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Abstract
Transverse Laser Cooling of Calcium Monohydride Molecules

Sebastian Francisco Vazquez-Carson

In this thesis, I demonstrate Doppler and Sisyphus cooling of a cryogenic buffer-gas beam
of CaH molecules. I detail the construction and optimization of the experimental apparatus,
including the cryogenic source, laser systems, vacuum systems and detection schemes. 1
demonstrate that the cryogenic source produces a bright and slow beam of CaH molecules via
ablation of a solid chemical target and thermalization with a He buffer gas. The molecular beam
exits the ablation cell with an average forward velocity of 250 200 m/s and a molecular beam
flux per ablation pulse of 1 10 per steradian per pulse. I present the spectroscopic
determination of the molecular transitions necessary to pursue laser cooling. These include the
-2 -0 2 ,,andthe -2 - ¥ 2 - transitions that each contain two spin-rotation states,

=1 2and =3 2, and a further pair of hyperfine states, =0 land =1 2, respectively.
Finally, I describe the vibrational repumping transitions between the four hyperfine states of the

=1 2and =3 2 branches of the + = 1 vibrational state back to the ground state via decay
from an intermediary state, — 2 . 4=1"0 2 . 4=0"0 -2 . +=0".1 present
measurements of the vibrational decay probabilities from the 2 . +=0"and 2 12,4 =0"
excited states to the + = 0 1 and 2 states of the ground -2 - gtate. Next, I show that we can
achieve a high scattering rate of 16 10° photons/second while cycling on the
-2 - @ 2 ., transition. Finally, I demonstrate the ability to perform transverse cooling of a

beam of CaH molecules through both the Doppler mechanism and magnetically assisted Sisyphus



mechanism. With the help of a transverse standing wave of laser light, I show that we are able to
lower the molecular beam’s transverse temperature from 122 12mKto57 11 mK. This
thesis represents a promising start to laser slowing and magneto-optical trapping of CaH
molecules, which could provide trapped ultracold samples of atomic hydrogen upon dissociation

of the trapped CaH molecules.
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Chapter 1: A Molecular Path to Ultracold Hydrogen

Experimentalists throughout the ages have been in pursuit of knowledge regarding the laws of
nature and how to manipulate matter for the advantage of mankind. Over the course of history,
man has gained mastery of more and more complex technologies -from torches to lasers, from
daVinci's ying machines to rockets. Scientists and engineers of antiquity applied their knowledge
of the laws of nature to increasingly complex systems and these efforts have greatly improved the
quality of human life. Scientists in the twentieth century unlocked the quantum power of the
atom, a development that has propelled a new age of information; rst through semiconductors
and now through quantum information. Inspired by this long tradition, | decided to laser cool
molecules and further develop a technology that may be of value to my fellow man. It is my
hope that the knowledge | learn in the cooling of the two alkali-earth hydrides CaH and BaH can
be put to use in future tests of fundamental physics, quantum information, or chemistry. In this
chapter, | will begin by motivating why obtaining quantum control of molecules is necessary and
will describe the likely impacts of this technology. | will describe in the following chapter, the
relevant quantum structure of the molecules used for the research presented in my thesis. Next, |
will demonstrate how the experimental apparatus | built takes advantage of this quantum structure
to exchange momentum with molecules through optical cycling using a laser. | will go in detail
regarding the molecular properties of CaH relevant to molecular laser cycling. | will show how |
spectroscopically identi ed the transitions necessary for laser cooling. Finally, | will discuss how

| used this knowledge to produce both Doppler and Sisyphus cooling in CaH molecules



1.1 Motivation for Cooling Alkali-Earth Hydrides

Modern physics and chemistry implements creative experimental protocols to probe and ma-
nipulate complex qguantum objects such as atoms and molecules in order to investigate fundamental
physics, realize the dream of quantum information, and study chemistry at ultracold temperatures.
Atomic physicists have developed techniques using electric [1], magnetic [2], and optical [3] traps
to isolate a growing array of molecular species, which include diatomic [4, 5, 6, 7, 8, 9], triatomic
[10, 11, 12], and symmetric top molecules [13]. Cold molecules can be used as pristine quantum
laboratories with access to electric and magnetic elds of extreme strength and impeccable preci-
sion. These unique qualities make molecular systems prime candidates to test fundamental physics
and search for physics beyond the Standard Model [14, 15, 10]. Molecules also can provide tune-
able long range interactions, which offer the ability to perform quantum logic and later the potential
to store fragile qubit superpositions in a protected quantum state that can be selectively decoupled
from other qubits [16, 17, 18, 19]. This would provide strong coupling with neighbors during gate
operations while the molecules are in a polarized state. After completing the gate protocol, the
molecular qubit can be put into an unpolarized state that protects information from environmental
noise and nearby gate operations. Finally, precise quantum control of molecules will grant the
ability to create or break molecular bonds at will. The potential merit of applying this technology
to physical and organic chemistry will be immense as it would allow atom-by-atom engineering of

increasingly complex compounds unattainable through thermodynamic channels.

1.1.1 Fundamental Physics

The Standard Model represents the total culmination of mankind's theories regarding the phys-
ical world. The Standard Model is so accurate in its representation of the universe that it can even
predict physical structure to better thaf 13 [20, 21]. In spite of this precision, the Standard
Model does not represent a complete description of the laws of nature due to its lack of a proven

description of key phenomena such as dark matter, dark energy, or observed matter-antimatter



asymmetry. Cold molecule experiments are pushing the frontiers of precision measurement to test
the Standard Model and are sensitive to certain SUSY theories or to time drifts in fundamental
constants or discrete symmetry violations [22, 23, 24]. Up until this point in the history of physics,
testing fundamental physics theories had been the privilege of high energy particle super-colliders;
however, this approach has reached an asymptotic limit due to the exponential cost associated with
linear improvements in sensitivity. On the other hand, ultracold atomic and molecular physics can
take advantage of techniques like Ramsay spectroscopy of clock transitions to measure the inter-
nal energy structure of atoms to a previously unimaginable precision [25]. Molecules promise the
capability to push this sensitivity and precision to all new limits. [26]

The research of this thesis provides the groundwork for the development of a machine capable
of producing a trapped ultracold sample of hydrogen that can be used to set new limits on the

proton radius, the ne structure constant, and the Rydberg constant. [27]

1.2 Fundamental Physics

1.2.1 Proton-Electron Mass Ratio

Different types of quantum transitions in molecules can be used to search for time variation in
the ne structure constant and the proton electron mass ratio. Electronic transitions are sensitive to
the exact value of the ne structure constahtwhile rovibronic transitions can be used to test the
proton-electron mass ratia[27, 28, 29]

U

~ 5 (1.1)

Due to the higher sensitivity of the proton-electron mass ratio to changes in the fundamental
underlying physics, it is logical to begin our search for beyond the Standard Model physics by
identifying molecules with structures sensitive to changes in the proton-electron mass ratio. Thus,
we must consider how a measurement of the reduced mass will scale with respect to a stabilized

frequency probe. The literature on the subject [30] derives this sensitivity scaling as:
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This inverse dependence eﬁ% leads one to the conclusion that molecules with nearly de-
generate energy levels will provide the best sensitivity to variations in the proton-electron mass
ratio. Highly symmetric diatomics and polyatomic molecules promise to be a fantastic candidate
for one of these time variation searches [30, 31, 32, 33]. In particular, the rovibronic transitions
of Sk have already been probed in a cryogenic supersonic beam to set a lower limit on the time
variation rate of the proton electron mass ratio of0 13 per year [34]. Meanwhile, deep space
methanol lines have spectroscopically probed the time variatios dfack7 10 © years [35].

While ultracold laboratory samples of these molecular species do not provide the same window
into the distant past of that astronomical spectroscopy provides, lab samples promise to reach an

astounding level of precision vastly surpassing that of the best astronomical observations [36].

