi frequency Q to
detuning § varies from node to antinode. At the node when Q = 0, dressed state |+) corresponds
to |g) and therefore molecules cannot spontaneously decay. On the other hand, at the antinodes the

bare states are maximally mixed with a relative energy splitting of
AEL) =hyV Q2 482 (6.2.8)

Consider the dynamics of molecules in a standing wave for a positive detuning & > 0. In the
absence of spontaneous emission, when the atom or molecule climbs the potential hill created by
the standing wave, the kinetic energy is converted into potential energy via the stimulated emission
processes that redistribute the photons between two counter-propagating light waves [191]. While
the atomic momentum is transferred to the light field, the total energy of the system is conserved.
However, at the antinode a dressed state |[+) which now contains a significant admixture of |e)
and experiences a large positive Stark shift can decay via spontaneous emission to another state
with a large admixture of |g) and significant negative Stark shift. The rate of spontaneous decays
has a spatial dependence because of the differing compositions for dressed states |+) in terms of
the bare states. Since on average the atoms on average climb more uphill between two consecutive

spontaneous emissions, this process leads to cooling of the velocity distribution. Similar arguments
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can be presented for negative detuning 6 < 0 when the velocity of the atoms is heating instead
because spontaneous emissions are most likely at the bottoms of the potential hills at the antinodes
of the standing wave. While the detuning signatures of the Sisyphus cooling at high intensities and
MILC described above are identical for STOH because of the inverted level structure, magnetic field
remixing of dark substates is crucial for both cooling regimes since cooling process would cease
otherwise. At high laser intensities with segr > 1 used in our experiments both cooling processes

contribute to the reduction in velocity distribution and phase space compression.

6.2.3 Limits of sub-Doppler laser cooling

While in our experiment, the temperatures achieved are above Tp,y it is important to discuss future
possibilities for reaching sub-Doppler temperatures with MILC. If sufficient interaction time is
allowed between the molecules and light field, once the velocity of the molecules is such that
kpTiim < AEg they can no longer climb the potential hill created by the standing light wave. While
the cooling arguments presented above still persist, it turns out that with a careful analysis in 1D
sub-Doppler cooling schemes one obtains [170] kgTiim = aAE, with a < 1. By changing the value
of the AC Stark shift, cooling to lower and lower temperatures is possible until the recoil from
spontaneous emissions involved in the optical pumping between the dark and bright sublevels
starts to play an important role. The irreversible process of spontaneous emission which is a
crucial requirement for laser cooling, in fact, becomes the dominant heating mechanism because
of the randomness associated with spontaneous emission. Since the last spontaneously emitted
photon is in the arbitrary direction, it will leave the atom or molecule with residual momentum of

hk with the corresponding kinetic energy of

E,=kpT, = . (6.2.9)

In practice, the experiments on sub-Doppler laser cooling of atoms reach temperatures on the

order of 7, ~ 107, [170, 190]. While temperatures below 7, can be reached employing techniques
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of coherent two-photon transitions [170, 198], these methods will not be described in this thesis
because lowest temperatures reached with STOH where above the Doppler cooling limit because

of the limited molecule-light interaction time.

6.3 Experimental configuration for laser cooling

Our work with SrOH uses the cryogenic buffer-gas beam (CBGB) [80], which is also used in all
other experiments on laser cooling of molecules. STOH can be produced efficiently with ablation
and forms an intense CBGB. Figure 6.3.1 shows a simplified schematic diagram of the current
experimental apparatus used for laser cooling experiments. Laser ablation of Sr(OH), produces
SrOH molecules that are then entrained in helium buffer gas (Tge ~ 2 K) that flows out of the cell
into a beam. He flow is 6 standard cubic centimeters per minute (sccm), and the beam is extracted
through a 5 mm diameter aperture. This CBGB contains ~ 10° molecules in the first excited
rotational level (N = 1) in a pulse ~ 5 ms long. The forward velocity of the STOH beam is v, ~
130 m/s and its transverse velocity spread is Av, ~ £15 m/s. A 2 x 2 mm square aperture situated
15 cm away from the cell collimates the beam, resulting in an effective transverse temperature
T, ~50 mK. A few millimeters after the aperture, molecules enter the Interaction region with
molecule-laser interaction length of 15 mm.

To laser cool, we use a photon cycling scheme that we also employed in an earlier work, as
described in detail in Ref. [188]. The main photon cycling path is X>X* (000) — B>X* (000)
(611 nm) and the first vibrational repump is X2Z* (100) — B2Z* (000) (631 nm), as shown in
Fig. 6.3.1 (Interaction region). The combined main and repump laser light, with diameter of
~ 3 mm, propagates in the y direction and makes 5 round-trip passes between two mirrors before
it is retroreflected back in order to create a standing wave. The molecule-laser interaction time is
tint ~ 115 us. Each color (611 nm and 631 nm) includes two frequency components separated by ~
110 MHz to address the Py (J” = 1.5) and P Q15 (J” = 0.5) lines of the spin-rotation (SR) splitting.

We also study cooling using the X?XF (000) — A°II, /2(000) excitation at 688 nm as the main
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Figure 6.3.1: Schematic of the experimental apparatus (not to scale) for laser cooling experi-
ments. A cryogenic beam of SrOH is produced using laser ablation of Sr(OH), followed by
buffer-gas cooling with ~ 2 K helium gas. To apply the cooling forces on the collimated molecular
beam, we use transverse lasers retroreflected between two mirrors in order to generate a standing
wave. Depending on the experimental configuration, either the X?2+ (000) — A1, /2(000) or the
X2X*(000) — B*X* (000) cooling transition is used with an additional X2+ (100) — B?X+ (000)
laser for repumping molecules decaying to the vibrationally excited Sr-O stretching mode. In order
to remix dark magnetic sub-levels, a magnetic field is applied at an angle relative to laser polar-
ization in the Interaction region. Before the detection is performed, molecules remaining in either
(100) or (0200) excited vibrational levels of the electronic ground state are optically pumped back
into the ground vibrational level using X — B off-diagonal excitations. The spatial profile of the
molecular beam is imaged on the electron multiplying charge-coupled device (EMCCD) camera
and the time-of-flight (ToF) data is collected on the photomultiplier tube (PMT).
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transition. Each SR component of the 688 nm light is generated using separate injection-locked
laser diodes seeded by external-cavity diode lasers in the Littrow configuration [172] resulting in
~ 15 mW per SR component in the interaction region. The 611 nm light, as well as all of the
repumping light, is generated by cw dye lasers passing through acousto-optic modulators resulting
in ~ 50 mW per SR component. In order to destabilize dark states created during the cycling
process [173], we apply a magnetic field of a few gauss. Due to the vibrational angular momentum
selection rule [108], the dominant loss channel for the bending mode is to the v, = 2 state with
[ =0 [150] denoted (0200). Further details regarding the photon cycling scheme used for STOH
have been previously described [188].

The spatial profile of the molecular beam is recorded by imaging laser-induced fluorescence
(LIF) in the Detection region. The molecules are excited using a transverse retroreflected laser
beam and LIF photons are imaged onto an EMCCD camera. The detection laser addresses both
SR components of the P(N” = 1) line for the X*£* (000) — AIT; /, (000) transition, as shown
in Fig. 6.3.1 (Detection). In a similar laser configuration, time of flight (ToF) data is recorded by
collecting the LIF on a PMT (further downstream). In order to boost the LIF signal there is a Clean-
up region where all of the molecular population is pumped into the ground state (X (000)) from
the excited vibrational levels (X (100) and X (0200)). This is done with off-diagonal excitation to

B(000), as shown in Fig. 6.3.1 (Clean-up).

6.4 Spectroscopy of repumping transitions

Our previous results on radiative force deflection of STOH beam indicated that we were losing
molecules to dark vibrational levels. Based on the estimations of the FC factors, the two dominant
loss channels at approximately part per thousand each were the (200) state of the stretching mode
and (0200) of the bending mode. Since for laser cooling experiments, we required an increase in
the number of scattered photons and a larger effective laser-molecule interaction time, the fraction

of SrOH molecules lost to dark vibrational levels could have become an important problem. As
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Figure 6.4.1: Fluorescence spectrum of the bending mode repumping laser. The excitation is
performed on the X (0200) — B (000) transition, followed by the laser induced fluorescence signal
collected for the B(000) — X (000) spontaneous decay. The offset frequency is 469.886850 THz.
The integration time is 3-6 ms.
the first step, we embarked on the spectroscopy of the off-diagonal X (0200) — B(000) transition
which has not been previously measured in the literature. The spectrum of this transition that we
obtained is shown in Fig. 6.4.1. The splitting of ~ 110 MHz is indicative of the SR splitting in the
N =1 level of the (()200) state.

In order to compare the calculated strength of this off-diagonal transition with our measure-
ments we have converted the measured signal into the photon count rate to benchmark the mea-
surement against the known X (100) — B (000) transition strength. Assuming that the population

in the ground vibronic states Nz (100) and NX(OZ()O) is much larger than in the excited electronic state

Ni(000)> the rate of excitation is given by [20]

dNy
—d—tx = 6FNy (6.4.1)

where F' = I /hv is the photon flux and G is the absorption cross section. For a molecular transition
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O is given by [20]
G 22V 1o
 3gohc (27" +1

)g (v—vo) (6.4.2)

where vy is the transition frequency, S is the transition line strength, and g (v —vp) is the line-
shape function. The rotational line strength can be factored out into contributions from vibrational,

electronic, and rotational components as follows
2 AJ
Sy = qy—y |Re| SJ// (6.4.3)

with SJA,,J being the Honl-London factor, R, the electronic transition dipole moment and g,/ _,»
Franck-Condon factor between X (v") and B (v') states. By looking at the ratio of fluorescence
rates (LIFR) following X (100) — B(000) and X (02°0) — B (000) excitations, we can extract the

ratio of Franck-Condon factors
LIFR; N g1l
LIFR, ~ ¢:b

(6.4.4)

if we consider the same rotational transition. Figure 6.4.2 shows the comparison of the LIF rate
signals for the two off-diagonal excitations on the X — B transition. The ratio of signals is ~ 6 while
the ratio of the powers used is ~ 1/2 leading to x 12 higher FC factor for X (100) — B (000) than
for X (0200) — B (000). Using the measured and calculated value of 2% for FCF for the stretching
mode excitation of X (100) we determine that FCF for exciting from X (02°0) is ~ 2 x 10~ which

is consistent with our estimation of 2.2 x 10~ confirming the validity of our FCF calculations.

6.5 Scattering rate dependence on the remixing magnetic field

As mentioned previously, because the number of ground state sublevels is larger than for the ad-
dressed excited state (F, > F,), for a given laser polarization there exist dark magnetic sublevels
that don’t couple to the laser field. Thus, in the absence of the remixing mechanism the photon
cycling process will cease after only a few photons have been scattered. The effect of the magnetic

field on the scattering rate for StOH excited on the P (N” = 1) subband of the X — B electronic can
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Figure 6.4.2: Comparison of the LIF rate for the two off-diagonal X — B transitions.

be clearly seen from the data in Fig. 6.5.1. Without repumping lasers, the molecular beam signal
should be depleted with main cycling lasers. Applied magnetic field leads to higher remixing rate
and enhanced beam depletion because of the optical pumping into the excited vibrational state

X (100) after scattering ~ 50 photons per molecule.

6.6 Doppler cooling

In the regime of low cooling laser power sefr << 1 and high magnetic field remixing rate, we expect
to observe Doppler cooling of the STOH beam. Figure 6.6.1 shows beam profiles for various de-
tunings of the main cooling laser with 12 mW total laser power for X (000) — B (000) and remixing
rate set by the magnetic field with coil current of / = 10 A which corresponds to B = 12 Gauss
. As expected for Doppler cooling, we see compression of the molecular beam width for red

detuning (-10 MHz) and widening for blue (+10 MHz). In the cooling configuration, the width

of the beam is reduced from 8.2 +0.2 mm to 7.0 £0.1 mm which corresponds to 1D temperature

'The conversion factor between coil current I and the total magnetic field experienced by the molecules is B = 1.181
for I in amperes and B in gauss.
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Figure 6.5.1: Depletion of the STOH beam signal as a function of the applied remixing magnetic
field.

reduction from 50 mK to 35 mK. Figure 6.6.2 shows molecular beam width vs detuning of the
cooling laser. Beam compression is present for negative detunings and beam heating for positive.
Once detuning is too far from resonance, both cooling and heating become less effective as seen

from the plot.

6.7 Sisyphus laser cooling

Capability to perform nondestructive detection using photon cycling is almost taken for granted
in atomic physics. The ability of obtain high resolution spatial images without sample destruc-
tion of not only atomic clouds but also single trapped atoms have enabled groundbreaking scien-
tific achievement in physics of ultracold atom. However, majority of the times experiments with
molecules employ photodissociation or photoionization methods that allow researchers to obtain
high sensitivity to the time dynamics of studied molecules but deliver only limited spatial infor-

mation. The success of our laser cooling experiments can be strongly attributed to our ability to
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Figure 6.6.1: SrOH beam profiles for various X (000) — B(000) cooling laser detunings in the
Doppler configuration. The detunings are 10 MHz. In addition to Doppler cooling and heating,
around position of -1 mm one can notice a sharp signal increase for blue detuning and signal drop
for red detuning. These small effects are indicative of the Sisyphus laser cooling and heating effects
to be describe later in the chapter.
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Figure 6.6.2: Molecular beam width vs detuning in the Doppler cooling and heating arrangement.
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Figure 6.7.1: Camera images of the spatial fluorescence distribution of STOH beam for various
detunings of the cooling laser: (a) 0 MHz, (b) -10 MHz, and (c¢) +10 MHz. In the x direction the
width of the fluorescence is determined by the size of the detection laser only.

obtain high resolution spatial images of STOH molecular beam using direct photon cycling. Sisy-
phus laser cooling data on the X — B transition visualized in 3 dimensions is shown in Fig. 6.7.1.
While in the x direction, the width of the molecular cloud is limited by the size of the excitation
laser, beam compression and expansion effects due to the laser light are clearly visible in the y
direction.

Figure 6.7.2 shows 2D camera images of the molecular beam for various detunings of the X — B
cooling laser. Phase space compression is clearly visible in the comparison between images (b),
8 =0, and (d), & > 0, cooling. To characterize the cooling efficacy for both X — A and X — B
cycling transitions, we plot integrated 1D (x axis) beam profiles for both cooling configurations in
Fig. 6.7.3. The most effective laser cooling was demonstrated using X (000) — B (000) transition
at 611 nm with laser intensity / = 1.4 W /cm?, resulting in an effective on-resonance saturation pa-
rameter sefr ~ 34 (Fig. 6.7.3(a)). The spatial distribution of the final beam is the convolution of the
initial 2 X 2 mm beam spread, the beam spread before cooling, and the beam spread after cooling.
Without cooling, the spatial width of the molecular beam is dominated by the transverse velocity
distribution v, after the collimation aperture. In the Sisyphus configuration, the spatial profile in
the detection region is influenced by the aperture’s width. In order to extract v, Monte Carlo
(MC) simulations of 2D molecular trajectories are performed by calculating the final y position in
the Detection region of the molecules with forward velocity v, that passed through the collimation

aperture. The molecular velocities in the y direction are drawn from a Gaussian distribution with
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a standard deviation o, = \/W, where m is the mass of STOH. By fitting the results of the
MC simulations (see Fig. 6.7.5) to the integrated molecular beam profiles, we determine the final
beam temperature range of 0.5 mK < 7', < 1 mK, which corresponds to a factor of ~ 70 reduction
as compared to the 8 = 0 detuning and unperturbed molecular beam. Because of the high damping
rate of the magnetic-field-induced laser cooling [190, 199], we achieve lower transverse temper-
ature than previously demonstrated with a 1D MOT of diatomic molecules [101], with half the

interaction length.
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Figure 6.7.2: Spatial images of the molecular beam taken at different detunings of the X (000) —
B (000) cooling laser: (b) on resonance, (c) red-detuned (-10 MHz), and (d) blue-detuned (+10
MHz). The same color axis is used for all three plots. StOH beam is moving in the x direction
while the cooling and detection lasers are applied in the y direction as shown in (a). Narrowing of
the spatial size of the molecular cloud with accompanying density increase in (d) compared to (b)
in the y dimension indicates phase-space compression.

Cooling using the X — A transition was less effective because of the lower available laser power.
Figure 6.7.3(b) shows typical molecular beam profiles after interacting with a cooling laser exciting
the X — A transition at 688 nm with intensity of 7 = 424 mW /cm? and an effective on-resonance
saturation parameter sefr ~ 8. For a positive detuning we observe cooling of the STOH beam rep-
resented by the increased molecular density near the center due to the narrowing of the spatial
distribution. By comparing the fitted width of the resulting profile with a MC simulation we con-
clude that the beam is cooled to a final temperature of ~ 2 mK, an order of magnitude above the
Doppler limit of ~ 200 uK. Figure 6.7.4 summarizes the cooling data for all configurations by
plotting the full width at half maximum (FWHM) in the y dimension of the imaged molecular

beam relative to the width of the unperturbed beam. While for the on-resonance configuration

of the cooling lasers the width of the beam is not significantly modified, blue-detuned X — A and
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X — B lasers compress molecular beam to 47% and 31% of the original FWHM.
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Figure 6.7.3: Integrated molecular beam profiles for different detunings of the cooling laser: (a)
X (000) — B(000) and (b) X (000) —A (000). The detunings from resonance are given by & =
410 MHz. With a positive detuning, the width of the molecular beam is reduced, which indicates
cooling of the molecular beam. A “hole” around zero for & < O represents a heating signature
of the magnetically-assisted Sisyphus effect with the widening of the total spatial distribution.
An asymmetry in the height of two peaks comes from imperfect alignment between laser and
molecular beams and was previously seen in similar experiments with atoms [191]. The excess
signal above the fit near zero position for the on-resonance trace in (b) is potentially indicative of
a slightly positive detuning of the cooling lasers.

Figure 6.7.6 shows that during the cooling process 40% of the molecules are lost to dark ex-
cited vibrational levels not addressed by the (100) and (0200) repumping lasers. The phase space
density Q ? of the molecular beam is increased due to cooling, with temperature reduction and
spatial beam compression. Q grows x5 with X —A and x 11 with X — B cooling. With the two
repumping lasers used in the experiment, ~ 10® molecules remain in the N = 1 (000) level. Lost
molecules could be recovered with an additional repumping laser addressing the (200) vibrational
level of the Sr-O stretching mode.

In order to extract the number of scattered photons during the cooling process, we determine

ZPhase space density is given by Q = nAap xAdB,yAdB, 2, Where n is the number density and Agg ; = h/+/2nmkgT; is
the thermal de Broglie wavelength for molecules with mass m and temperature 7.  is an important figure of merit
for many experiments [1].
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Figure 6.7.4: Summary of the laser cooling results. We plot the FWHM of the molecular cloud in
the y dimension relative to the unperturbed distribution (no cooling lasers). For no cooling (6 = 0)
the molecular beam profile is not modified significantly. The importance of Sisyphus laser cooling
for polyatomic molecules can be seen from this plot.
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Figure 6.7.5: Extraction of beam temperature using Monte Carlo simulations of molecular dynam-
ics.
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Figure 6.7.6: Molecular beam signal with various arrangements of the addressing lasers. The
labeling of the traces (I-V) indicates the number of lasers interacting with the molecular beam.
For trace I, only detection laser is used, while for trace V we apply five different sets of lasers
(detection, main cooling laser, repump for (100) state, and clean-up lasers for (100) and (02°0)
states.
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the fraction of the remaining molecules (50%) after cooling with ToF PMT data taken without the
(0200) clean-up beam. Modeling absorption-emission cycles as a Bernoulli process with probabil-
ity p to decay into the vibrational level not addressed by the repumping lasers [144] and using the
previously measured decay rate to dark vibrational levels (above X (100)) of p = (341) x 1073
[188], we calculate that on average each molecule emits 220fé(1)0 photons with a scattering rate
of I'scat = 2+ 1 MHz. In such a configuration, Doppler cooling from radiation-pressure molasses
does not play a significant role [191]. By adding the (0200) clean-up beam, we determine that
10% of molecules decay to the (0200) state of the bending mode during the cooling stage. There-
fore, we estimate the loss probability to the (0200) bending mode state after the excitation to the
AT, /2(000) state to be ~ 5 x 10~ which is consistent with the normal mode analysis estimations.

For negative detunings the molecules are expelled from the region around v, = 0, leading
to a double-peak structure that is a signature of the magnetically-assisted Sisyphus effect [189].
Compared to the results of cycling on the X — A transition (Fig. 6.7.3(b)), the use of the X — B
transition (Fig. 6.7.3(a)) increases the separation between the peaks from 2.95+0.04 mm to 7.54 &+

0.04 mm for & < 0. Our findings are in good agreement with previous studies of sub-Doppler laser

cooling in complex multilevel atomic [200] and molecular systems [100, 201].

6.8 Characterizing Sisyphus cooling

In order to confirm the nature of the cooling mechanism, we characterized its effect on the molec-
ular beam shape while modifying several key experimental parameters such as the value of detun-
ings, laser power, and strength of the applied magnetic field. Figure 6.8.1 provides molecular beam
profiles for various detunings of the main cooling laser. For d < 0 we observe widening of the beam
distribution due to heating of the central portion of the beam as expected for the Sisyphus laser
cooling mechanism described above. On the other hand positive detunings & > 0 lead to molecular
beam compression and cooling. From the data in Fig. 6.8.1 we conclude that 6 > 10 MHz provides

superior cooling results. While we did not take cooling data at detunings much larger than natural
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Figure 6.8.1: Beam profiles vs detuning of the X — B cooling laser. The traces are vertically offset
relative to each other for clarity.

linewidth (8 > 7) this would be an interesting area to explore in the future experiments in order to
minimize the temperature and optimize the cooled fraction of the molecules.

Figure 6.8.2 provides the comparison of the STOH beam profiles as a function of the total
laser power. For powers below 4 mW, there appears to be no significant cooling of the molecular
beam. The central portion of the beam starts to compress when power of 4 mW for 3 mm diameter
beam is used, resulting in an average total beam intensity of 57 mW/cm?. For comparison, the
on resonance effective saturation intensity for StOH X — A transition is 51 mW/cm?. Because the
cooling laser is detuned by one natural linewidth d = v, the effective saturation parameter becomes
s~ 0.22. At the maximum intensity available for the X — A cooling set-up of 33 mW, we see that
a significant portion of the molecular beam is compressed. Here again, while the laser intensity
of 467 mW/cm? is a factor of 9 larger than the effective on-resonance saturation intensity g eff,
because of the detuning from resonance the actual saturation parameter is s ~ 2. In the model of
magnetically-assisted Sisyphus laser cooling described in section 6.2.1, the average kinetic energy

removed from the molecules with one scattered photon is proportional to the AC Stark shift of the
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Figure 6.8.2: Beam profiles vs total power of the X — A cooling laser.

ground state sub-levels. Therefore, increasing total laser power would lead to more kinetic energy
removed from the molecules for a fixed number of scattered photons resulting in a larger cooled
fraction as can be seen from our data in figure 6.8.2.

While magnetic potential is not directly removing kinetic energy from the molecular motion,
magnetic field is crucial for remixing precessing dark magnetic projections into bright states. Fig-
ures 6.8.3 and 6.8.4 show the effect of changing magnetic field on the laser cooling process. From
the data we conclude that Sisyphus laser cooling and heating processes are quite robust against
magnetic field fluctuations and persist for coil currents up to 5 A which corresponds to magnetic
fields of 6 gauss. However, the most effective cooling is achieved for small magnetic fields around

1 gauss.

6.9 Conclusions

In summary, we demonstrate and characterize Doppler and Sisyphus laser cooling of the poly-
atomic molecule STOH. We reduce the transverse temperature of a cryogenic buffer-gas beam from

50 mK to 750 uK with ~ 200 scattered photons per molecule. Laser cooling of atoms is a mature
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Figure 6.8.3: Sisyphus laser cooling of the molecular beam for various applied magnetic fields.
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Figure 6.8.4: Sisyphus laser heating of the molecular beam for various applied magnetic fields.
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scientific field [89, 90, 202] with well developed experimental [203, 204] and theoretical [205, 206]
techniques. Our results with STOH open up a wide range of future directions for laser manipula-
tion of polyatomic molecules. By increasing the interaction time and laser intensity, cooling STOH
motion with magnetically-assisted laser cooling close to the recoil temperature of ~ 1uK should
be possible, as previously demonstrated for atomic species under similar experimental conditions
[207, 208]. Extending the scheme to 2D and using more elaborate optical configurations would
lead to significantly increased brightening of the molecular beam [208, 209]. Slowing and cooling
of an atomic beam in the longitudinal dimension [197, 210], e.g. for loading into a MOT, could
now be extended to polyatomic molecules.

While some of these research avenues might require repumping of other vibrational states
beyond the (100) and (0200) states as the number of scattered photons increases, this challenge
can be solved with additional repumping lasers on the X — B transition. Since the strengths of
higher-order Franck-Condon factors decrease rapidly [150, 151], scattering of ~ 10,000 photons
should be possible with only two additional lasers to address (200) and (0110) states. All of
the required frequencies can be generated with solid-state laser diodes that have easily attainable
requisite powers [211]. Moreover, by using X — A electronic excitation for laser cooling and X — B
excitation for repumping, the scattering rate becomes independent of the number of repumping
lasers, ensuring rapid optical cycling at a maximum possible rate.

While SrOH has a linear geometry in the vibronic ground state, it still serves as a useful
test candidate for the feasibility of laser cooling more complex, nonlinear molecules like stron-
tium monoalkoxide free radicals, where hydrogen is replaced by a more complex group R (e.g.
R =CH3, CH,CH3). Because of the 180° Sr-O-C bond angle, the local symmetry near the opti-
cally active electron located on the strontium atom is linear (like in SrOH). Furthermore, STOR
molecules share a number of other important properties with StOH, including a very ionic Sr-
O bond, diagonal Franck-Condon factors, and technically accessible laser transitions [160, 182],
indicating that results presented in this chapter could successfully be extended to such complex

species [212].
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Chapter 7

Coherent Bichromatic Force Deflection

Manipulation of external motion of gas phase atomic and molecular species with optical laser fields
has a number of experimental advantages compared to using electric, magnetic, or mechanical
techniques. Optical control of atomic motion allows for highly resolved state-selective control as
well as compact robust vacuum chambers. Additionally, an ability to divide slowing light from a set
of lasers for simultaneous delivery to various parts of the same experiment or multiple experiments
with large spatial separation allows for cost effective experimental parallelization. Recently, all-
optical production of a large Rb BEC has been reported [213] and previously direct laser cooling to
quantum degeneracy has been achieved with Sr [43]. However, optical deceleration and cooling of
atomic beams requires scattering tens of thousands of photons in order to bring room temperature
atomic clouds to velocities around a few m/s when they can be confined inside electromagnetic
traps for further studies. Even cryogenic buffer-gas sources producing atomic and molecular beams
at velocities below 100 m/s need to be decelerated before trap loading can be accomplished. While
beam deceleration employing radiation pressure force has been a standard for majority of atomic
physics experiments, its application to slowing molecular beams has been severely limited by a

small change in kinetic energy per scattered photon. On average, each absorption-emission cycle
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changes center of mass momentum by —hk with the corresponding change in kinetic energy of

21,2
N L (7.0.1)
2m

Employing direct Sisyphus laser cooling for SrTOH as described in Chapter 6 led to reducing trans-
verse velocity from 50 mK to below 1 mK with only 200 scattered photons. While recoil velocity
of SrOH is around 1 uK each photon on average removed 250 uK worth of kinetic energy from
the molecule leading to a damping force more than 2,000g. However, the velocity capture range
of this technique is limited to a few m/s. A different experimental approach is required to slow
molecular beams with velocities around 100 m/s.