1.2.2 Violations of Fundamental Symmetries

The Standard Model posits that fundamental particles, such as electrons, exist as in nitesimal
objects with a lack of volume and should not posses an Electric Dipole Moment (EDM). A mea-
surement of a non-zero EDM would imply that the electron’'s charge is separated over a volume of
space and prove that the electron has volume and perhaps internal structure. There exist many the-
ories that allow for permanent electric dipole moments through high order virtual loop couplings
[37, 38, 39]. These theories rely on discrete symmetry breaking in electro-weak forces acting on
the electron [39]. There have been many searches using atoms [40, 41], diatomics [42, 43], and

polyatomic molecules [42, 44, 45]; each successively pushing the exclusion bound for symmetry



violating exchanges well beyond the reach of the LHC, high into the TeV mass range [39]. These
experiments leverage the extremely strong internal electric eld of a polarizable molecule and then
look for variations in electron or nuclear spin procession frequency about an externally applied
electric eld [37]. The accuracy of this frequency measurement will be described as a Poissonian
process and the limit of the uncertainty in frequency will depend on the number of molecules N

and the interrogation time of the measurengnt

| = p— (1.4)

Experiments have been competing against each other to achieve the highest molecule ux and
the longest experimental lifetime possible. Most of the AMO experimental approaches can be
divided into two different techniques. The rstis a trapped molecular ion sample within an optical
lattice that achieves a very long lifetime but is limited by a the low number of trapped molecules
[43]. The second technique consists of cryogenic molecular beam experiments that make up for a
low interrogation time with high molecule number of up16'® molecules per steradian, a high
repetition rate, and a long beam length [42, 46, 39, 47, 48].

The future of these experiments will likely utilize laser cooling and trapping to prepare samples
of suitable molecules simultaneously providing a high number of molecules and the maximum
interrogation time [10, 49]. At this time, the molecules that have been successfully trapped [50,
51, 6,52, 7, 13] are paving the way for cooling the molecules more suitable for testing fundamental
physics such as ThO [53]. All of the previously cooled and trapped molecules have in common,
low masses and highly diagonal branching ratios, which have made extended optical cycling more
approachable. These initial molecules serve to re ne the cooling techniques that will be required to
cool molecules more suitable for fundamental physics. CaH, as discussed in this thesis, represents
a unique opportunity to test fundamental physics due to its ability to cycle thousands of photons
and produce samples of ultracold hydrogen that can be trapped in a magneto-optical trap (MOT)

[54].



1.2.3 Ultracold Hydrogen Spectroscopy

BaH and CaH, in particular, probe fundamental physics by providing a pathway to trapped
samples of ultracold hydrogen, whose experimentally measured quantum structure can be com-
pared to that predicted by the Standard Model. While it may seem like a lot of extra work to cool
a molecule just to break it apart and keep the atomic hydrogen, the properties of hydrogen, such as
its UV cycling transition wavelength and high recoil velocity, make direct laser cooling very chal-
lenging. Degenerate samples of hydrogen have previously been made in magnetic traps [55], but
the large number of atoms used to evaporate the heat away leaves a very dense atomic sample. The
high density guarantees that any measured transitions are broadened by collisions past the required
sensitivity. Cryogenic beam experiments have set the spectroscopic limit 4G the2( transi-
tion to beyondL0 ° [56]. These beam experiments are, however limited by Doppler broadening
arising from the relatively high temperature of the sample due to its high velocity.

Our experimental plan is to slow and trap a molecular hydride into a MOT and dissociate the
molecules to isolate the sample and retain the hydrogen. The other experiment in the Zelevin-
sky group adiabatically photo-dissociates Sr dimers trapped in a magic wavelength optical lattice.
This carefully chosen magic trap induces an identical light shift for the ground and excited states,
making transitions insensitive to laser intensity uctuations. By driving coherent transitions to the
exact dissociation threshold, the quantum information of the grounds state is preserved after dis-
sociation and the wavefunctions can be seen in the momentum of the Sr atoms as they drift apart.
My experiment plans to apply this in-house expertise to photo-dissociate the molecule without
adding extra energy to the hydrogen, ensuring the coldest hydrogen sample possible. The left-over
hydrogen can then be placed in a magic wavelength trap, amenable to precise measurements of the
transitions with Ramsay spectroscopy. Photo-dissociation will begin with molecules in thermal
equilibrium. If dissociation is performed correctly, the atomic components of the molecule have

the same temperature as the sample set by Boltzman's relation.’
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This means that after breaking apart the molecule, the temperature of the alkali-earth metal and the

hydrogen will scale by their fractional mass relative to the molecule as follows [57, 54] :

) T (1.6)

The inverse scaling on molecular mass implies that using the heaviest alkali-earth metal will ulti-
mately provide the coldest sample of hydrogen. Barium is nearly 140 times heavier than hydrogen
and thus could provide hydrogen at temperatures of hundreds of nanokelvin [54]. However, there
is some subtlety in choosing the optimal alkali-earth metal because the increased mass of BaH
coupled with the relatively long natural lifetime of 137 ns, lower the trap loading ef ciency and
trap depth. We discovered this signi cant obstacle after laser cooling a cryogenic buffer gas beam
of BaH and decided we needed to try a new molecule. Calcium strikes a good compromise as it
will still lower the hydrogen's temperature by an order of magnitude, but its much shorter natural
lifetime 33ns and lower mass make it much easier to slow and trap [58].

The lessons learned from dissociating the molecular bonds will provide valuable insight into
the techniques future generations of physicists could use to assemble and destroy molecules piece
by piece. This could provide a mechanism by which physicists could prepare exotic molecules to
study at ultracold temperature. This opens the door to the eld of experimental quantum chemistry
and will illuminate the transition from quantum physics to chemistry. Observing molecular colli-
sions at an ultra-low temperature will allow experimentalists to watch chemistry take place atom
by atom, bond by bond, ultimately allowing us to apply the precision of fundamental physics to

the eld of chemistry.



1.3 Quantum Chemistry

Classical chemical reaction barriers are characterized by Arrhenius' Law, which states that
reactions become exponentially more likely as the thermal energy of the reactants approaches the

chemical energy barrier called the activation energy

:1)°/ exp Y (1.7)

This classical picture leads one to believe that chemical reactions stop as one cools towards
absolute zero. However, it has been demonstrated that molecules become sticky at these temper-
atures and chemistry still takes place. It is clear that as the deBroglie wavelength grows at low
temperatures, quantum effects dominate their classical counter parts and chemistry takes place as
a result of tunneling, entanglement and state-dependent collision cross sections [59, 60]. Recent
studies have investigated the formation of long lived intermediary three and four body states that
exist during the collisional phase of the chemical reaction [61]. In classical chemistry, the reagent
collisions and recombination take place over picoseconds. In contrast, at ultracold temperatures,
the intermediate states can last up to half a millisecond [62, 63]. Further, it has been shown that the
distribution of intermediate states (two-body, three-body, etc) can be tuned using external lasers,

magnetic elds, and electric elds applied during the collision [60, 64, 65, 66].

1.3.1 Quantum Engineered Reactions

Another application of cold molecules is to test how chemistry proceeds when reactions take
place in exotic regimes not probed by chemists. This includes out of thermal equilibrium reactions,
hyper ne dependent reactions, or the partial scattering wave regime [67]. The reactant samples
could be prepared in two different quantum states that are out of thermal equilibrium and the nal
state of the reaction products could be measured as a function of the reactant states.

There are theory proposals that indicate that external optical, electric, or magnetic elds could

also impact the intermediate state chemistry and affect the nal products of diatomic reactions [68,



69, 70]. The application of these external elds can change the molecular reaction potentials by
several kelvin, facilitating so one may careful probing of the effect of the reaction barrier on every
part of the chemical reaction [71]. Physicists have already experimentally observed that spin-state
preparation can be used to suppress the reagtion ! # at several hundred millikelvin [72].