Optical bichromatic force (BCF) allows rapid directional momentum exchange of multiple ik
between the light field and atoms in a single spontaneous emission cycle [210]. Therefore, it can
be effectively applied to atoms and molecules that have optically accessible electronic transitions
but suffer from the loss to dark states (e.g. excited electronic or vibrational levels). Particularly,
application of BCF to polyatomic radicals like alkaline earth monoalkoxides that have multiple vi-
brational modes or diatomic molecules with complex electronic structures or non-diagonal Franck-
Condon factors like ThO or WC! could allow production of slow, velocity controlled molecular
beams for physics and chemistry applications.

SrOH provides a convenient species for exploring the effects of BCF on complex atoms and
molecules with optically accessible electronic transitions. A single non-bonding valence electron
allows laser addressing of internal quantum states but the loss to excited stretching and bending
vibrational levels inhibits the photon cycling process. In this chapter we demonstrate and charac-
terize optical bichromatic force by deflecting a cryogenic buffer-gas beam of SrOH. Our results
are used to benchmark the theoretical calculations of BCF in complex multilevel systems in order
to enable accurate predictions of BCF for other molecular species as well as different experimental

parameters. Applications to molecular beam slowing are discussed.

'Both ThO and WC are of crucial importance for fundamental physics tests performed by searching for the perma-
nent electric dipole moment of the electron [24, 214].
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Figure 7.0.1: Schematic diagram of longitudinal slowing of SrOH beam using radiative scattering
force. For simplicity, repumping lasers are not shown here. The detuning parameter 0 is chosen
such that incident laser frequency is Doppler shifted into molecular resonance (i.e. & = —kv).
Spontaneous emission process (indicated with wavy arrows) is necessary to remove kinetic energy
from the molecular beam and slow the velocity distribution.

//

Figure 7.0.1 shows the schematic diagram of the traditional Doppler slowing of SrOH. With
effectively a single frequency counter-propagating laser beam? spontaneous emission is required
for energy dissipation since the wavelength of the emitted light ®, is larger than laser frequency oy,
leading to energy removal from molecules ®, — ®; > 0. Intuitively, a similar effect on atomic mo-
tion can be anticipated if there are two counter-propagating laser beams with frequencies ®;; < ®,
and ®;; > ®, in a configuration when the atom absorbs a photon from laser 1 at ®;; and is stim-
ulated to emit a photon by laser 2 at ;. If such a coherent process of momentum exchange
between atom and two light fields is interrupted by a spontaneous emission after multiple cycles,
the removal of the atomic kinetic energy will be irreversible. However, there is no preferred direc-
tion with only two cw light fields and additional laser frequencies are necessary. As shown in Fig.
7.0.2, slowing and cooling can be achieved with four laser frequencies total and this serves as a

basis for the use of bichromatic force slowing.

2Here, we ignore the finer structure of SrOH electronic transitions and the presence of the repumping lasers because
majority of absorbed and spontaneously emitted photons have k = 27t/688 nm.
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Figure 7.0.2: Schematic diagram of coherent bichromatic force slowing for StOH. A pair of
collinear laser fields (spatially separated in the diagram for clarity) of equal intensity is incident on
the molecular beam from each direction. The lasers are symmetrically detuned by 43 relative to the
transition resonance frequency ®wg. While a sequence of coherent absorption and stimulated emis-
sion processes leads to molecular deceleration within one radiative lifetime, spontaneous emissions
provide the non-vanishing force over large distances by braking the coherent process.
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7.1 Stimulated slowing for atoms

The idea of using stimulated cooling and slowing for atoms goes back to the end of 1980s when
the rectified dipole force has been theoretically proposed and experimentally observed [215]. Us-
ing two standing light waves of different frequencies, the dipole force can be rectified to apply
force on atoms on the macroscopic spatial scale. However, only the discovery of the bichromatic
force, which also derives from the frequent coherent sequence of absorption-stimulated emission
cycles but has a wide velocity capture range and remains robust under experimental imperfections,
allowed significant advances in atom manipulation. For example, short distance deceleration of Cs
atomic beam with BCF has been demonstrated [210].

There are multiple ways to understand the effects of four laser beams shown in Fig. 7.0.2 on
atomic motion, including the m-pulse model, dressed atom picture, and direct solutions of the op-
tical Bloch equations (OBEs). However, in this chapter we will only focus in the 7-pulse model
because it provides the most intuitive picture and allows for both qualitative and quantitative un-
derstanding of BCF in atoms. As demonstrated in Fig. 7.1.1, each pair of + detuned beams
results in a series of rf beat notes. The equal intensities of each frequency beam are chosen such
that the pulse area is approximate equal to &, thus leading to a series of alternating excitations
and stimulated emissions. By appropriately choosing the relative phase shift between the counter-

propagating beat note trains (Fig. 7.1.2), the directionality of the force can be accurately controlled.
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Figure 7.1.1: Beats arising from the interference of two identical sinusoidal waves with the relative
frequency shift 28. While the amplitude envelope (depicted in blue) oscillates at frequency 9, the
beat frequency is 2. In the ideal bichromatic force configuration, the intensity distribution and
duration of each beat note is chosen such that the probability for transfering ground state molecules
into an excited state (and vice versa) is equal to one (7t-pulse condition).

Since in each such cycle the momentum of the atoms is modified by AP = 2hk and the beat note

modulation period is 7/, the ideal bichromatic force is equal to [216]

AP 218

FBCF,ideal = N (7.1.1)

Even though the actual force on a two-level system Fpcr turns out to be half of FgcF,jdeal because
of the effects arising from spontaneous emission, it can still be much greater than the radiative

force

=—>1 (7.1.2)

if the detuning if chosen appropriately (& > 7).
From Eq. 7.1.2, we can see that the magnitude of the BCF is controlled by the laser detuning
8. However, in order to ensure that the mt-pulse condition in maintained, the Rabi frequency must

be scaled appropriately as Q = nd/4 [216]. While Fpcr scales linearly with 3, the required laser
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Figure 7.1.2: Bichromatic beat note pulse trains propagating in opposite directions. Relative /2
phase shift leads to a directional force on the atoms or molecules placed in such a field configura-
tion.

intensity [217]

5\ 2
Igcr =3 (;) Lyt (7.1.3)

has a quadratic dependence, imposing strict requirements on the size of the laser beam in the

experiment.

One of the crucial advantages of using BCF compared to radiative force for atomic and molecule

slowing is its large velocity capture range [179]

. (7.1.4)

>l o

AVBCF ~

While dressed atom treatment [218] is necessary in order to derive velocity capture range for BCF,
it can intuitively be understood as arising when Doppler shifts kv become comparable to Rabi
frequency Q ~ §. In the doubly-dressed atom picture, BCF arises from the spatial gradient of the
field-dressed energy levels combined with Doppler shifts when atoms are propagating in standing

light waves of two different frequencies ®g + & and wy — 6 (Fig. 7.1.3).
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Figure 7.1.3: Standing light waves of two different frequencies in the bichromatic force configura-
tion.

7.2 Bichromatic force for molecules

Because of the complexity of molecular structure, accurate calculations of BCF effects are not
possible with the 7 -pulse model and direct numerical integration of the OBE:s is required. Aldridge
and Eyler has performed such calculation for STOH in order to guide our experimental efforts and
the details of their approach can be found in Ref. [219]. However, as shown in Ref. [179], ©
-pulse model can be used for a qualitative understanding of the BCF effects in multilevel systems
if appropriate statistical scaling factors are applied.

There are multiple advantages of using bichromatic force slowing for molecules including

e short slowing distance — reduced transverse pluming

short slowing time — reduced “photon budget” leading to fewer vibrational repumps

transverse repumping possible — less repump power needed

broad velocity capture range — no white-light EOM and spin-rotation AOM needed

rectangular velocity dependence — velocity distribution is compressed and cooled because

of abrupt flanks

However, these benefits come at a cost of high laser power required potentially small spatial capture
due to tight focusing of the laser beams.
As indicated in Fig. 2.5.3, there are multiple sublevels involved in the optical cycling process

of SrOH that leads to a modified saturation intensity and correspondingly appropriate bichromatic
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Figure 7.2.1: Comparison of bichromatic and polychromatic pulse trains that could be used for
molecular slowing. Pulse trains for original BCF configuration with +9, as well extra harmonics
at 30 and 38 £ 58 are shown.

intensity

5\ 2
IBCF,eff = 3 (?) Lat, eff- (7.2.1)

Since Ly, eff > Isats IBCF, eff > Ipcr imposing even higher laser power requirements for manipulating
molecular systems with bichromatic laser light. Additionally, because of the presence of dark
Zeeman and vibrational sublevels not driven by the BCF laser frequencies, effective bichromatic
force FpcF,eff Will be smaller compared to a two-level system approximation. It has been shown

[179] that in such a configuration

(7.2.2)

( ne/2+ng ) 1k
FBCF,eff =

Ne/2+ng,+ny T

where n,, n,, and ny are the corresponding degeneracies for the excited state, BCF-active ground
state, and BCF-inactive levels. Addition of the force reduction factor 1 is necessary to account for
line strength variation and difference in frequency shifts relative to BCF beams.

One very attractive feature of BCF for molecules with poor FCFs is that the fraction of time
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spent in the excited electronic state can be significantly reduced compared to Doppler cooling
at saturation if the time between the excitation-deexcitation cycles is increased. Using simple
statistical arguments for BCF in multilevel systems, the probability to be in the excited state is

calculated as [217]

ne/2
P~ et
Ne/2+ng+ng

(7.2.3)
where the form of the weighting factors is chosen to give correct P, =~ 1/3 in a two-level limit.
Galica et al. [181] showed that the use of polychromatic forces when higher harmonics of the
original bichromatic detuning are added can lead to such improvements. Figure 7.2.1 shows how
additional frequency components modify the pulse trains seen by atoms or molecules. Figure 7.1.2
shows that with BCF the counter-propagating beat trains overlap in space and time while according
to Fig. 7.2.1 this can be avoided by adding higher harmonics. In fact, the use of ultrafast lasers

for molecular deceleration and cooling has been recently proposed [220]. Previously, picosecond

laser pulses have been used for further compression of the laser-cooled Cs sample [221].

7.3 Experimental apparatus

The apparatus used in the experiment is in many aspects similar to that described in Chapters 5 and
6, so here we focus only on the unique characteristics that were required to achieve BCF deflection.

Particularly, the following experimental changes needed to be implemented:

e Collimating aperture size needed to be modified in order to ensure that most of the molecules

in a beam experience laser intensities high enough for BCF effects to arise.

e Significantly larger laser intensities were required to achieve BCF effects on STOH compared

to radiative deflection and Sisyphus laser cooling.

e Because of the short laser-molecule interaction time in the experiment, there was no need

for repumping vibrational states beyond (100).
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Figure 7.3.1: Experimental apparatus used for bichromatic force deflection of SrOH. For a detailed
description please refer to Fig. 5.3.1. Major differences compared to Chapters 5 and 6 include,
smaller collimating aperture, high-intensity standing light wave with two frequency components,
and large remixing magnetic fields.The direction of the bichromatic force can be changed by mov-
ing the mirror in order to modify relative phase shifts between beat pulse trains.
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Figure 7.3.2: Custom-build tapered amplifier for generating bichromatic laser frequencies. The
design was modeled after Ref. [153].
e Significantly higher magnetic fields were required for rapid remixing of dark magnetic sub-

levels.

In order to achieve required laser intensities we had to construct a tapered amplifier (TA) system
seeded by an injection locked laser diode. Figure 7.3.2 shows the image of the home-made TA
used to generate ~ 450 mW of 688 nm laser light in order to generate two frequency components

used in the BCF experiment.

7.4 Bichromatic force deflection of SrTOH

Figure 7.4.1 shows the optimal configuration for BCF deflection of SrOH with 10 mW/cm? laser
intensity. While TA delivers close to 500 mW, after the optical isolator, 260 MHz AOM for adding
BCEF sideband, and fiber coupling using polarization maintaining fibers only about 40 mW per each

BCF frequency component remain. Thus, the laser beam 1/¢? diameter is limited to about 0.9 mm
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Figure 7.4.1: Optimal BCF frequency detunings for StOH using the X2+ (000) — A’IT, /2 (000)

P(N" = 1) transition for 10 mW /cm? irradiance per BCF frequency. The parameters were esti-
mated using numerical solutions of OBEs by Aldridge in Ref. [219].
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Figure 7.4.2: Bichromatic force deflection of the STOH beam. (a) Comparison of the beam profiles
for unperturbed beam, beam deflected with BCF, and beam perturbed by a single frequency stand-
ing wave. (b) Comparison of the beam profiles for unperturbed beam, beam deflected with BCF,
and beam perturbed by single pass containing two laser frequencies. The fits are Lorenzians.

in order to achieve high enough laser power>.

Results of the bichromatic force deflection for STOH are shown in Fig. 7.4.2. As can be seen
from 7.4.2(a), both BCF frequency components are necessary in order to achieve significant de-
flection. Additionally, Fig. 7.4.2 demonstrates that BCF beams from both directions are required,
as expected. A shift of the center beam profile from a single pass beam can be attributed to off-
resonant optical excitation that leads to scattering of 25 photons per molecule. We confirmed this
by turning off the clean-up beam and observed depletion of the molecular signal.

According to the m-pulse model described above, the effects of bichromatic force should have
a sensitive power dependence once the beat note area is no longer ©. While Fig. 7.4.3(a) demon-
strates the profile difference between the BCF and unperturbed molecular beams, Fig. 7.4.3 shows
dependence of the BCF deflection of the total laser power in the laser beam indicating that as

expected close to 10 mW/cm? are required to achieve optimal deflection with § = 130 MHz.

3The peak laser intensity for a Gaussian beam is given by I = 2P/ (1w}), where wy is 1/¢? radius of the laser
beam.
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Figure 7.4.3: (a) Profile difference for an unperturbed SrOH beam and a beam deflected with BCF.
(b) Power dependence of the BCF deflection.
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Figure 7.4.4: Molecular beam profiles simulated with Monte Carlo methods in the presence of
BCF force with (a) 57% of the molecules addressed and (b) 100% of the molecules addressed.
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In order to quantitatively analyze the BCF effects, we performed Monte Carlo simulations of
the molecule dynamics for a different fraction of the molecules experiencing optimal bichromatic
intensity. Figure 7.4.4(a) shows that our observed deflection with the used beam diameter (2w ~
0.957 mm) and collimation aperture of width 0.5 mm leads to approximately 57% of the molecules
addressed by the correct laser intensity Igcr. If the fraction of the molecules experiencing optimal
BCF conditions were increased to 100%, the shift will almost double as indicated in Fig. 7.4.3(b).
From the shift in (a) we can also estimate that the BCF force is about 5 times larger than the

radiative force for a given number of scattered photons.

7.5 Applications to SrOH slowing and cooling

During the Doppler slowing and cooling process the entropy increase for the photon beam is many
orders of magnitude larger compared to the entropy loss for the atomic sample [222]. Previous
theoretical analysis indicates that entropy removal efficiency with Doppler laser cooling is around
N = |AS,|/AS; ~ 1073 [223], where AS, and AS; is the entropy change for atoms and light
correspondingly. However, as long as | ~ 1, the light has enough capacity to absorb all the entropy
lost by atoms [224]. Therefore, a larger number of scattered photons is not necessarily required
for efficient laser slowing and cooling of atomic and molecular beams. Previously, bichromatic
slowing and collimation was used to make an intense helium beam [225]. Using only 10 cm
of interaction length, the brightness of the beam was increased by more than 3,000. While not
obvious at first sight, the bichromatic force can be set up to emulate the optical molasses but
with a very large capture velocity. In order to achieve such a configuration, two different regions
of counter-propagating BCF beams are required with opposite spatial phase and frequency shifts
[225].

Table 7.1 illustrates the advantages and challenges of applying BCF longitudinal slowing to
complex molecules like STOH. While the slowing distance is significantly reduced compared to

radiative slowing (from 3.1 cm to 3.5 mm) because of the larger force, significant laser powers are
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Parameter Two-level N'=0—=J'=1/2 N'=1—=J=1/2

Detuning (8, MHz) 150 (21v) 150 (21vy) 150 (21vy)
Velocity capture range (Avpcp, m/s) 103 103 103
Optimal intensity (/gcF, mW/mm?) 39 155 697
Force ratio (Fecp/Frad) 27.3 5.7 11.7
Slowing time for vy = 50 m/s (us) 30 382 141
Slowing distance for vy = 50 m/s (mm) 0.8 9.6 3.5
Tioss With FCFogs = 1 x 1073 (us) 68 216 216
Excited state probability (P,) 0.33 0.11 0.14

Table 7.1: Bichromatic force slowing calculations for STOH. The estimations were performed
using the scaled two-level model described in Section 7.2 and Ref. [217].

Parameters used in the calculations:
e Two-level saturation Igy: 2.8 mW/cm?
e Effective saturation for N = 0 — J' = 1/2 transition I efr: 11.2 mW/cm?
e Effective saturation for N = 1 — J' = 1/2 transition I efr: 50.6 mW/cm?

e Force reduction factor n: 0.25
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required to achieve optimal BCF conditions. As can be seen from the table, the main challenge
in applying BCF to molecules is the presence of multiple levels so saturation requirements grow
significantly. If one could find a molecules in the !X configuration, the power requirements could
be reduced significantly. Since the calculations were performed using a simplified model, they
can only be used as an order of magnitude estimate and for relative comparisons only. Interested
readers should refer to the numerical solutions of the OBEs for SrOH provided in Ref. [219] for

more detailed calculations.

7.6 Conclusions

Bichromatic and polychromatic optical forces based on coherent momentum exchange between
light and atomic matter promise to play a crucial role in extending laser manipulation to complex
polyatomic molecules and diatomics with poor Franck-Condon factors. Our experimental results
with SrOH demonstrate that deflection forces ~ 4 — 5 times larger than radiative are possible with
BCEF, corroborating previous theoretical calculations [219] and paving the way for efficient laser
slowing of complex molecules. Achieving larger Rabi frequencies with bigger laser beam sizes and
applying this technique to longitudinal slowing will significantly aid in creating a three dimensional

MOT of SrOH and similar polyatomics.

131



Chapter 8

Prospects of Magneto-Optical Trapping for
SrOH

While the technique of optical molasses described in Chapter 6 leads to cooling of the velocity dis-
tribution and compression of the phase space in 3D', it does lead to spatial trapping of the atomic
or molecular clouds?. Even though various methods have been previously explored [226], usually
atomic physics experiments rely on the inhomogeneous magnetic fields to provide required spatial
dependence of the scattering force and enable true trapping in free space [148]. While an atomic
MOT is a very robust trap with relatively modest technological requirements for construction and
operation’, recently demonstrated MOTs of diatomic molecules have shown that significant chal-

lenges need to be faced when transferring this versatile technique to molecular species. In this

Following Ref. [170], we define phase space density in 6D p (7, p, ) at time ¢ as the probability that a single
particle is at position 7 with momentum j. Thus, defining a new vector § = (7, p)and using [ p (g, t)d°q = 1, we
can calculate the probability to find one particle in a subspace ¥ as P(V) = [,,p (4, 1) d®g. During the laser cooling
process, the use of the velocity dependent optical forces leads to an exponential gain in phase space density as [170]

dp(q,1) B
dr _3Mp

(@1) (8.0.1)

where B is the damping coefficient for optical molasses and M is the mass of the atom.

2While initially the atoms will concentrate in a small region of space, they will eventually diffuse out of the laser
beams.

3For example, required magnetic field gradients and laser powers can be achieved with air-cooled coils and external
cavity diode lasers.
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chapter, we briefly provide the theory of magneto-optical trapping for atoms before highlighting
extra hurtles arising when working with diatomic molecules. Finally, we break down the steps
necessary for achieving magneto-optical trapping for polyatomic molecules, primarily focusing on

SrOH.

8.1 Magneto-optical trapping for atoms

In a MOT, just like in optical molasses discussed earlier, the cooling effect on the atoms comes from
the scattering force. However, the application of the magnetic field gradient leads to a spatially
dependent Zeeman splitting of atomic energy levels. The use of circularly polarized laser beams
combined with particular Zeeman selection rules and spatial dependence of the energy shifts leads
to the imbalance in the radiative force imparted from the counter-propagating laser beams [148].
While the general idea is effectively the same, the details of implementation depend on the exact
relationship between the ground state and excited state angular momenta, leading to type I and

type I MOTs discussed in more detail below.

8.1.1 Type IMOT

Figure 8.1.1 shows a schematic diagram for achieving a MOT in atomic system with J, < J, in a
so-called type I MOT configuration which is most frequently used in atomic physics experiments.
As can be seen from the diagram, for B > 0 the Zeeman energy level for m; = —1 is shifted into
resonance with the 6~ polarized red-detuned laser beam incident from the right, resulting in a
restoring force towards the trap center. The situation is reversed for B < 0, where m; = +1 level
is shifted into resonance with 6+ polarized laser light leading to spatially restoring optical force
towards B = 0 position.

In order to provide a quantitative analysis of the MOT trapping forces, it is necessary to con-
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Figure 8.1.1: Schematic diagram of magneto-optical trapping in 1D using J” =0 — J' = 1 optical
transition.

sider the total force on atoms arising from both counter-propagating laser beams
Fvmor =F, +F_ (8.1.1)

where the force from each beam takes the form found previously in the description of optical

molasses in Chapter 6 [170]
P

Fi = .
2 14s50+4(84/y)

(8.1.2)

However, effective detuning needs to incorporate both Doppler and Zeeman shifts in the MOT
configuration of Fig. 8.1.1 [170]
SiIS:EOJD:l:(DZ (8.1.3)

with @p = —k - ¥ and @z = ' B/h with the effective magnetic moment of the transition specified
as 4’ = (geme — ggmg) up. The spatial dependence of the MOT forces comes from the linearly

inhomogeneous magnetic field of the form B = Ax along the X direction. Notice that MOT operation
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relies of the differential magnetic moment g’ # 0.
In the regime when ®p, 0z < J, the total force profile becomes identical to a damped harmonic
oscillator

Fvor = —BV—KX (8.1.4)

with the damping coefficient of the optical molasses and the spring constant ¥ = /A / (Bhk). Thus,
the damping rate of the MOT is I'vjor = /M and the oscillation frequency is ®por = \/K/M
for mass M atoms, resulting in an overdamped atomic motion of characteristic restoring time
2I'vor/ wl%/IOT [170]. While both the qualitative and the quantitative descriptions of a MOT pro-
vided here use a 1D model, they capture majority of the essential conceptual details required for
understanding the process of three-dimensional magneto-optical trapping. The steady-state tem-
perature of type I MOTs is usually comparable to the temperature of optical molasses, leading to

sub-Doppler cooling in certain configurations.

8.1.2 Type Il MOT

The advantage of using type I MOT configuration presented in Fig. 8.1.1 is that while both laser
polarization and magnetic field orientation are kept constant, all of the atoms in the ground state are
addressed with incident laser beams in the proper orientation. However, in some atomic species the
use of ground states with larger angular momentum than in excited state is required (i.e. J” > J')
[227]. The way to achieving magneto-optical trapping in such a configuration is illustrated in
Fig. 8.1.2 for a simple case of J” = 1 — J' = 0 atomic transition. While the laser frequency is
still detuned below the atomic resonance (®; < ), the laser polarization and the direction of the
magnetic field are synchronously modulated in order to ensure that the direction of the Zeeman
shift is reversed in order for dark magnetic sublevels to scatter photons from the correct direction.
While higher order effects have led to MOT demonstrations in type II configurations without such
reversals, intuitively one would expect the MOT forces to average out to zero value if the dark

magnetic sublevels are not actively remixed.
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Figure 8.1.2: 1D MOT schematic diagram using J” = 1 — J’ = 0 optical transition.The direction
of applied magnetic field and laser polarizations are modulated to achieve the restoring force.

8.2 Magneto-optical trapping for diatomic molecules

Probably, the first practical proposal for achieving magneto-optical trapping for diatomic molecules
was provided by Stuhl et al. [228], who suggested to use pulsed electric fields to non-adiabatically
remix the ground state magnetic sublevels. Five years later, Hummon et al. have experimentally
demonstrated magneto-optical compression of the YO beam in 1 and 2D using oscillating magnetic
fields and time-dependent optical polarizations [101]. True magneto-optical trapping in 3D was
demonstrated with StF for both DC [229] and RF [171] configurations. At the time this thesis was
written, two research groups have demonstrated 3D MOTs of CaF [186, 187] and one group has
achieved 3D MOT of YO. This rapid experimental progress combined with detailed theoretical
work [201, 230] aimed at explaining the origin of 3D MOT trapping forces for molecules as well
as carefully predicting specific characteristics of molecular MOTs have already provided a lot of
insight into the differences between magneto-optical trapping process for atoms vs molecules.
Even in the optimal RF MOT configuration presented in Fig. 8.1.2, the effective scattering rate

of the trapped molecules is modified because of the presence of multiple ground states n, coupled
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to excited electronic state with multiplicity n, [231]

ne

netng + 210 (1 +4A2 /F2> It/ 1

Ry =T (8.2.1)

where L j = Tthel'/ <37»§> is the corresponding two-level saturation intensity and /\; is the de-
tuning. Additionally, other experimental MOT parameters like Tivor, Leff, Sefr, and Kyorhave to
be modified appropriately to account for the coupling of multiple ground and excited state levels
[171]. Recent combined experimental and theoretical advanced in magneto-optical trapping for
diatomic molecules empower us to consider the prospects of making a 3D MOT of polyatomic

molecules like STOH or CaOH.

8.3 Chemical production of SrOH

While MOTs of SrF have been achieved using buffer-gas beam source relying on the ablation of
a solid molecular precursor SrF, [153], the stable and robust operation of CaF MOTs has neces-
sitated the development of the chemical beam sources relying on the reaction between ablated Ca
metal and SF¢ gas [186, 187]. Based on our experience with the STOH production using ablation
of the pressed Sr(OH), powder, development of the new SrOH beam source relying on the chem-
ical production mechanism might also be necessary in order to achieve large stable STOH beam
signals over prolonged periods of time required for MOT optimization and characterization. For-
tunately, relying on the previous experimental studies of supersonic beams of CaOH and SrOH, it
seems highly likely that large numbers of StOH can be produced by ablating strontium metal tar-
gets inside the buffer-gas cell while simultaneously flowing helium gas seeded with water (H,0O)
or hydrogen peroxide (H,O;) through a thermally disconnected fill line. While gas-phase reac-

tion between ground state strontium atoms and water is endothermic by 0.8 eV, it was previously
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determined that the chemical reaction
St* (*°P1) + H,0(g) — SrOH (g) + H(g) (8.3.1)

is exothermic by about 1.0 eV [232]. While Sr* atoms are naturally produced during the laser abla-
tion process, promotion of the strontium using 689 nm intercombination line to the >P;metastable

state will lead to enhanced SrOH production.