There are a number of atomic experiments that are already using Feshbach resonances to carefully
control the production of diatomic molecules [73, 74] . Thus, externally applied electromagnetic
elds are already in use to enhance or suppress certain chemical pathways.

The formation of organic molecules at low temperatures in outer space is also of signi cant
interest to the quantum chemistry community. The precursors of the large organic molecules that
gave rise to life are thought to be short hydrocarbon chains such as methanol that undergo oxida-
tion during collisions with hydroxide radicals. These collisions can give rise to larger molecules
as the reagents tunnel through the reaction barrier and stick together [75]. This tunneling reaction
has already been experimentally probed, leading to the conclusion that oxidization of hydrocar-
bons at low temperatures via tunneling of hydroxide radicals is much more probable than previ-
ously thought. Studies such as these can help us to imagine mechanisms by which simple organic

molecules may have been born from lifeless gases in the freezing vacuum of space.

1.4 Application of Molecules to Quantum Information

Experimental quantum information can be separated into two classes of projects which differ
in the type of “quantum computer” they attempt to create. There are programmable quantum
simulators that aim to replicate a speci ¢ theoretical Hamiltonian whose behavior is non-analytic
and dif cult to calculate using traditional methods [76, 77]. Next, there are general quantum
computers that seek to string together quantum logic gates into programmable circuits to realize
algorithms [78, 79, 80]. This is similar to the design philosophy of classical computers that have
integrated circuit chips with logic gate arrays that can be programmed using some base operating
software.

Most of the theory proposals describing how to make quantum information devices do not rely



on exactly which quantum object serves as the basis architecture of the qubit. Rather, the qubit
is treated like a black box and all that matters is the ability to encode information into a qubit
state that can interact with the energy levels of the surrounding qubits. As a result there have
been attempts to create these logic interactions with a wide variety of qubit technologies, ranging
from superconducting magnetic qubits [81], ion qubits [82], neutral atom qubits [83], diatomic

molecules [84, 85, 86], or even within the same macromolecule [87, 88, 89, 90].

1.4.1 Quantum Simulators

The most commonly proposed use of quantum simulators is to emulate the interactions arising
from a relatively simple interaction Hamiltonians that lack analytic solutions describing the time
evolution of states. This computational approach was rst proposed by Feynman in the 1980's
[91]. Feynman stated that while computers using binary linear algebra reach their limit for most
calculations involving non-linear differentials, nature routinely evolves under such interactions.
As a result, if one can precisely engineer the interaction between quantum objects, the qubit's
interactions represent the outcome of that speci ¢ Hamiltonian evolution.

The 2D Fermi-Hubbard model is the simplest Hamiltonian lacking analytic solutions that has
been successfully modeled with an experimental quantum simulator [82]. The 2D Fermi-Hubbard
model describes the onsite interactions of Fermions constrained to a lattice, and poses a simple in-
teraction Hamiltonian believed to give rise to the phenomenon of superconductivity. Neutral atoms
have also been used to provide solutions to quantum phase transitions in an Ising system in (2+1)
dimensions.[92] These advances reveal the potential of the nascent eld of quantum simulation.

Molecular tunable dipole interactions are of particular interest to the eld of quantum simula-
tion. Controllable dipolar interactions between qubits can be turned on and off depending on the
internal quantum state of the molecule. One such scheme uses the spin interactions of the hyper ne
levels to produce state dependent forces between qubits [93]. Transferring one of the molecules to
the < g = 0 hyper ne state turns off the interaction, while ipping fromgj Oto<g Y O ips

the sign of the NMR-based interaction. [94] Another scheme uses an unpolarized ground state that
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lacks an intrinsic dipole moment. In this case, interactions are turned on by exciting to a long-lived
state that is either intrinsically polarized or is polarized by an external electric or magnetic eld

[79]. This gives rise to a dipole-dipole interaction over long ranges that resembles
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This non-trivial long-range interaction allows physicists to simulate a whole new range of
Hamiltonians [95, 96]. These qubits can easily be made at ultra-low temperatures and high densi-
ties by cooling atoms initially, then loading the atoms into a lattice, before associating the atoms
into molecular dimers. This approach has the bene t of achieving near deterministic lattice |-
ing via light assisted collisions [82]. This ef cient single-site lling is key to a robust simulation

protocol.

1.4.2 General Quantum Computers

The construction of a general quantum computer requires many logic gate qubit arrays. [97,
91, 98, 99, 100] These gates rely on the conditional state of one of the input qubits to determine
whether there is a change of state of the output qubit. Several key requirements must be satis ed
for such a computer to be possible. First, the qubits need to posses stable “shelving states" that
are resistant to error introduced through the environment. [101] Second, the qubits should have
interacting states with long coherence times that allow for high delity gate operations. Third,
the underlying qubit architecture needs to be scalable and compact in order to realize the millions
of qubits required for quantum logic algorithms and error correction protocols [102, 103]. There
have been several successful trapped atom experiments that have set the limits of logic gate delity
[61]. This approach seems promising due to the development of miniature chip-based traps and
optical tweezers arrays generated by electro-optical de ectors (EOD's) or spatial light modulators
(SLM's) [104, 105]. Long coherence times together with scalable architecture will allow for the
construction of quantum circuits with the millions of qubits required for even the simplest quantum

algorithms and error correction. [106]
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Molecular qubits are attractive candidates for quantum computing as they can be turned on and
off at command. [107] However, this comes at a signi cant increase in experimental complexity
compared to neutral atoms. By polarizing the molecule or putting it in a non-polarized ground state,
the computer operator can allow the qubit to interact only during the logic operation. The rest of
the time the molecule will sit in the lattice site in its non-interacting, non-polarized state, where
superposition states can be stored with minimal decoherence. Limiting the period of time that the
qubits are interacting with each other and the environment promises to improve the information
delity of the qubits and reduce the amount of quantum error correction required to complete a
calculation. The use of tunable long-range interactions when coupled to the implementation of
optical tweezers will allow for unparalleled scalability, while guaranteeing that qubit information
can be stored long-term while other operations take place. At the end of the calculation, the
information can be accessed again with state-selective rapid readout and the single site resolution

of quantum gas microscopes [108].

1.5 Production of Cold Molecular Gasses

Multiple techniques have been implemented to create cold and ultracold samples of gaseous
molecules. One such approach begins by laser cooling atoms and trapping them before they are
assembled into molecules [25, 109]. Other techniques attempt to cool the molecules directly using
a combination of cryogenic production and optical cycling [110]. | will brie y discuss four of the
most common direct molecule cooling techniques — supersonic beam expansion cooling, electro-
optical cooling, polychromatic cooling, and buffer gas cooling [111, 112, 113]. This section will
focus on those techniques that employ direct laser cooling on molecules, because my thesis re-
search falls into this category. There are other proposed techniques for cooling molecules that may
be appropriate in speci ¢ circumstances. The following techniques are generally applicable to a

large class of molecules of varying structures and high masses.
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1.5.1 Supersonic Beams

Supersonic expansion, one of the oldest techniques in molecular cooling, has been used for
decades to perform spectroscopy on molecules of interest [114]. Supersonic cooling makes use of
the decrease in temperature resulting from the expansion of a high pressure gas as it enters a low
pressure region [115, 54]. The resultant change in volume takes energy out from the rotational and
vibrational modes, and concentrates the energy into kinetic energy in the beam axis direction. This
results in forward velocities that can be thousands of meters per second, whereas the transverse
and internal temperatures are in the hundreds of millikelvin [116].

Supersonic samples are cold, but their high forward velocities are far from the Doppler limit.
These supersonic beams are not ideal sources for generating molecules that can be laser cooled
and loaded into a trap due to the high forward velocity. To load a trap, one must scatter away all
of forward momentum. For high forward velocity beams, this requires a very extended slowing
distance over which most of the molecules would be lost before ever reaching the trap. The most
successful attempts to load traps with these beams have used supersonic expansion only to cool
the internal degrees of freedom, while electric or magnetic elds are used to retard the molecules
enough that a magneto-optical trap or an ion trap can hold them [117, 118]. Stark decelerators
have already been demonstrated to be effective at cooling diatomic and polyatomic samples, but
have provided a low trapped yield [119, 120]. Magnetic Zeeman slowers have also been shown to

be effective for speci ¢ molecules with a simple hyper ne structure [121].