8.4 Slowing SrOH below MOT capture velocity

Radiative slowing of the cryogenic buffer-gas beam of SrOH below the capture velocity of a 3D
MOT will require scattering a large number of photons. Additionally, small loss rate to dark vibra-
tional levels is required to demonstrate reasonably long MOT lifetimes. Figure 8.4.1 demonstrates
the optical cycling scheme in SrOH that can be used for both radiative slowing as well as direct
trapping in a MOT. With four repumping lasers indicated in the diagram, scattering of > 10* pho-
tons should be possible per molecule. Assuming half of the maximum possible scattering rate,
MOT lifetimes of ~ 20ms should be possible with 107 scattered photons. Comparison of the ra-
diative force slowing for STOH and diatomic molecules that have been trapped in a 3D MOT is
provided in Table 8.1. Employing X — A as the main cycling light and repumping using the X — B
transitions as shown in Fig. 8.4.1 leads to a reasonably fast cycling rate allowing for STOH beam
deceleration in a short distance compared to heavy diatomic molecules like SrF and YO. Figure
8.4.2 provides a comparison between SrOH and CaF of the required number of photons to stop a
slow cryogenic buffer-gas beam. As can be seen from the plot, the use of either X —A or X — B
transition for STOH (ms;op = 105 amu) necessitates ~ 10* scattered photons to bring 60 m/s beam
to a stop. Lighter molecular species like CaF (mc,r = 59 amu) or CaOH (mc,0g = 57 amu) require

only about half as many scattered photons because of the larger single photon recoil velocity.

138



(100)

688 nm

A=

X35

(000)

Figure 8.4.1: Optical cycling scheme for STOH required to achieve magneto-optical trapping. Scat-
tering 10,000 photons per molecule seems feasible with four repumping lasers indicated.
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Parameter SrOH SrF YO CaF

Cycling wavelength, nm 688 663 614 606
Recoil velocity, mm/s 5.5 5.6 6.2 11
Mass, amu 105 107 105 59

Max scattering rate/2n, MHz ~ 7x1/4 7x1/7 5x1/13 8x1/7
Photons to stop (100 m/s) 18,000 18,000 16,000 9,000
Photons to stop (50 m/s) 9,000 9,000 8,000 4,500

Time to stop, ms (100 m/s) 1.6 2.8 7.0 1.2

Time to stop, ms (50 m/s) 0.8 1.4 3.5 0.6
Distance to stop, cm (100 m/s) 12 21 52 9
Distance to stop, cm (50 m/s) 3.1 53 13 2.3

Table 8.1: Radiative force slowing comparison for STOH, SrF, YO and CaF. For StOH, the main
cycling and repumping transitions are decoupled. Additional reduction in scattering rate for YO
comes from microwave remixing of rotational states required because of the presence of the
metastable 2/\; /2 state. Half of the maximum possible radiative force was assumed to allow for

experimental deviations from ideal conditions.
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Figure 8.4.2: Comparison of the required number of photons to stop STOH and CaF cryogenic
buffer-gas beams.

8.5 SrOH Zeeman structure and MOT prospects

In order to achieve rotationally closed optical excitations for StOH, transitions with F” > F’ are
used and therefore only type II MOTs could be constructed. While the Zeeman structure of STOH
shown in Fig. 8.5.1 is more complicated than the canonical J” =1 — J' = 0 transition, it is still
simpler to analyze compared to 2% diatomics used for laser cooling like SrF and CaF. As pre-
viously mentioned, the hyperfine structure of SrOH is unresolved and therefore effectively only
spin-rotation structure needs to be considered. Using red-detuned frequencies as indicated in the
diagram, magneto-optical trapping could potentially be achieved. Because of the relatively large
spin-rotation splitting compared to the natural linewidth of the electronic transitions, frequency
component red-detuned relative to J = 1/2 manifold will not cause heating of the J = 3/2 sub-
levels.

While the Zeeman structure of the excited electronic states A and B will need to be analyzed in
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Figure 8.5.1: Zeeman structure of SrOH in the first excited rotational level of the vibronic ground
state. The hyperfine structure is unresolved at this level of detail.

more detail, approximately the magnetic moment in the A state is given as [10]
uo = (A+2X)up=0 (8.5.1)

since My, and Mg have opposite signed for Q = 1/2 state. However, because of the mixing between
relatively close lying A and B, the magnetic moment in the A state becomes ug # 0. The size of

the Zeeman shift for the rotational levels of the A state can be estimated as [233]
Ly
DEz =45 (818 ) upBzMr (852)

where the Zeeman coefficients are calculated from the A doubling constants of the A state as*

8= P/ (2Bror) and g¢ = —q/Bror where p = —0.1432cm™!, g = —1.51 x 10" ®cm ™, and Byor =

4In order to avoid notation confusion we use By to denote applied magnetic field and B to indicate molecular
rotational constant.
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0.2539cm™! [234]. Thus, the magnitude of the Zeeman shift for the A state of StOH is given as

!

~ % — 0.094. (8.5.3)

AEz.
upBzMFp

It is interesting to note that % <g; — g§/> parameter which quantifies the Zeeman shift magnitude
for the excited A state is larger for STOH compared to StF and CaF. Since non-zero excited state
g-factor of StF in the Astate has been suggested as the origin of type II DC MOT operation, even
stronger confining force for DC MOT is expected for STOH. However, it has been confirmed both
experimentally and theoretically that RF MOTs operated as shown in Fig. 8.1.2 provide stronger
confinement for molecules compared to DC and therefore present a more attractive option for
SrOH trapping. In order to characterize RF MOT parameters for STOH, initial experiments can be
performed in 1D or 2D configurations as done with YO [101] and CaF [231] before proceeding
to 3D confinement. Experimental chamber used for StOH laser cooling can be modified in a

straightforward manner to allow such magneto-optical compression of STOH CBGB.

8.6 Conclusions

Based on the analysis presented here combined with the experimental results on direct laser cooling
of SrOH in Chapter 6, loading of SrOH cryogenic buffer-gas beam into a 3D magneto-optical trap
appears possible. Using four repumping lasers, radiation pressure longitudinal deceleration should
enable slowing below the capture velocity of a 3D MOT. Use of the bichromatic force deceleration
described in Chapter 7 or Zeeman-Sisyphus type slower [Ref] should reduce the number of re-
quired repumping lasers even further. The Zeeman structure of STOH appears “simpler” compared
to related diatomic molecules like StrF and CaF and either DC or RF MOT can be accomplished

using X — A or X — B electronic transitions.
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Chapter 9

Towards Laser Cooling of Complex

Polyatomics

While cooling SrOH is interesting in its own right, we consider it as a model system for how laser
cooling can proceed in much more complex species. In order to productively pursue applications
outlined in the Introduction chapter, preparation of laser cooled samples of diverse polyatomic
molecules with different geometries and properties will be required. In this chapter we outline how
techniques developed with SrOH can be effectively extended to other alkaline earth monoalkoxide

free radicals and what potential applications can be achieved.

9.1 Laser manipulation of quantum systems

The ability to repeatedly scatter multiple photons from a quantum object, photon cycling, has led
to numerous scientific advances [89, 90]. For external state manipulation, the use of the radiation
pressure force from optical cycling to slow, cool, and trap atomic species has facilitated the cre-
ation of a diverse set of degenerate quantum gases [235-237], atomic clocks [238, 239], and other
forefront quantum science successes [240, 241]. For example, atom imaging in optical lattices
with single-site resolution [92, 93, 242, 243] enabled quantum simulation of certain condensed

matter theoretical models [244, 245]. When applied to solid-state materials, the use of anti-Stokes
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fluorescence made possible optical cooling of solids to cryogenic temperatures [246, 247] as well
as laser cooling of micromechanical membranes to the quantum backaction limit [ 164, 165]. How-
ever, the application of photon cycling to gas-phase neutral molecules has been relatively limited,
until recently.

In his proposal [144], Di Rosa outlined three criteria that need to be fulfilled in order for
direct laser cooling to be applicable to molecules, including 1) the existence of strong electronic
transitions, ii) diagonal Franck-Condon (FC) factors, and iii) the absence of metastable loss states.
Later Stuhl et al. [183] pointed out that to reduce the number of required laser frequencies J' = J" —
1 type transitions could be used to eliminate rotational branching. Following these initial proposals,
laser cooling and slowing has been demonstrated on the diatomic radicals SrF [100, 248], YO
[101, 118], and CaF [102, 175, 249], and led to the creation of a magneto-optical trap (MOT) for
SrF [171, 184, 185].

Polyatomic molecules possess extra atoms compared to diatomics, leading to additional de-
grees of freedom and complexity. This complexity is the essential property that makes them in-
teresting but from a practical point of view has the potential to inhibit the photon cycling process.
For example, direct laser cooling of complex nonlinear polyatomic molecules (e.g. alcohols) is
prevented by their non-diagonal FC factors, technically challenging wavelengths, and the absence
of strong bound-to-bound electronic transitions. Recently, Isaev and Berger pointed out that qua-
sidiagonality of the FC matrix can be expected for polyatomics with a bonding scheme where a
valence electron is “over” a closed shell and undergoes transitions to nonbonding orbitals that are
shifted away from the bonding region [105]. They also highlighted a few molecules that have
this characteristic including CaOH, CaNC, CaCH3, and MgCHj3. In parallel to that theory work,
we experimentally demonstrated radiation pressure force deflection of a polyatomic molecule by
scattering ~ 100 photons from strontium monohydroxide (StOH) [188]. Very recently we have
also achieved Sisyphus laser cooling of SrOH, reducing the transverse temperature of a cryogenic
buffer-gas beam of SrOH from 50 mK to 750 uK with ~ 220 scattered photons per molecule [250].

Inspired by our experimental results on SrOH and insights provided by Isaev and Berger, here we
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identify a general scheme for optical cycling in SrO-R type molecules, allowing for laser cooling
of species with six or more atoms.

Cold, dense samples of diverse, large polyatomic molecules could open new research avenues
in fundamental physics and chemistry as well as quantum science. In particular, enhanced spec-
tral sensitivity of polyatomic molecules to the time variation of fundamental constants arising
from phenomena beyond the standard model [13, 15], including interactions with cosmic fields
[251, 252], could allow for new astrophysical detectors [17]. The importance of complex organic
molecules for astronomy is also indicated by previous observations of over fifty different molec-
ular species containing six or more atoms in interstellar space in a variety of environments [61].
Also, unique degrees of freedom provided by polyatomic molecules have been proposed for appli-
cations in quantum simulation [39, 40] and computation [31, 32, 253]. Finally, polyatomics offer
an extensive platform for studying violations of fundamental symmetries of nature [26, 254].

Motivated by the variety of possible applications, significant progress on the control of neutral
gas-phase complex molecules has been demonstrated previously [255], including electric [2, 256],
magnetic [257], and optical field deceleration [258], rotating centrifugal slowing [259], and buffer-
gas cooling [260, 261]. Recently, optoelectrical Sisyphus cooling of the electrically trapped sample
[86] led to creation of formaldehyde at sub-millikelvin temperatures [85]. The use of an optical cy-
cling scheme for molecules explored in this chapter could significantly enhance these experiments
and also lead to direct laser cooling of large molecules into the ultracold regime.

The general concept for photon cycling in a complex polyatomic molecule involves the attach-
ment of a “two-level” atom to facilitate the scattering of photons. As was previously demonstrated
experimentally [182], replacing hydrogen (H) in alcohols (HOR) with an alkaline earth metal atom
(M) like Ca or Sr leads to alkaline earth monoalkoxide free radicals (MOR), which have a number
of ideal properties for direct laser cooling. Like in StOH, which we recently laser cooled [250], the
M-O bond is very ionic, so the orbitals of the metal are only slightly affected by the nature of R on
the ligand, leading to a locally linear symmetry near the metal. Diagonal FC factors, laser acces-

sible strong electronic transitions, and a small hyperfine structure make MOR a convenient class
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Figure 9.1.1: Three representatives of alkaline earth monoalkoxide free radicals explored in this
chapter: (a) strontium monomethoxide, (b) strontium monoethoxide, and (c) strontium isopropox-
ide. In all cases here, Sr-O-C bond is linear as previously confirmed by the direct laser spectroscopy
of these molecules [182]. 3D molecular structures were generated using MolView [262].

of polyatomic molecules for direct laser cooling. The structures of three example MOR molecules
are shown in Fig. 9.1.1.

In this chapter, we detail our calculations of the dominant vibrational loss channels for a large
number of calcium and strontium monoalkoxide free radicals, identify specific optical cycling
approaches, and describe experimental considerations for the Doppler and Sisyphus laser cooling

of large polyatomic molecules.

9.2 Photon cycling scheme

In order to understand the emergence of photon cycling in MOR polyatomic molecules, it is im-
portant to consider the details of their molecular structure. The electronic levels of the alkaline
earth monoalkoxide radicals closely resemble those of monohalides (e.g. CaF or SrF) [160]. The
ionic character of the metal-oxygen bond leads to an approximate electronic distribution of the
form M*O'R which can be analyzed with a simple one-electron, hydrogenic model [182]. While
alkaline earth metals have a ns> electron configuration in the ground state, during the molecule for-
mation one of the outer-shell electrons is transferred to the ligand, leaving a nonbonding valence
electron in a ns state on the M* ion. Therefore, the electronic ground state X is mostly formed

from the valence nsc molecular orbital leading to alkali metal-like structure. For example, the
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Sr* ion is isoelectronic to Rb (with %S ground state), and the addition of the OH ligand results
in the molecular ground state 5s6X?X" in SrOH. Because of the effectively linear symmetry for
M*-O-R, the lowest excited atomic state (n — 1)d produces (n—1)do, (n—1)dn, and (n—1)dd
molecular orbitals. The second excited atomic state np gives npc and npm orbitals. We explore a
photon cycling scheme where we focus on only two excited molecular electronic states A and B,

which come from the mixture of (n — 1) dn-npw and (n — 1) do-npc orbitals, correspondingly.