1.5.2 Electro-Optical Cooling

Speci ¢ classes of molecules possess low- eld-seeking ladders of states that can be used to
exert forces on the molecules. By applying a strong external electric eld and using polarization or
magnetic elds to strategically transfer molecules between high- eld and low- eld seeking states,
one may induce a position dependent Stark shift that slows the molecular velocity distribution to
the point that it can be trapped. When the molecular population is transferred into a polarized state,

the Stark effect shifts the energy as:
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Where" 4 is the electric dipole moment of the state in question amglthe rotational angular
momentum index. The coupling of the rotational angular momentum to the spin of the molecule
means that electro-optical cooling is optimized for one spin-rotation state at a time. Therefore,
ef cient state preparation is required to guarantee the most coolable molecules as possible. Not
all molecules possess linear stark shifts because levels that are too close together can push against
each other as the high eld seeking states of one transition mix with the low eld seeking state of
a neighboring transition.

It is most common for electro-optical cooling to be used in conjunction with other techniques
because there is a practical limit to the size of the Stark shift that can be applied in the laboratory.
Velocity Itering or preliminary buffer-gas cooling work well with electro-optical cooling. As a

result there have been some instances of electro-optical cooling of molecules [122].

1.5.3 Polychromatic Cooling

Traditional slowing techniques rely on sustained scattering of light off of atomic or molecular
beams prepared in a vapor oven or ablation cell. To reduce the overall forward momentum of
the beam suf ciently low to be held in a trap, thousands of photons must be scattered as rapidly
as possible. The rate of cycling is ultimately limited by the natural lifetime of the excited state,
which determines the spontaneous decay rate back to the ground state. The electron excited by
each scattering event absorbs a photon and receives a momentum kick equal to the momentum of
the photon;-: . After some amount of time characterized by the excited state's natural lifetime, the
electron decays and isotropically radiates momentum away in the form of a uoresced photon. If
the electron decays back to the original ground state, a resonant laser can drive the same transition
and repeat the momentum exchange cycle. On the other hand, the scattering cycle is broken if
the electron decays to any other state but the original, thus halting any further manipulation via

the original laser. In large part, the dif culty associated with this traditional form of scattering is
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directly dependent on how likely the system is to decay back to the original ground state. Atoms
and molecules are considered “amenable to laser cooling” if one can engineer within them a “two-
level system". A two-level system is de ned as one in which excited electrons always decay back to
their original state. However, as this technology has matured, physicists have developed techniques
for creating quasi two-level systems by adding repumping lasers that return electrons from the
previously unaddressed dark states back into the scattering cycle. This is a dif cult technique to
scale up in complexity as the number of repumper lasers exponentially increase with the increasing
degrees of freedom, becoming untenable using modern experimental practices. Molecules lack
selection rules that determine the vibrational decay channels. The decay probability known as the
Frank-Condon factor (FCF) is calculated as radial overlap integral between the excited state wave
function and the vibrational ground state. The FCF's of molecules that are “easy" to laser cool are
as close to 1 as possible, usually better than 0.98. As a result, traditional molecular laser cooling
experiments spend most of their time spectroscopically identifying these leaks and plugging them
with dedicated lasers. The number of repumping lasers is also dependent on how many photons you
plan to scatter to achieve the required experimental temperatures. Showing 1D cooling takes on
the order ofl(? scatters, loading a MOT requires abddf photons, while keeping the molecules

in a trap requires at lea$€® photons. Scattering hundreds of photons might require one repumper,
while sustained trapping can require upwards of three for even simple molecules. Recent proposals
[112] suggest the use of high-intensity multi-frequency lasers, which drive pi pulses to transfer all
of the molecules to the excited state and then stimulate their decay back down again to the original
ground state. This offers two bene ts. First, by utilizing coherent population transfers rather than
relying on spontaneous decay, one almost entirely eliminates any chance of the molecule decaying
into an undesired state that must then be repumped. Second, with suf ciently high laser power the
transition can be driven much faster than the natural lifetime of the excited state. These techniques
have been demonstrated in STOH molecules. [123] As the technology matures, coherent molecule

cooling will represent the best approach for laser cooling of large and complex molecules. [124]
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1.5.4 Buffer Gas Cooling

Buffer-gas cooling has become one of the preferred methods of producing a cold, dense beam of
molecules at moderate forward velocities for ultracold trap experiments and is gradually replacing
supersonic beams. The principle is relatively simple at its core [110]. A hot sample of molecules is
initially produced through laser ablation of a solid sample target or through reagents owed into a
cryogenic chamber. As the molecular sample expands in the buffer gas cell, the molecules collide
with a steady-state vapor of cold helium or another noble gas like neon. The collisions dissipate
the heat of ablation and cool the sample to the ambient temperature of the chamber, which is
between 2-6 K. The buffer gas cell is designed with an aperture on one side that allows buffer gas
to ow out into the vacuum chamber of the experiment. The molecular sample becomes trapped
in the buffer gas ow. After it thermalizes, this mixture of buffer gas and molecular sample is
ejected down the beam line. This hydrodynamic entrainment enhances the number of molecules
that ow down the experiment beam-line by an order of magnitude, and can be seen by changing
the rate at which buffer gas ows into the cell.[110, 125] A high ux coupled with the relatively
low forward velocity on the order of 100 m/s is the reason that my experiment uses a buffer gas
beam. This technology is quickly becoming an integral part of molecule experiments ranging from
EDM searches to quantum chemistry in optical tweezers.[126]

Some buffer gas cells have an additional chamber after the rst cell that is kept at a pressure
between the high pressure of the primary cell and the low pressure of the vacuum. This allows the
inner cell to run at a higher pressure, improving the ef ciency of thermalization and the extraction
of the molecular sample. The lower pressure second cell retards the signi cant forward velocity
that arises from a high pressure primary cell [110]. Some natural collimation arises in the molecular
beam due to the hydrodynamic entrainment of beams originating from both single stage and dual
stage buffer gas cells. Additional collimation is afterwards provided by collimating apertures [110],

magnetic lenses [30], or even 2D MOTs
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1.6 Looking Towards the Future

The modern eld of Atomic Molecular and Optical Physics was born from the revolutionary
advancements in atomic physics at the turn of the century that permitted laser cooling and trap-
ping of cold atomic samples at high densities. Developments in this eld have led to orders of
magnitude improvements in spectroscopy and made it possible for small-scale table-top physics
to contribute to elds traditionally dominated by billion-dollar international super-collider collab-
orations. Ultracold atomic quantum gasses have pioneered breakthrough discoveries in elds like
high energy particle physics [127], condensed matter [77, 128], and information science [129].
Advancements from atomic physics have even found application outside of physics in rocketry,
earth sciences, and metrology [130, 131]. Moreover, precision atomic time keeping gave rise to
precision navigation by permitting GPS protocols. The changes in modern technology enabled by
early advances in AMO were not anticipated by the physicists that rst invented these techniques.
These researchers were motivated by a passion for research and a love of the elegance of nature.
It is my hope that the advances in molecular cooling that | have contributed to with this thesis will

extend far beyond my foresight, impacting future generations in a positive manner.
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Chapter 2: The Structure of Diatomic Molecules

2.1 Introduction

The theoretical framework for discussing the quantum structure of molecules is fundamen-
tally the same as the theory developed to describe atoms. At the core of the description is the
Schrddinger equation, which reveals that quantum energy levels are eigenstates of the system's
Hamiltonian. The eigenvalues of the Hamiltonian operator are the quantized energies of the sys-
tem. The Hamiltonian is an operator de ned as the total energy of the system including both
the kinetic energy and the potential energy arising from the internal interactions of the system.
When solving the Schrodinger equation, we make use of the Born-Oppenheimer approximation to
separate the wavefunctions into a product of radial and angular wavefunctions. These independent
wavefunctions are ultimately multiplied back together to provide the complete quantum state of the
molecule as a whole. Compared to atoms, the primary difference in the theoretical description of
molecules in the additional degrees of freedom that grow exponentially as the number of particles
increase and their interactions grow exponentially in complexity. This makes analytic solutions
nearly impossible. Additional modes such as rotational and vibrational modes in molecules give
rise to new manifolds of quantum states that must be navigated to optically pump the molecule
between desired states.