9.2.1 Franck-Condon factors

Because the electronic transitions considered here involve the promotion of a metal-centered non-
bonding electron of M*, the decay bands are expected to be highly diagonal with Av = 0. While
previous experimental studies have confirmed this reasoning in some cases [182, 263], no precise
measurements of small off-diagonal FC factors were performed. In order to estimate the domi-
nant vibrational loss channels in the MOR systems, which are of crucial importance during the
cycling process, we use a harmonic oscillator model to treat atomic motion. This approximation is
employed because of the modest anharmonic contribution to the molecular potentials for the states
under consideration (e.g. from the data in Ref. [263] x,®,/®, == 1 X 103 for the ground electronic
state X of STOCH3). As a starting point of the analysis, we estimate the FC factors associated with
the M-O stretching mode, which involves the motion of the metal atom and, therefore, is expected
be the dominant off-diagonal loss channel during photon cycling. Our calculation is performed
with the closed-form approximate expressions for FC factors that use the reduced mass (u), vibra-
tional frequency (®,), and equilibrium internuclear distance (r,) in both the ground and excited
states [151]. Considering only the M*<+O"R vibrational mode, the expressions for the dominant
FC factors are [151]

FCpo =exp (—5%/2) (9.2.1)

FCy1 = FCy_S?/2 (9.2.2)
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where the subscript refers to the M-O stretching mode vibrational quantum number vy and § =

Vusr—o®.Ar./5.807. The denominator incorporates numerical prefactors for using convenient

units with @;'> =2, /o, (A) @, (%)/ (/0. (A) + /0. (X)) in (em™)"?, ;o in amu, and

Nre =, (A) —Te (X ) in Angstroms. For low vibrational quantum numbers these approximate
formulas agree well with more complex models of molecular vibrations. From the comparison
of approximate FC factors found using Eq. 9.2.1 for the isoelectronic molecule SrF and those
calculated using the accurate first-order Rydberg-Klein-Rees procedure in Ref. [153], we estimate
the relative error on the diagonal FC factors for MOR to be < 1%.

Tables 9.1 and 9.2 provide a summary of the calculated FC factors for the M-O stretching
mode for strontium and calcium monoalkoxides. The sum of the two decay channels FCyo + FCy;
is 2 99.8% for StOR and 2 99.9% for CaOR confirming the qualitative arguments presented above
and indicating that a single repumping laser for the M-O stretching mode will result in only a part
in 2 500 loss to higher levels of this vibrational mode. By benchmarking the calculated value of
FCyo + FCy against isoelectronic molecules SrF and SrOH for which experimental measurements
are available [153, 177], we estimate the error in the sum of the two FC factors for the M-O
stretching mode to be < 2 X 1073, Since Apgin is 690 + 2 nm for SrOR and 630 + 2 nm for
CaOR, these main transition wavelengths are highly independent of the R chain, indicating that a
single set of external cavity diode lasers [172] could be used to address the whole range of MOR
molecules. While Arepump Vvaries with the species because of the approximately linear dependence
of the M-O vibrational frequency on the effective reduced mass of the M-OR complex [182], the
expected range of tens of nanometers can be easily covered with a single laser diode by temperature
tuning. The recoil velocity is larger for the CaOR class of molecules compared to SrOR but the
difference between the lightest and heaviest species we consider is less than a factor of 3. While
radiative lifetimes have not been precisely measured for the MOR molecules under consideration,
the similarities of their electronic structure with alkaline earth halides indicate expected lifetimes
of 20 — 30 ns [267] leading to strong electronic transitions.

In order to estimate the effects of other vibrational modes, beyond the M-O stretching, we
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consider a more complete model of the molecular vibrations. Here we use the GF matrix formal-
ism [268] and Sharp-Rosenstock approach [120] to calculate FC factors in the M-O-R triatomic
approximation [269]. The main reason for treating these complex molecules with such a sim-
plified picture comes from 1) the availability of the spectroscopic data and i1) the strength of the
off-diagonal decay channels. Because the X — A electronic transitions are highly localized on the
metal ion, significant FC factor contributions are expected only for the modes that involve the
motion of the metal [270]. Ref. [120] uses the harmonic oscillator approximation, a method of
generating functions and the linear transformation of the normal mode coordinates between the
initial and final states, to obtain general analytic expressions for calculating FC factors for poly-
atomic molecules. The main advantage of this approach is that it can be extended to include all of
the vibrational modes present in complex molecules [271].

Fig. 9.2.1 displays the essential laser cooling transition scheme and summarizes the values of
the calculated FC factors for the dominant loss paths for strontium monomethoxide. STOCH3 is a
prolate symmetric top of C3,, symmetry and has 12 vibrational modes with 4 of them being doubly-
degenerate leading to a total of 8 distinct vibrations [263]. Because the electronic transitions
are highly localized on the Sr* ion, only the three modes which are involved in the motion of
the strontium are expected to have appreciable FC factors: Sr-O stretching, Sr-O-C bending, and
O-C stretching. While cycling is possible on either X — A or X — B electronic transitions, we
choose to focus on the prospects of cycling with 689 nm on the X?A; « A%E, /2 and repumping
on X?A; — B?A; (632, 637, and 668 nm). Decoupling the main laser from the repumps leads to a
higher cycling rate that is independent of the number of repumpers [249]. In this way cycling rates
up to ~ 107 s~! should be achievable [250]. Since the repumping lasers for (100), (0200), and
(001) are coupled to the same excited state, laser powers for A3 5 ¢ should be matched in order to
achieve the optimal cycling rate. All of the necessary wavelengths A _g can be obtained with high
power diode lasers and tapered amplifiers, resulting in a compact experimental setup.

Using spectroscopic data from Refs. [182, 265, 272], we performed a similar FC factors anal-

ysis for the calcium monomethoxide (CaOCH3) molecule in order to determine the feasibility of

152



Sr—OCH, sr” 1 cH SrO-CH,

Figure 9.2.1: Photon cycling scheme for strontium monomethoxide (StTOCH3). The energies of
certain excited vibrational levels (100) (405 cm™), (200) (809 cm™'), (020) (271 cm™), and (001)
(1138 cm!) in the electronic ground state have been previously measured [263]. Two possible
main cycling transitions (A; and A;,) are indicated with upward red arrows. Spontaneous decay
channels in the Born-Oppenheimer approximation are shown with downward gray dashed arrows
with a corresponding Franck-Condon factor labeled (f;—7). Upward blue arrows labeled with an
excitation wavelength (A3_¢) represent the necessary repumping lasers to scatter 2> 1,000 photons
per molecule. The rotational states are not depicted at this scale. The vibrational quantum numbers
<V1V12V3) correspond to the Sr<+O stretching (v{), Sr-O-C bending (v;), and SrO<C stretching (v3)
vibrational modes. The superscript / next to the bending mode vibrational quantum number (vlz)
indicates the projection of the vibrational angular momentum on the symmetry axis.
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laser cooling. Using the notation from Fig. 9.2.1, we obtain the following values for CaOCHjs:
fooo =0.943, fi00 = 0.045, fa00 = 0.001, fyr00 = 0.006, and fo; = 0.005 for the dominant vibra-
tional decay channels. Therefore, using four vibrational repumpers exciting through the A state,
A1oo = 648 nm, Ay00 = 669 nm, Ay0, = 640 nm, and Ago; = 677 nm, photon cycling and laser
cooling can be achieved using the main transition X — A at Lo = 628 nm. All of these laser wave-
lengths can be created using solid-state diode lasers with enough power [211] to perform laser
cooling to sub-mK temperatures. Coupling of the main and three repumping lasers through the
excited A state will require balanced laser powers across all vibronic transitions and lead to the
reduced scattering rate. However, this problem can be resolved by cycling on the X — B transition

at 566 nm instead.

9.2.2 Forbidden loss channels

The selection rule for the vibrational angular momentum in the electronic transitions is given by
Al = 0 [108]. Therefore, to first order the decay from the A (000) excited state to the X (0110)
state should be forbidden in MOR molecules. However, it was previously seen that the intensity
of A(000) — X (01'0) is about § of the allowed A (000) — X (02°0)decay for StOH [113]. The
non-zero intensity of the (000) — (010) band comes from spin-orbit vibronic coupling [178]. In
particular, the A?T1; /2(000) level interacts with B?X*(010) level, leading to intensity borrowing
[116]. Since the coupling between the electronic and vibrational angular momenta manifested by
the Jahn-Teller effect in symmetric-top molecules [10] like MOCH3 is on the same order as the
Renner-Teller effect for linear isoelectronic counterparts like MOH [270], using experimentally
measured intensity ratios for STOH [113] together with our estimations of the A (000) — X (0200)
FC factor for STOCH3, we obtain the decay rate A (000) — X (01'0) to be ~ 5 x 10~%, which
is consistent with our estimations using the Renner-Teller Hamiltonian perturbation terms [269].
Therefore, scattering of ~ 1,000 photons per molecule can be achieved without repumping vibra-

tional levels with [ £ 0.
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9.2.3 Rotational structure

Since each vibrational level contains many rotational levels, it is important to consider rotational
selection rules even if the majority of the vibrational dark states are repumped as discussed pre-
viously. For the case of strontium and calcium monomethoxides considered above, the cycling
process is obtained by driving the X?A; — A%E, /2 vibronic transition. In this case the dipole mo-
ment u lies perpendicular to the symmetry axis along MOC and therefore the evaluation of the

transition dipole moment integral

/ ¥ (2E)" u¥; (PA1) (9.2.3)

results in the following selection rules: AK = +1 and AJ =0, 1 [107]. By choosing to drive
the K” = 1 — K’ = 0 transition we obtain a sub-band similar to (b)?% — (a)*I1 in linear molecules
with the letter upfront indicating the Hund’s coupling case [112]. As shown in Fig. 9.2.2(a), a
rotationally closed system of levels can be obtained by driving the ?Q;, (1,0.5), 7Py (1,1.5), and
PPj(1,1.5) transitions simultaneously, where we use AKIAT FIF! (|K g ) notation for electronic
transitions in polyatomic molecules.

For the repumping scheme outlined previously, we need to excite off-diagonal X?A; — B?A,
vibronic transitions. Since the transition dipole moment points along the MOC symmetry axis in

this case, the evaluation of the transition dipole moment integral

/ ¥y (PA1) u¥; (PAr) (9.2.4)

gives the following selection rules: AK =0 and AJ =0, &1 [107]. Excitation of the K" =1 —
K’ = 1 branch results in a sub-band similar to (»b)?IT — (b)’II for linear molecules. Molecules
lost to the excited vibrational levels can be returned to the ground vibrational level and back into
the cycling scheme by driving the 905, (1,0.5), 9P (1,1.5), and 9P (1,1.5) branches at the

same time (see Fig. 9.2.2(b)). Therefore, it appears feasible to maintain a high cycling rate for
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MOCHj3; type molecules with only three distinct frequencies per each vibrational transition. These
frequencies can be generated from a single laser with a combination of electro- and acousto-optic
modulators, as done for diatomic molecules [154, 175, 273]. Additionally, rotational levels can be
remixed by microwave fields [118]. Alternatively, since K” = 0 — K’ = 0 branch of the X?A; —
B2A; manifold resembles (b)*E — (b)*L sub-band for linear molecules [274] both cycling and
repumping can be achieved with only two frequencies Q15 (0,0.5) and 9Py (0,1.5) per X — B
vibronic excitation at a price of reduced scattering rate (see Fig. 9.2.2(c)). A separate analysis will
be necessary to identify a rotationally-closed cycling scheme for molecules with lower degrees of
symmetry.

As done with both diatomic molecules [154] and SrOH [188], additional frequencies might
be necessary to address the spin-rotation and hyperfine splittings for each rotational transition.
Because the hydrogen nuclear spins are even further removed from the metal-centered valence
electron in MOR molecules as compared to MOH, the hyperfine structure is expected to be below
the natural linewidths of the explored electronic transitions. Measurements performed on CaOCHj3
using pump/probe microwave optical double resonance (PPMODR) technique [275] confirm the

small value of the hyperfine parameters compared to CaOH.

9.3 Experimental Considerations

Production of a wide range of MOR molecules has been previously demonstrated in both Broida
ovens [160, 182] and supersonic beams [275]. At the heart of the production mechanism lies the

following chemical reaction:
M* (*P;) + HOR — MOR +H (9.3.1)

which is exothermic for the metal atoms in the excited metastable state. While in the oven exper-
iments an excitation laser is necessary to promote alkaline earth metals via 'Sy —> P; to initiate

the reaction, direct ablation of the metallic target with a pulsed nanosecond laser creates enough
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Figure 9.2.2: Relevant rotational levels of MOCH3; molecules for (a) photon cycling on the
K" =1 — K’ = 0 branch of the X — A electronic transition and (b) repumping from excited vi-
brational levels on the K” = 1 — K’ = 1 branch of the X — B transition as well as (c) both cycling
and repumping on the K" = 0 — K’ = 0 branch of the X — B transition (c). Energy levels are la-
beled by the symmetric-top quantum numbers J and K. Necessary laser frequencies are indicated
with upward arrows. Splittings between N = 1 and N = 2 rotational levels of the X state are ap-
proximately 10 GHz for STOCHj3 [263] and 14 GHz for CaOCHj3 [265]. In the diagram (c) parity
of the energy levels is indicated with “+” and “-”.
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atoms in the metastable state for efficient molecule production. The reaction of the ground state
atoms with alcohols has been shown to proceed via an HMOR intermediate but with a much lower
yield for the alkoxides of interest [182].

In order for the proposed laser cooling scheme to be feasible, it is necessary to first “pre-cool”
rotational and vibrational motions of MOR molecules so that only a small number of rotational
states are populated in the ground vibrational level. This initial step could be achieved either
via broadband optical cooling [276, 277] or buffer-gas cooling [79]. For example, experimental
techniques for injecting “hot” molecular gases into cryogenic buffer-gas cells followed by chemical
reaction with the ablation produced metals have been previously demonstrated [249, 278] and
can be extended in a straightforward manner to produce MOR samples at Kelvin temperatures.
Following this initial step, laser cooling can be applied on a cryogenic buffer-gas beam (CBGB) in

a low pressure environment suitable for further trap loading [80].

9.4 Applications

In this section we outline a number of possible applications in different sub-fields for the photon

cycling scheme presented in this chapter for MOR molecules.

9.4.1 Ultracold hydrocarbons

While the presence of alkaline earth metals is crucial for applying the proposed laser cooling
scheme to MOR, certain applications might require a sample of neutral alkoxy radicals (OR).
For example, understanding the abundance of complex molecules like CH3O in interstellar clouds
requires precise measurements of the gas-phase reactions at cold temperatures [62]. Related, pre-
cision spectroscopy of the hydroxyl radical (OH) was used to constrain the time evolution of the
fine structure constant [279]. Inspired by the recent progress on laser-cooled diatomic molecules,
extensive theoretical calculations have been performed for using photo-fragmentation (PF) to ob-

tain ultracold hydrogen [280], fluorine [281], chlorine [282], and carbon [283], which cannot be
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readily laser cooled with the current technologies. One intriguing possibility of the PF approach
is achieving a Bose-Einstein condensate of atomic hydrogen [280] without the use of a dilution
refrigerator or evaporative cooling, as was done previously [284]. While, as of now, no similar
studies have been performed for polyatomic molecules, structural similarities between MF, MOH,
and MOCHj3; indicate a possibility of obtaining ultracold alkoxy radicals by zero-energy PF. Hy-
droxyl radical (OH) obtained from laser cooled SrOH at the Doppler limit of ~ 200 uK using
fragmentation will have a temperature of ~ 30 uK, which is more than two orders of magnitude

lower than the demonstrated temperature of the evaporatively cooled sample [285].

9.4.2 Laser-cooled chiral species

Preparation of asymmetric methyl groups has a long and rich history in organic chemistry [286—
289] with recently identified applications in fundamental physics for measuring parity-violating
energy differences between enanteomers [290]. The use of a chiral methyl group CHDT in MOR
could lead to chiral molecules that can be directly laser cooled: STOCHDT and CaOCHDT. While
Isaev and Berger previously considered the prospects of laser cooling chiral MgCHDT using two
repumping lasers to eliminate dominant vibrational loss channels [105], such a scheme would
correspond to scattering 1/ (1 —0.86) ~ 7 photons per molecule. In the MOR molecules explored
in this chapter, the methyl group is situated further from the photon cycling center M and, therefore,
we expect a small perturbation to the cycling process from the isomeric substitutions on the methyl
group. Using a similar scheme to Fig. 9.2.1 would allow scattering of ~ 1,000 photons per chiral

molecule, allowing direct laser cooling and opening ultracold chemistry with chiral molecules.

9.4.3 Silicon-containing polyatomics

Another way to expand the chemical diversity of laser-cooled polyatomic samples explored in this
chapter is by using silicon atoms (Si) instead of carbon. A variety of silanol (HOSi) containing
compounds have been previously explored both theoretically [291, 292] and experimentally [293]

in order to construct alcohol analogs. In the manner outlined in Sec. 9.3, flow of HOSiR3 into
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a buffer-gas cell containing laser ablated alkaline earth metals should lead to efficient production
of diverse siloxide radicals (MOSiR3) that could potentially possess favorable properties for direct
laser cooling. For comparison, indirect creation of silicon containing molecules via assembly from
laser cooled atoms will be technically challenging since laser cooling of Si requires a continuous-

wave laser source in the deep-ultraviolet region at 252 nm [294].

9.4.4 Coherent slowing

Using Doppler radiation pressure force to slow the CBGB of molecules requires scattering of > 10*
photons [248] which would necessitate additional repumping lasers beyond those outlined in Fig.
9.2.1 and thus lead to increased technical complexity of the experiment. However, our proposed
optical cycling scheme delivering ~ 10° scattered photons per molecule opens a path towards the
use of coherent optical bichromatic forces (BCF) for rapid deceleration of MOR originating from a
CBGB to near the capture velocity of a molecular MOT, v¢,p ~ 10 m /s [295]. Following successful
experimental results for atomic beams, there has been different new schemes proposed for efficient
laser slowing of diatomic molecules on both electronic [179, 180, 296] and vibrational transitions
[297]. While we surmise that these techniques could be applied to MOR species, detailed simula-
tions of the bichromatic force in complex multilevel systems (e.g. like done for CaF [180]) will be

necessary in order to precisely determine suitable experimental parameters.

9.4.5 Optical loading of magnetic traps

The presence of an unpaired electronic spin for MOR molecules makes them amenable to magnetic
trapping after longitudinal slowing and transverse cooling steps. We have demonstrated magnetic
slowing and optical loading of CaF from a two-stage CBGB into a magnetic trap via scattering
of only a few photons [83], a method which can be straightforwardly extended to either CaOR or
SrOR class of molecules. Accumulation of a MOR sample in a magnetic trap will be a promising
starting point for exploring elastic and inelastic collisions with either alkali metal atoms (e.g. Li

or K) or helium. Previously, rigorous ab initio theoretical calculations have indicated that certain
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polyatomic molecules have small spin-depolarization rates with helium [48, 298], compared to
those of CaH [59], but these exciting predictions have never been tested experimentally. Studies
with magnetically-trapped spin-polarized samples of MOR molecules would not only accurately
benchmark state-of-the-art quantum scattering calculations but also explore the limits of sympa-

thetic cooling with atoms.

9.5 Conclusions

Using a harmonic oscillator approximation for the stretching and bending vibrations of the alkaline
earth monoalkoxide polyatomic molecules we estimate the dominant off-diagonal Franck-Condon
factors that could limit the optical cycling process in MOR molecules (M=Ca, Sr). Our calculations
indicate that scattering of ~ 1,000 photons per molecule is feasible with four vibrational repumpers
for at least several molecules with six or more atoms. Photon cycling for such complex species
will open up many applications not only in control of molecular motion but also in the sensitive
measurements of fundamental processes and constants in physics and chemistry.

This approach, together with recent insights by Isaev and Berger [105], could initiate a fertile
research area at the crossroads of AMO physics and physical chemistry. On the experimental side,
further work could include precise experimental measurements of the predicted FC factors using
dispersed laser induced fluorescence [299, 300]. In the theoretical direction, either ab initio or
normal mode analysis [120] with the inclusion of all vibrational modes would allow identification
of small loss channels with < 1/1000 decay rates. With the addition of extra repumping lasers
to limit the dark state losses to below ~ 104 level, radiative pressure slowing of molecules in
a cryogenic molecular beam could be achieved either via the “white-light” or chirped techniques
[118, 248]. Another intriguing research question to address is how phenomena present only in
polyatomic molecules like Jahn-Teller coupling [108] and internal vibrational redistribution (IVR)
[10] will influence the photon cycling process. Finally, determining the largest or most complex

OR group that could be attached to the metal atom without eliminating the photon cycling ability
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completely would answer a fundamental question in the laser cooling community. Cold collisions

and chemical reactions of such molecules could be of crucial interest in various fields [5, 62].
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Appendix A

Selection Rules for Vibrational Angular

Momentum

Here we give the explanation of the vibrational angular momentum selection rules for linear poly-
atomic molecules like STOH. Such selection rules play an important role in the choice of specific
molecules and cycling transitions for the laser cooling of polyatomics. We also discuss the origin

of the breakdown of the vibrational angular momentum selection rule for particular molecules.

A.1 Hamiltonian and eigenfunctions for the 2D harmonic os-
cillator

Consider a linear triatomic molecule with the Hamiltonian of the form (ignore the stretching modes

for now):

1 1 1
Hiowa = Huy +He = o (Pi+py) + 5,10)2 (¥ +?) + Zp?. (A.1.1)
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Notice that the restoring force is a function of x and y only, and therefore the problem is reduced

to solving 2D harmonic oscillator with the Hamiltonian of the form:

R (9> 9%
.

1 2 (.2 2
— ==+ = A.1.2

where  is the reduced mass of the harmonic oscillator and f = uw? is the force constant (we have

assumed an isotropic SHO). The eigenvalue equation for the oscillator is:
HyY¥ =E,Y. (A.1.3)

After performing the change of variables: x’ = xy/4° and y' = y/4> we obtain the following

equation:
1 (az\{f o>y

1 2 2
3 w+ay—z) TR W)Y =B (A1D

where E is in the units of ~®. Moreover, the equation easily factorizes into the x and y components:

1/ / 1 /
532 =" ) ¥y () = (e 45 ) vy (¥) (A.L5)

1/ 5 ) 1 :
_E W -y Wl’ly/ (y ) = ny/ —+ 5 \lfny, (y ) (A16)

where the total wavefunction in 3D is given by:

W (¥,y,2) = Wny () W, () W () (A.1.7)
The total energy of the 2D harmonic system then becomes:
Ey = (ny+ny+1)ho= (v+1) ho. (A.1.8)

Let’s exploit the symmetry of the problem and consider the molecule in cylindrical coordi-

nates around the internuclear axis (z). Since x’ = pcos¢ and y' = psin¢ we obtain the following
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Hamiltonian in the new coordinate system:

1, 1(10 9 10
n=3-3 (53" 3 7o) R

with the eigenvalue equation:

Hyy, (p,0) = Ev, (p,0) (A.1.10)

where E = v+ 1 in the units of h®.
Consider a separable solution of the form y,, (p,®) = R(p) P (¢). After a substitution into the

eigenvalue equation and manipulation we obtain:

——Z =0 (A.1.11)

where the first part depends only on p and the second part only on ¢. Define the separation constant

as [2 to obtain:

1 d*®
—— =] (A.1.12)
@ di?
1dR d*R I?
2R~ _2FER+—-R=0. (A.1.13)
pdp dp? p>

In this manner the wave-functions for bending and angular motions are separated. The solution
of the first equation is given by:

D (¢) o< € (A.1.14)

where [ has to be an integer because of the periodicity of the physical system in ¢ and can take
positive and negative values (i.e. [ =0,£1,£2,...). Consider the vibrational contribution to the
transition moment integral for an electronic transition between two different states g and e with

different values of /:

/ DD d o< / el(le=le)o g (A.1.15)

which is equal to zero unless l; = [,. Therefore, Al = 0 in the electronic transitions.
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Next let’s solve the second equation for R (p). First, let’s consider the asymptotic limit at p — oo
of the differential equation for R (p):
&R _ ’R (A.1.16)
ap? p-R. 1.

The physically acceptable solution is R(p) o< ¢~P*/2. Now consider the asymptotic form of the

differential equation at the limit p — O:

d*R 1dR I

+ - " R=0 A1.17
dp* pdp p? ( )

with the physically acceptable solution R (p) o< pl!l.
Combining both asymptotic results we obtain the following form of the solution R (p) = p'! e P2L (p).
After substitution into the original equation for R (p), we obtain the following differential equation

for L(p):
d*L(p) L dL(p)
dp? dp

20l +1
( "p* —2p)+2L(p)(E—1—|zy):o (A.1.18)
since E = v+ 1 and using a change of variables r = p> we obtain:

d’L(r) dL(r) v—|l|
172 + P (|l|+1—r)+L(r)T

=0 (A.1.19)

r

where we have used the following results to perform change of variables in the differential equa-

tion:
dL B dL dr ) dL

dL _dLdr _, dL A.1.20
dp _drdp  Puar ( )

d’L d dL dL d’L

ex_ 4 i R R I 1y o A.1.21

dp? dp( pdr) ar TP e (A12D

since j—p = 2pdir. After making a substitution k = |/| and n = V_Tm we obtain the following equation:

d*L
PL) dL()
dr? dr

(k+1=7r)+nL(r)=0 (A.1.22)

which is an associated Laguerre differential equation (see Arfken and Weber for more details)
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with solutions given by the associated Laguerre polynomials LX (r) where n is an integer. Thus,
v=l[ [ +2,]1]+4,...

Combining all the results together, we obtain the wavefunctions for the 2D harmonic oscillator:

W (p,0) = plle P2 (p?) (A.1.23)

where the vibrational angular momentum selection rules comes from the first term as was shown
before. Notice that the wavefunctions are not normalized yet. Also, observe that the wavefunctions
are doubly degenerate because y,; =V, _;.

In order to normalize the wavefunctions, consider the integral in polar coordinates using the

change of variables r = p? as before:

2r !
[T [ wiawesododo= [Tt =tmag ["peiinsin @ =x s, ann

n.

which is zero unless v =V and |I| = |I’|. Therefore, the normalized wavefunctions are given by:

o ("72‘”)1 2

2 i _ 02

v (p,0) = (ﬂh > W e0plile—p /2Lvl|21 <p2) (A.1.25)
5 !

where, as was defined previously, p = /42 (x> 4+?). Sometimes the wavefunctions are given in

gl

|7]
terms of L et

vl = where we can use the conversion factor (see Ref. [301] Eq. 13.39):

(A.1.26)

Actually, a lot of references (for example Ref. [87]) write the wavefunctions in terms of L'V l‘ I

The associated Laguerre polynomials can be expressed by the regular Laguerre polynomials in the

following manner:
i d*

Lh(x) = (-1 2

Lk (). (A.127)
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Now that we have found the wavefunctions for the bending motion of the linear polyatomic
molecule, we can confirm that / is indeed the vibrational angular momentum. Let z axis be along

the internuclear axis of the molecule. The angular momentum operator then becomes:

., 0
L,= —zh%. (A.1.28)
Notice that the eigenvalues of L, are given by hl:
Ly, = hly, ;. (A.1.29)

Therefore, the bending motion of a linear molecule has vibrational angular momentum [/ along

the z-axis. Observe that the energy of the oscillator is doubly degenerate in / since

E,=ho(v+1)=hoQn+]|l]|+1). (A.1.30)

Also, even though states of different / designated by vl2 are degenerate for the 2D harmonic

oscillator, they become split for the anharmonic oscillator.
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Appendix B

Calculation of Franck-Condon Factors for

SrOH

In this appendix we describe in detail how the calculation of Franck-Condon factors (FCFs) for
SrOH was done. Specifically, we calculate FCFs for A°I1; / - X*2* and B*L" + X?Z* elec-
tronic transitions for both stretching and bending vibrational mode configurations. The results
are compared to the recent measurements from the Steimle group at ASU and the applications to

Doppler cooling of SrOH are outlined.