Within the eld of molecular cooling, there are largely two classes of molecules — the di-
atomic molecules and the polyatomic molecules. By far, the most explored class of molecules are
diatomic molecules such as the alkaline earth monohalides like CaF [4], SrF [132], BaF [133],
and RaF [134]. Diatomic alkaline earth monohydrides are a subset of diatomic molecule that has
been successfully cooled, with the rst result for BaH published by Rees McNally and myself in

2020 [135]. Signi cant advancements have been made in the eld of polyatomic cooling, with
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recent success including linear polyatomics such as SrOH [11] and symmetric top polyatomics
such CaOCH[13]. There are signi cant differences in the cooling schemes required for cooling
these different classes of molecules, due to the different degrees of freedom and internal couplings
that vary among species. The primary difference that must be accounted for between diatomics
and polyatomics is the presence of additional vibrational modes. Diatomic molecules only posses
stretching modes, but polyatomic molecules can bend in addition to stretching, which further en-
riches their structure.

In the following section, | lay out a brief description of the transitions present in diatomic
molecules. | begin from the Schrédinger Equation and then describe implementation of the Born-
Oppenheimer approximation as de ned by Hund's cases that govern the ways in which the various
angular momenta couple. Then having derived the relevant transition manifolds within CaH, |
will describe the optical cycling and repumping scheme used to apply radiative pressure to the

molecules by scattering hundreds of photons.

2.2 Electronic Structure of Diatomic Molecules

As with any quantum system, the mathematical description of the molecule's structure begins

with the Schrédinger equation:

A<>; <> T <> <> (2.1)

where the Hamiltonian H is the sum of the kinetic energy and the potential energy arising from
the interactions of the particles that make up the molecule. This energy landscape gives rise to the
molecular wavefunctions, in which the molecule resides either in a pure state or a superposition
of molecular energy eigenstates.. When | refer to a transition throughout this thesis, | am
referring to a change from molecular energy eigenfunctions with a initial eneygy an excited

energy eigenstate with a different energy The Hamiltonian can be expressed generally as a sum

of the kinetic energies of the electrons and nuclei in addition to the attractive interactions between
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the nuclei and the electrons and the repulsive interactions between particles of the same charge as

follows:

"<s; =Ytp2, Va;, Fepo-=p2 Fa-a, Fop2-a; (2.2)

The interactions between the electronic and nuclear spins have been neglected for now, due to
their small contribution to the energy of each state. The nuclear and electronic kinetic energies are

of course:
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where" gis the mass of thé° nucleon and 4 is the mass of the electron. The interaction energy
operators can be expanded into sums of the interactions of each particle with every other particle.
Due to their similar negative charge, the electrons exhibit a repulsive force between them that is
inversely proportional to the distance between each of the electr9gsThis interaction energy

is:

fygm —— = (2.5)

Each pair of protons is repulsive with an energy that scales inversely withthe distance
between each of the two nucleons:

42 éDZéDZ/:/:O

R 2.6
o oy s (2.6)

Finally, the molecule is held together by the attractive potential between the net positively
charged nucleons and the negatively charged electrons. This interaction scales inversely with the

separation between each nucleon and each ele&iron
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This expression for the Hamiltonian should, in theory, be suf cient to fully characterize the
spectrum of any molecule once spin interactions are included as a perturbation on the coulombic
eigenvalues. However, for even the simplest molecules and most atoms, no analytic solutions
can be derived, and theoretical descriptions require numerical methods. However, one may make
physically motivated assumptions in order to simplify the problem enough to get some analytic

solutions.

2.3 Assumptions

As stated previously, one can safely assume that the spin interactions between the nucleons and
electrons are much smaller than the Coulomb attraction between the nuclei and the electrons. The
intra-nuclear interactions can be neglected due to the short range action of the nuclear forces. In
addition, one may assume that each electron cloud adiabatically follows the motion of the near-
est nucleus as it vibrates in the molecular potential. This allows us to simplify the Hamiltonian
to describe the electron's motion about the nuclei independent from the nuclear vibration. This
separated Hamiltonian is as follows:

AN

2= ), *op2-a; ¥aa; (2.8)

This allows us to now solve the Schrédinger equation to look for energy eigenstatés- °,

where R is the vector between the pair of nuclei.

b aA=C= 4 4A-C (2.9)

The motion of the electron clouds around the nuclei of the atoms occurs at a much higher
frequency than the vibrational motion of the molecule. This allows us to make use of the Born-

Oppenheimer approximation to solve for vibrational wavefunctions independently of the electronic
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wavefunctions. This approximation separates the coupled differential equation describing the
molecule and simpli es it into a product between the energy eigenstates of the electf@f
and the energy eigenstates of the nucleh?' °. The energy of the molecular product wave func-

tion can be expressed as:

4;=)4;, *=D2-=D2 (2.10)

Putting this together, we can now write the description of our system as a pair of differential

equations that we may solve separately.

Wipa, *© =p2' °= -p2 =p?'° (2.11)

Then, to calculate the total energy of the system for a given energy eigenstate of the molecule,
one must add together the energies obtained by solving the differential equations for the nuclear
motion and the electronic motion. Thus, the total energy for each state inhabited by the molecule

is given by the following:

<> = 4;, =D2 (2.12)

2.4 Angular Momenta of the Diatomic Molecule

Up until now, | have neglected to account for the various ways that the numerous angular
momenta of the molecule can couple together. Understanding the variations of how the angular
momenta can couple is necessary to further simplifying and solving the electronic Hamiltonian.
The couplings lead to conserved quantities, which can be taken advantage of to construct a quasi
two level system that can be used to cycle thousands of photons for slowing and trapping. These
angular momentum couplings can be extended to describe speci ¢ states of polyatomics, but this
discussion will focus on the application to diatomics.

Most of the electronic structure of the molecule is a consequence of the various angular momen-
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tum couplings between the rotational angular momentum of the molecule and the orbital angular
momentum of the electron. The notation used to label the molecular angular momenta is reminis-
cent to that used for atoms. Here, | familiarize the reader with the labels conventionally used to

label the relevant angular momenta [136].

Molecular states have electronic spin that is labé&eahd orbital momentum labeldd like
their atomic counterparts. Despite the similarity, there are signi cant differences in how the pro-
jection axes of the angular momenta are chosen which depend on how much angular momentum
there is in the electronic states. Atoms in general bene t greatly from the spherical symmetry of
their Hamiltonians, but molecules have much more limited symmetry that varies between classes
of molecules. Thankfully, diatomic molecules are among the most symmetric molecules due to
their axial cylindrical symmetry. This makes the choice of the momentum projection axis simpler.
The projection of electronic spi@and the orbital angular momentumon to the internuclear axis
are labeled and respectively. The sum total of the electronic and angular momentaig, !,
whereas the sum of the projections’s | . The nuclear spin in addition to the electronic

and orbital angular is labeled = . Finally, the rotational angular momentum of the molecule

5

about its center of mass is also quantized and lakReldgklow, | list the various angular momenta

of the molecule and the symbols used to denote them [136]
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2.5 Molecular Term Symbols

It is key that one understand the different ways that the molecular angular momentum couple
together, because these differences give rise to different combinations of angular momentum be-
ing conserved depending on the speci ¢ state in consideration. We use an additional state label
indicating the coupling present in the state of interest. This new molecular term symbol is given

bellow:

2.1 (2.13)

This term symbol speci es the total spin S, the projection of the orbital angular momentum
and the projection of the total angular momenturanto the internuclear axis. The molecular term
symbol also de nes the re ection symmetky © of the state about a plane containing the axis of
symmetry. This is different from the parity traditionally considered for atomic orbitaldenotes
the magnitude of the projection of the orbital angular momentum onto the internuclear axis. This
projection in molecules is labeled by the Greek letters — — —eeeccorresponding to =
0,1,2,... quanta of angular momentum. These labels are analogous to the atomic labels of S, P, D,

. indicating = 0,1,2,... quanta of angular momentum.