B.1 Calculation of Franck-Condon Factors for the Stretching

Modes

In order to calculate diagonal and off-diagonal FCFs for the stretching modes we use the harmonic
oscillator model. From eq. (IIL,38) in [112] the eigenfunctions of the Schrodinger equation of the

harmonic oscillator are given by:

1

Wy = Nye 220 B (o (r— 1)) (B.1.1)

169



where N, is the normalization constant, o0 = 4wV /h and H, (y/a.(r —r.)) is an Hermite polyno-
mial of the vth degree. Since we are primarily interested in the FCFs for the 2 lowest vibrational

states, the corresponding wavefunctions are:
—l(x(r—r )2
Yo = Npe 2 ¢ (B.1.2)

Wi = Nie 22 o (r — 1) (B.1.3)

Using previously measured values of equilibrium internuclear distance r, and vibrational frequency
®=V/c, as well as calculated reduced mass p we can estimate the wavefunctions y,, for each of the

electronic states X, A and B that we are interested in. The normalization constants are calculated

oo 1/2
1/N, = ( / \mfvdr> (B.1.4)

for each state independently. Thus, the FCFs of interest can be found in the following way:

as:

o000+ (000) = ( [ 0 (8) 5 (A) 4o () wo (ff))z B.15)

)

—o0

a((000) < £ (100) = [~ 3 (&) wi (A) M (B)w (X>)2 B.16)

and the expressions for ¢ (B(000) < X (000)) and ¢ (B(000) < X (100)) are of the same form
as above. Table B.1 summarizes the calculated FCFs for the Sr-O stretching mode assuming a
diatomic approximation for now.

In a similar way we can perform the calculations for the excitation of the O-H stretching mode
and obtain a bound go; < 10~*. Notice that the calculated FCFs using this simple harmonic os-
cillator model agree quite well with the measurements performed by the Steimle group. Here
are the differences between the calculated and measured values: /Aggo (AZHI /2 X ) = 0.001,
Aqoo (B < X) = 0.004, Agor (AT 5 < X) <1077, and Ago; (B < A) = 0.005. In the calcu-

lation above we used the spectroscopic parameters summarized in Table B.2.
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v, (X) Upper state v,1 (upper) — qy»

0 A 0 0.956
1 A 0 0.043
0 B 0 0.981
1 B 0 0.018

Table B.1: Summary of the calculated Franck-Condon factors for the Sr-O stretching mode using

a diatomic approximation.

Parameter Value State Reference

ro 2.111 A X [152]
®; 526991 cm? X [114]

Fe 2.091 A A [152]
o] 542.097 cm! A [114]
Fe 2.098 A B [152]
o] 582 cm’! B [122]

Table B.2: SrOH spectroscopic parameters used in Franck-Condon factor calculations.
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B.2 Calculation of Franck-Condon Factors for the Bending Modes

Here we describe the details of the FCF calculations for the bending mode. The model we use is
that of 2D simple harmonic oscillator. The eigenfunctions in polar coordinates (p, () are given by
[87, 150, 302]:

Vi =N (Vop) e 20 0E - (ap?) (B2.1)
b Vv

where F f is an associated Laguerre polynomial and o0 = A7V, /hG33 where G3z = u; + o +
2

(v+1)
w3 (re13 +re’23)2/(re713re723). We follow the notation in Ref. [150]: u; = 1/m (8SSr), U =

1/m('H) and y3 = 1/m ('°0) and r, corresponds to the equilibrium internuclear distance. The

normalization factor N,; is calculated in the same way as in Eq. B.1.4:

2M oo 1/2
l/Nvl=</0 /O\Iftzllfvzpdpd¢) (B.2.2)

Because of the vibrational angular momentum selection rule Al = 0 we consider decay to
X?X*(020) vibronic level as the dominant off-diagonal loss in the bending mode. We used the

following wavefunctions in our calculations:
7lap2
Yoo = Nooe 2 (B.2.3)

Voo = Nope 2% (—op?+ 1) (B.2.4)

The Franck-Condon for the bending mode transition is calculated as:

21 oo 2
qv = ( /0 /O \lfiqu”zpdpd¢) (B.2.5)

The results of the calculation are summarized in Table B.3.
From the data obtained in the Steimle group shown in Fig. B.2.1 we can place a bound on the
bending mode off-diagonal decay as gg> < 0.005 which is consistent with the calculated values.

In the calculation above we used the following spectroscopic constants (in addition to the ones

172



v2” (X) Upperstate V) (upper) gy,
0 A 0 0.9992
2 A 0 0.0008
0 B 0 0.998
2 B 0 0.002

Table B.3: Summary of the calculated Franck-Condon factors for the bending mode.

°j;i ) ™.
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3 ;——J %
0 . : . h

600 610 620 630 640 650

Wavelength (nm)

Normalized fluorescence signal
o
[$)]

o
N

Figure B.2.1: Dispersed laser induced fluorescence for StOH B (000) < X (000) laser excitation.
Data was taken by the Steimle group at ASU.
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Parameter Value State Reference

Vo 36lcm?! X [113]
Vs 381lecm! A [114]

V) 397cm’! B [122]

Figure B.2.2: SrOH molecular constants used for bending mode FCF calculations.

given previously) summarized in Table B.2.2.

B.3 Sharp and Rosenstock GF Matrix Approach

Here we use the GF matrix formalism and Sharp-Rosenstock approach [120] to calculate FCF for
SrOH. They use the harmonic oscillator approximation, the method of generating functions and
the linear transformation of the normal mode coordinates between the initial and final states to
obtain general expressions for calculating FCFs for polyatomic molecules. The main advantage
of this approach is that it can be easily extended to more complex species like STNH, and SrCH3.
Following the approach presented in Ref. [150], first we set up the kinetic-energy related matrix G

for each of the states involved (X, A, and B):

Gn G2 O
0 0 Gs3

Notice that the G matrix is block diagonal and therefore the bending mode is not coupled to the

stretching modes. The individual entries are given by [268]:

Gii=m+m (B.3.2)

Gio=Gy=—3 (B.3.3)
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Gu=m+uw (B.3.4)

(r314r32)*
r31r

Gz =u1+mw+u3 (B.3.5)

where the internal coordinates were chosen to be 731 = Req (St — O), 730 = Req (O — H), and (r31732) 1/2 AO
so that all force constants have the same dimensions and y; = 1/mass (888r), o = 1/mass (IH)

and u3 = 1 /mass (160). The force matrix for each state of interest in given by:

Fii 0 0
F=| 0 F 0 (B.3.6)
0 0 Fs

where the off-diagonal couplings were ignored (refer to Ref. [150] for details). The GF product

matrix is calculated then for each state (X, A, and B) separately. Eigenvalues of the GF matrix are

found by solving:
IGF—AM| =0 (B.3.7)
where A is the vector of coefficients:
M
A= n, (B.3.8)
A3

and Ay = 4n°v,. Solving the secular equation above Eq. B.3.7 for the diagonal entries of the
force matrix, we obtain Fj1, F22, and F33 coefficients for each state separately. The normalized
eigenvectors of the GF matrix give the entries of the A matrix which gives the amplitudes of
position Ay, for a specific internal coordinate S; and normal coordinate Q. For example, the A

matrix we obtain for the ground state is:

~0.9998 0.0599 0
A(X)=1] —0.0178 —0.9982 0 (B.3.9)
0 0 1

175



Imposing the normalization condition for each column Ay of A:
NE (ALFAL) =\ (B.3.10)

we obtain the L matrix which consists of normalized columns of A matrix in the manner described
above. The L matrix can be used to convert from internal coordinates S to the normal coordinates
Q in the following way:

S=LQ (B.3.11)

Following Sharp and Rosenstock [120] we calculate the difference vector of equilibrium positions

R = R,y — R, and matrices J = (L’ )"'L and K = (L')"'R. The diagonal matrix of reduced

eq

frequencies I is given by:

4n*Vi/h 0 0
I'= 0 4n®Vi/h 0 (B.3.12)
0 0  4n™V,/h

where V1, V2, and V3 frequencies refer to the Sr-O stretching, bending and O-H stretching modes.
For the calculation of the FCF ratio we use the following constructed matrices following Sharp and
Rosenstock:

—1
C =0T (JTF'J + r) ri—1 (B.3.13)
1 -1
D= 2T (J*F’J + r) JIT'K (B.3.14)

The ratio of FCFs is given by [120] and results for STOH are summarized in Table B.4.
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ny ny n3 Excited State ¢ (0,v)/g(0,0) Calculated Measured
0O 0 O any 1 1 1
1 0 0 A D?/2 45x1072 45x1072
1 0 0 B D?/2 1.9%x1072 2.4x1072
2 0 0 A (€11 +D3)*/8 1.7x1073 .
2 0 0 B (211 +D?)?/8 23x107? -
0 1 0 any D3 0 -
0 2 0 A C3, 8x 1074 -
0 2 0 B C3, 2x 1073 -
0 0 1 A D3/2 7x107° -
0 0 1 B D3/2 3x 1072 -

Table B.4: Summary of the calculated FCF ratios.
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Appendix C

Intensity of Forbidden A/ # O Vibrational

Decays

In this appendix we calculate the order of magnitude estimates for the intensity of the forbidden
transition A%IT, /2 (000) — Xzt (01 10) which will lead to molecule loss in the STOH laser cooling

experiment. We also compare this loss mechanism for CaOH, SrOH and BaOH.

C.1 Estimation for SrOH

The selection rule for the vibrational angular momentum in the electronic transitions is given
by Al = 0. Therefore, to first order the decay from A’IT, /2 (000) excited state to X2zt (0110)
state should be forbidden. However, it was previously seen in the literature that the intensity of
A (000) — X (01'0) is about & of the allowed A (000) — X (02°0)decay [113]. The non-zero in-
tensity of the 000 — 010 band comes from the spin-orbit vibronic coupling [178]. The AT, /2(000)
level interacts with BZX* (010) level which leads to intensity borrowing. In mode detail, mixing
occurs in second order via Hrr X Hso Hamiltonian term. Dipolar term of the Renner-Teller (RT)
perturbation operator connects basis functions with v, = +1 and Al = —AA = £1 and is given

by (eq. 18 in [116]):
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1
Hrr =5V (q+L-+q-Ly) (C.1.1)
where the ladder operators g+ and Ly act on the vibrational and electronic orbital angular mo-
menta, correspondingly. The effective spin-orbit operator is given by (from eq. 19 in [116]):
1
Hso =AL.S; + EA (LyS—+L_S4). (C.1.2)

Thus, the second order interaction Hgr X Hgo has non-zero matrix elements within the 2IT manifold
that mix basis states with vy = £1 and AP = 0 which leads to the A (000) ~ A (010) mixing. The

second order energy shift is given by:

(A (000) |Hgr|B(010)) (B (010) |Hso| A (010)) + (A (000) |Hso| B (000)) (B (000) |Hgr|A (010))

Ei g
(C.1.3)
which is approximately given by:
2 (A (000) |Hgr|B(010)) (B (010) |[Hso| A (010)) C.14)
E s . 1.

In order to calculate the decay rate we need to find the corresponding second order wavefunction

correction which is given by:

_ (A (000) |[Hgr|B(010)) (B (010) |Hso|A (010))

E;_gE A(000)—A(010)

(C.1.5)

or approximately

_ (A[Hrr|B) (B |Hso| A)
mE;_p

(C.1.6)

where m; is the frequency of the bending mode oscillator. The probability is proportional to the

square of the mixing matrix element and therefore:
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2{(A|Hgr|B) <B|HSO|A>}2.
{2 5}

The mixing of the IT state with ¥ and A states due to RT interaction can be estimated using the

Pooo—010 < (C.1.7)

parameter Ag; which is the contribution to the orbital g-factor [303]. Assuming Van Vleck’s
unique perturber model and pure precession hypothesis [110] we obtain:
4AgLA§O

Pooo—010 = —5—— (C.1.8)
w3

where we have used

1 Z(—l)pKﬂ\VRT!n/HZ

Ngr=—— (C.1.9)
4 5 (AE)?
from eq. 24 in [303] which in the unique perturber approximation becomes [304]:
x 5\ 1 2
1 {(A|Vrr|B
Ang——{< Ver|B)} (C.1.10)

Y (Ejg)
where 7, = 2mcm, /h [303]. Also, in the pure precession approximation we obtain (eq. 3.4.18 and
3.4.201in [110]):

|
<2H1/z,v\Hso|ZZT/2,v’> = sar =V24s0. (C.1.11)

Let’s attempt to estimate the effect now. For STOH Agy = —gx/m, ~ 5 x 107, while AZ,/®3 ~
0.5. Therefore, Pogo—o10 ~ 1 x 1073

Let’s compare our order of magnitude estimation with the experimental results. From our
measurements in Chapter 6, FCF for decay A(000) — X (0200) is ~ 5 x 10~*. Therefore, FCF for
decay A (000) — X (01 ! 0) should be ~ 6 x 107> according the results in Ref. [113]. However, our

estimation appears to be an order of magnitude larger than this prediction.
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CaOH SrOH BaOH

Ago, cm™ 66 263 635
AEs_,em 2024 1703 1463
A%o/DEZ 7 0001 0.02 02

Figure C.2.1: Comparison of some molecular constants for CaOH, SrOH, and BaOH.

C.2 Comparison of SrOH, CaOH and BaOH

In order to compare the spin-orbit vibronic coupling between different molecules we evaluate the
parameter A%‘o /AEs_11 using measured spectroscopic data. Table C.2.1 summarizes the results.
Notice that the forbidden decay channel A (000) — X (01 10) should be suppressed by a factor of
20 in CaOH compared to SrOH. This conclusion is consistent with previous experimental mea-
surements on the strength of the forbidden X (000) — A (010) band for SrOH and CaOH [305].
Thus, potentially laser slowing and magneto-optical trapping of CaOH could be achieved without

a need for repumping (010) vibrationally excited state.
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