2.6 Hund's Cases: Molecular Angular Momentum Couplings

Hund's cases are the limiting cases of the different ways that the angular momenta couple, and
are a guide to choosing the appropriate quantum numbers to de ne your state by. There are two
Hund's cases relevant to the cooling of CaH — Hund's case (a) and (b) — which are de ned by the
relative alignment between the electro-orbital angular momentum and the molecular internuclear
axis. That is to say, Hund's case (a) considers a state where the electronic orbital angular mo-
mentum is strongly coupled to the internuclear axis. Hund's case (b) considers a state in which the
electronic orbital angular momentum L and the nuclear angular momentum R are strongly coupled.

[124]
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Figure 2.1: The appropriate state labels for Hund's cases a and b. [124]

2.6.1 Hund's Case (a): The CaH States

Throughout the work demonstrated in this thesis, | worked extensively with the Gaki,
states. Shown in the gure below is Hund's case (a). In this limit, the electronic-orbital angular
momentum is strongly coupled to the internuclear axis and is called spin-orbit coupling. The strong
coupling gives rise to pairs of states that are separated by large splittings relative to the rotational
spacing that can be seen in CaH by the large splitting betweer’thg, and 2 s., states. This
coupling scheme results In andS processing around the internuclear axis rapidly, thandR

process about much slower.

Figure 2.2: The gure above illustrates the angular momentum coupling associated with Hund's
case a. [136]
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2.6.2 Hund's Case (b): The CaH: States

The other class of states used throughout the cooling of CaH are tiséates. The 2 -
ground state of the cycling scheme and the state used for repumping and detection?are all
states. In thé states, the electronic-orbital angular momentum is again strongly coupled to the
internuclear axis, though now the splittings are smaller than fof thestates. Next , R, andN
are all coupled td. The higher number of couplings in Hund's case (b) means thatnot well

de ned and is not an appropriate quantum number.

Figure 2.3: The gure above illustrates the angular momentum coupling associated with Hund's
case b. [136]
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2.6.3 Transitions between States of Different Hund's Case

The work outlined in this thesis used molecular states well-described by Hund's cases (a) and
(b). These states are used for producing sustained photon cycling, imaging the molecular beam,
and vibrational repumping. Transitions between different Hund's cases can broadly be classi ed
into two classes? - ! 2 . and? - ! 2 4.,. This means that | was utilizing transitions from
Hund's case (b) to Hund's case (b) in addition to transitions from Hund's case (b) to Hund's case
(a). The theoretical description of these types of transitions is best found in the tektiotextular
Spectra and Molecular Structuréy Gerhard Herzberg [137] and the following is a synopsis of

his work as applied to the cooling of CaH.

2 .1 2 . Transitions

The most commonly used transitions in this thesis were transitions befwveestates. | used
the-2 -1+ =0°1 2 .1+ = (°transition for uorescence spectroscopy to detect the molecular
beam. | alsousedthe? -+ =1°! 2 .1+ = (° to repump molecules that decayed to the rst
excited vibrational state back to the ground vibrational manifold.

The selection rules for these types of transitions are more straight forward. Conservation of
angular momentum requires that the molecules change rotational statésDyis forbids transi-
tions in which the rotational quantum number does not change by ghe<(0). Herzberg further
divides these transitions into two classes, R and P type transitions. R type transitions are those in
which the transition increases the rotational quantum number by'one ( # =, 1), while P
type transitions decrease the rotational quantum number by%6he ( # = 1). Finally the R
and P transitions are further divided into three classes of transitions based on how the spin rotation
guantum number changes. may take one of three values, = 0— 1. A subscript of 1 on the
R or P transition indicates that =, 1, whereas a subscript of 2 indicates that= 1. Finally,
a &2 subscript on the R or P denotes that = 0. Herzberg de nes all these transitions and their

subscripts in the following chart. | have highlighted the transitions | used in this experiment in red.
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Careful consideration of these selection rules reveals that transitions from the rst excited ro-
tational state to the rotational ground state have only one decay path that is back to the original
rotational state. This can be seen in the diagram through the presence of only P type transitions
between & = 1 ground state and # = 0 excited state. The closure provided by this selection
rule provides the motivation for choosing the= 1 state as the ground state addressed by the CaH
cooling laser.

Through out my thesis | found evidence of additional loss channels from%hel+ = 0—#=
0° state. | would lose about 30% of the molecules after fully depleting the V=0 band and nally
repumping V=1 through the? .+ = 0-# = (° state. One possible explanation of this is that
the nearby 2 1.,# = 1—+= 1° perturbs the 2 .+ = 0—# = (° state, effectively mixing the
two states and destroying rotational closure. We also considered the possibility that the excited

2 .14+ = 0-#= 0° somehow couples to the continuum, leading to predissociation on this state.
It was for this reason that | chose to use thfe - 1+ = 0—# = (° state as little as possible. This
topic will be further discussed in the section of the thesis elaborating the repumping experiments |

performed while optimizing my experiment.

2 .1 2 .., Transitions

Arguably the most important transition used in the cooling of CaH was the 1+ = 0-#=
101 2 1% = 0—# = 0° transition. This was the transition that was ultimately chosen to
scatter several hundred photons off the molecules and cool them. This transition will become
even more important to the future of the experiment as it will be the primary slowing and trapping

transition when CaH progresses towards a MOT.
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The transition betweef - | 2 1., possess additional complexity due to the strong coupling

between the electronic spin-orbital angular momentum and the internuclear axis present in the

2 1.0+ = 0° excited state. This creates two well separated branches of states depending on the
direction of the electronic orbital angular momentum, and destroys the selection rule that controlled
the values # could take. The only remaining angular momentum rules are those that require
0- 1. This leads to 12 possible transitions, and one must take advantage of the parity selection
rules to guarantee closure. The only set of states which can be used to create a system capable of
sustained optical cycling are the positive parity states of the;., branch in combination with the
negative parity of the 2 .1+ = 0 #= 1° states. These are labeled as ¥theand& 1, transitions

and are highlighted in the chart shown above.

2.7 Rotational Energy Levels of CaH

Creating a quasi-two level state capable of scattering many photons requires a good understand-
ing of the available rotational states, as described in the section on Hund's cases and the transitions
between different angular momentum coupling schemes. Without rotational closure, cooling and
trapping diatomic molecules using radiation pressure would be impossible.

The rotations of a diatomic molecule can be well approximated by treating the molecule as a
rigid rotor with cylindrical symmetry. This approximation begins to break down at higher rotational
energies, but remains a good description for the rst few quantum rotational levels used in this
thesis. The moment of inertia of a quantum rigid rotor about its center of mass is given by the

product of the reduced mass and the square of the distance between the point masses (nuclei):

<<
- 12 p (2.14)
<1, <2

The Hamiltonian then can be expressed in the rest frame of the center of mass as: :
Boat\=P= 4 g\ = g WO QP (2.15)
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Recalling that the radial distanégis constant in the rigid rotor, we may express this Hamiltonian

in spherical coordinates as:

~_2 nglo 1 X 1 X
2 XA "XA° B8ROX\® B8ROXQ

1\0 1q0= 4 1\0 1q0 (216)

Solving the Schrédinger equation will provide a quadratic ladder of states N that quantize the

energy of the system as follows:

~24 14 | 1°

. (2.17)
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For a more accurate description of the rotational spacing, the change in the moment of inertia
due to the centrifugal force must be taken into account in addition to the spin rotation coupling.
Through spectroscopic measurements, the scienti c community has compiled tables of spectro-
scopic molecular constants quantifying the distortion of the molecule. Expressed in terms of these
spectroscopic constants, the rotational spacing is given by one of the following expressions de-

pending on the alignment of the spin relative to the rotational angular momentum.

(o= Tpip 10 @2y 102 V%é# (2.18)
JHO= g 10 g2 197 V—Z\él#, 10 (2.19)

Below, | list the experimentally measured [138, 139, 140, 141, 142, 143] rotational potential spec-

troscopic constants available on the NIST website:
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2.7.1 Thermal Distribution, rotational spacing in Kelvin

As with most quantum thermal ensembles, a rotational temperature may be de ned, resulting in
thermal distribution governing the probability of each molecule populating a given rotational state.
| outlined in the section on Hund's cases and rotational angular momentum that optical cycling
is only possible when driving th# = 1! # = 0 transition. Therefore, | needed to maximize
the natural thermal population that resides in#he 1 state to ensure that there was the highest
number of molecules available for laser cooling. Maximizing the number of molecukesirl
also maximizes the number of molecules that can be slowed and loaded into the MOT.

Ablation in the cryogenic cell produces a dense plume of extremely hot CaH molecules (and
other ablation byproducts like calcium or hydrogen radicals) at a temperature of several thousand
kelvin. At this point in time, hundreds of rotational levels are populated. If | were to try optical
cycling at a high rotational temperature, there would be so few molecules # thd state that
cooling would effectively be undetectable. Therefore, one must cool the ablation plume down to
compress the rotational population into the lowest levels. Rotational cooling is achieved through
the injection of gaseous He at around 12K into the cryogenic cell, which is maintained at 6K by a
closed loop liquid helium refrigerator. As the ablation plume expands, the CaH molecules collide
with the helium buffer gas and rapidly thermalize to the temperature of the buffer gas. One may
tune the temperature of the cell and the gas to optimize the population#nthkrotational level.

Recalling statistical mechanics, we know that the of the probability of each rotational level
being populated is a product of the multiplicity of that state by a decaying exponential containing
the energy of each rotational state and the temperature of the system. When using the eigenenergies
of the quantum rigid rotor, this probability resembles the following unnormalized expression [57]:

% 1 2#  1%Xp (2.20)

)
Solving for the temperature which maximizes the populatioth m 1 gives about 14K. If we plot

the state population in the rst few energy level at 14K and compare that to the state population at
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1000K, the effect of rotational cooling is clearly seen.

2.8 Vibrational Energy Levels of CaH

In addition to the electronic and angular degrees of freedom discussed above, molecules also
have the freedom to vibrate. From an intuitive perspective, we know that a diatomic molecule is
a bound state in which two different atoms reside at a bond length that balances the repulsion of
their nuclei with the attraction of the nuclei with the other atom’s electron cloud. The deepest point
of the molecular potential is quadratic, producing a linear restoring force that maintains the atoms
preferred position. | show in gure2.4 some of the theoretically predicted molecular states that
have been calculateab initio for CaH by Shayesteh et al.[144] The state label using the roman
alphabet (X, A, B, C ...) merely indicates the order in which those states were spectroscopically

rst detected. This label is not indicative of the relative ordering of the energy hierarchy.
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Figure 2.4: The molecular states of CaH as calculated by Shayesteh et al. [144] Note the avoided
crossing between the B and D states which perturbs the B state.

Recalling the quantum harmonic oscillator, we expect a ground state with a non-zero energy
and a ladder of equally spaced states growing from the ground state. This intuition is of course only
accurate to a point; a more thorough description of the energy levels of the diatomic molecule re-
quires adding higher order corrections to account for the an-harmonic scaling of high energy states.
This an-harmonic behavior is due to the change in the restoring strength for high frequency and
amplitude vibrations. Additionally, the harmonic oscillator analogy breaks down due to the in nite
binding potential of the harmonic oscillator, which is not re ected in real molecules that posses
nite binding energies. In nature, molecules have an energy past which the molecule breaks free
from its electrostatic binding potential, called the dissociation energy. The an-harmonic oscillator
is the simplest theoretical description that can estimate a dissociation energy and the increasing
density of vibrational states as the vibrational quantum number increases. The rst few terms of
the expansion of the vibrational potential, written as a power series in the vibrational quantum

number, is as follows:
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E81A0C8HR = | 41E, 1020 | 4GIE, 10297 | 4HIE, 16203 eee (2.21)

Herel 4 is the vibrational constant, 4G is the harmonic distortion constant, ahdH; is the
an-harmonic distortion constant. These constants have been experimentally measured and can be
found on the NIST website [138, 139, 140, 141, 142, 143]. A few of the vibrational constant values

are show in the table below for the states that are used in this thesis.

The anharmonic oscillator is a great tool to gain intuition into the behavior of the rst few vi-
brational levels, but the anharmonic oscillator has some signi cant shortcomings when comparing
its spectra for high V. Namely, the anharmonic oscillator underestimates the binding energy and so
it should be thought of as a functional model for the rst 5 or so vibrational levels.

Further improvements to the molecular binding potential can be attained by modeling the bind-
ing energy as a Morse Potential, named after physicist Philip Morse. This potential can be accu-
rately tto provide a reasonable estimate for the binding energy, while accounting for anharmonic

behavior of the higher lying vibrational states. This Morse potential can be expressed as:

+1@ = 411 4 V@2 (2.22)

WhereG= A A is the change in molecular bond length from the minimum of the potential.
q—
4 is the dissociation energ, = 2—44 and: 4 = %. We can derive vibrational wavefunctions
by taking this potential and solving the Schrédinger equation:
2 32

41 = .
PR R (2.23)

Solving this gives a set of solutions for the eigenfunctions of the following form:
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100 . . . .
Where! EO is a series of generalized Laguerre polynomials.

| U4I E
3 1B 0 (2.25)

IU:
"ET B 3IE

Where | have de ned the normalization factbg and the parametersandl

S
B2 2E 1°
#e= & B (2.26)
Pp—
2< 4
= 2.27
T oo (2.27)
1=24C (2.28)

Figure 2.5 beautifully illustrates the difference in the wavefunctions for the harmonic oscil-
lator compared to the Morse potential wavefunctions, plotted for nitrogen molecules. [145] The
different spacings of the wavefunctions of each potential are clear. The harmonic oscillator has
equally spaced energy levels, while the Morse potential spacing becomes more dense as the vibra-
tional quantum number increases. In addition, it is clear that the low energy wavefunction closely
resembles a harmonic oscillator, while the higher energy wavefunction becomes prominently an-

harmonic.
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Figure 2.5: A plot showing the harmonic oscillator potential and the Morse potential along with
their corresponding wavefunctions. [145] Note the equal spacing of the harmonic oscillator energy
eigenstates, whereas the Morse potential energy eigenstates grow closer together towards the top
of the potential. In addition, the wavefunctions are very similar for the lowest energy eigenstates
while the wavefunctions begin to differ signi cantly for the higher levels. Finally, note that the
harmonic oscillator has an in nite binding potential while the Morse potential has a nite binding
energy.

An important feature of the Morse potential is that its solutions are mutually orthogonal, which
mathematically prohibits decays between different vibrational levels. However, different electronic
states have different molecular binding potentials that provide different vibrational solutions with

slightly different Laguerre polynomials for each binding potential. Therefore, there is a small
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chance for molecules to be lost into other vibrational states. As a result, transitions between the
vibrational states of different electronic states are not forbidden. This is a major obstacle for
everyone trying to apply radiative pressure to molecules. Molecules excited withPthé+ =

0°! 2 i, =Q0orthe-2 -+ =0°! 2 .1+ = (°transition are most likely to decay back

to the+ = 0 state, but have a non-zero probability of decaying to higher lying vibrational states
1+ 20, The decays scale by the frequency of the transition clibednd the Frank Condon
Factor (FCF). The FCF is calculated as the overlap integral of the excited state wave function with

the wave function of the vibrational state in question as is shown below:

1.
@og = . " K ok 0 3A (2.29)

The only solution to recover molecules that decay to the wrong vibrational state is to optically
pump them back into the V=0 state with a repumping laser via an off-diagonal transition. | mea-
sured the vibrational branching ratios for each of the rst three vibrational state decay channels
for molecules decaying from either theof states. The closer the V=0 FCF is to one, the more
photons one is able to scatter on that transition before the molecule can decay into an excited vi-
brational state. | measured the vibrational decay probabilities for thed states. In gure 2.6
| have listed the FCF's below while comparing them to the theoretically predicted values. [146,

147, 148, 149, 58, 150]

Figure 2.6: The lifetimes, wavelengths, theoretical FCF's , and measured FCF's for the two V=0
excited states used in this thesis as reported in my most recent paper. [146]
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Inspection of the measured FCF of thetate shows that one would expect it to be the preferred
state for cooling due to is better = 0 FCF. However, the state posses fairly good FCF's and
double the scattering rate. This contributed to why we ultimately chose to usedtage for laser

cooling and relegate the state to repumping and imaging.

2.9 Spin-Rotation and Hyper ne Energy Levels of CaH

The electronic energy levels of CaH are further split by two additional angular momentum
couplings — the spin-rotation coupling and the hyper ne nuclear spin coupling arising from the
unpaired proton that is the hydrogen nucleus. For the X state, the spin-rotation Hamiltonian can be

expressed as:

¢ =Wu( # (2.30)

WhereW is an the spin-rotation coupling constant. The hyper ne interaction is well captured

by the following Hamiltonian:

( =lex (., 2est o re (2.31)

expressed in terms of the hyper ne constapt and the dipole contact consta?ty. In CaH the
couplings of the spin-orbit interaction are at least an order of magnitude larger than the hyper ne
interaction. The spin rotation-splitting in the ground state %86 GHz, whereas the hyper ne
splitting is at mostL01 MHz without a strong external B eld to Zeeman-shift the magnetic sub-
levels. Itis for this reason that in my experiment, | chose to address each spin-rotation state with

its own laser with the addition of AOM sidebands to address the hyper ne levels.

2.10 Parity

As mentioned above, the parity selection rule,  is essential for creating the quasi two-

level system that is required for sustained photon cycling. [124] The parity eigenfunctions for the
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- and states are written as sums of the molecular basis state wavefunctions [151].

2(,1 P
201 - 190 2.( 2.1 2 (2.32)

Parity states are eigenfunctions of the inversion operatarhich takesA! A

201 = 21 (2.33)

This can be simpli ed for transitions where- —and remain constant, because all the total
parity is only changed by J. [152] This experiment's parity wavefunctions can be written in terms

of the angular momentum states of the system:

5 5 B
RV -2 P> 2 (2.34)
5 5 B
2 L e = -2 i 2 (2.35)

2.11 Choosing the appropriate cycling scheme for laser cooling

The relevant energy levels for CaH cooling are shown below. The vibrational decay probabil-
ities to the three lowest vibrational® - 1# = 1-+ = 0-1-2° states are also shown. Molecules
begin the cooling process in the? - 1# = 1—+ = 0° from where we excite them to either the

2 .1# = 0-+= orthe 2 1.,t = 12—+ = (° states. Rotational closure is guaranteed
by only using molecules in th# = 1 rotational state of the 2 - 1+ = (° potential and driving
transitions to theé# = 0 excited states of opposite parity. Finally, we create a quasi two-level sys-
tem by repumping molecules that decay to the V=1 vibrational level, back into the V=0 band by

repumping via the off diagonal? -1+ = 1-#=1°! 2 .1+ = 0—#= (° transition.

41



The# = 1 ground state manifold of the? - is split into two states (1.86 GHz apart) by the

coupling of the spin to the rotational angular momentum oftthe 1 state. Hyper ne interactions
of the electron and nuclear spins further split those levels in half and are labeled @sl for the

= 1e2 state and = 1-2forthe = 3+2state. Each spin rotation state is addressed by a separate
laser and can be seen in gure 2.7. The hyper ne splittings are 54 MHz and 101 MHz respectively
and are addressed by sidebands generated by AOMs. Each hyper ne state2posseZeeman
levels that are effectively degenerate for the experiments described in this thesis. This scheme
allowed my experiment to cool CaH by cycling200photons at a peak scattering ratelef 10°

photons per second.
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Figure 2.7: The hyper ne structure for the two spin-rotation components of the V=0 ¥round
state. The F=1,2 states of the J=3/2 state are split by 101 MHz, while the F=0,1 states of the J=1/2
state are split by 54MHz. Each spin-rotation state is addressed with its own AOM.
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Chapter 3: Experimental Apparatus

A photo of the laser system used to cool CaH. This system provides three ampli ed output
beams that are ber coupled and transferred to the experiment. One ber carries coaligned cooling
and repumping light, a second ber carries cooling light alone, while a third ber carries isolated

repumping light.
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3.1 Introduction

There are a multitude of experimental apparatus that must be constructed and seamlessly co-
ordinated to create a system capable of direct laser cooling, slowing, and trapping molecules. The
experimental apparatus | developed can be divided into ve main subsystems — the cryogenic sys-
tem, the vacuum system, the laser system, the detection system, and the computer control system.
All of these systems must be maintained and optimized to accomplish one's experimental goals.

A well designed cryogenic buffer gas experiment seeks to provide the densest and coldest beam
of molecules possible. A stable and powerful laser system then cools those molecules over a short
distance before loading those molecules into a trap. A beam of molecules is produced through laser
ablation or chemical production of a molecular sample which produces a hot cloud of molecules.
This sample subsequently thermalizes with the buffer gas present in the cell. The helium buffer gas

ow collimates the molecular sample into a beam [110, 136, 125]. That beam propagates into an
ultra-high vacuum experiment region where lasers are applied transversely to compress the beam
[135, 11, 13, 146, 153]. The lasers can also be aligned longitudinally, to slow the beam to the
capture velocity of a MOT [154, 7, 6, 111]. After cooling or loading a trap, molecules then must

be imaged either onto a camera for spatial information or onto a PMT for time of ight analysis.
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Figure 3.1: | show a diagram of the experiment, indicating where the molecule are exposed to
light for cooling, V=1 clean-up, and imaging. Molecules begin in the cryostat and propagate
6cm before passing through a velocity Itering aperture that limits the transverse velocity of the
molecular beam. Molecules immediately propagate into the interaction region, who's center is 7cm
away, where molecules are exposed to high power lasers used to create Sisyphus cooling. After
that molecules proceed 25cm down-beam to the clean up region where any molecules in the V=1
ground state are repumped back into the V=0 ground state to provide the most signal for imaging.
Finally, molecules propagate another 14cm to the imaging region where they interact with a laser
and uoresce. This uorescence is collect by a PMT and an EMCCD camera for analysis of the
beam'’s properties.

The dif culty in designing and fabricating such as system is compounded because many sub-
system are home-built or custom fabricated to meet the unique requirements of the experiment.
This is compounded by the fact that often, several generations of students [155, 57] are responsible
for this development and it is easy to overlook features that would be useful to later generations. As
a result, lack of compatibility between systems can commonly be a problem and subsystems must
be interfaced using a home-built sequencer written in Labview. Graduate students spend most of
their time building new components while maintaining and repairing older component. Only when
everything is working perfectly can the physics goals be attempted. In the sections below, | will
step the reader through each major subsystem, describing the design philosophy, the fabrication

process, maintenance, and nally their use in the experimental sequence.
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Figure 3.2: A photo of the cryostat in blue. The windows providing optical access to the cell can
be seen on the left of the cryostat. The beam region can be surrounded by optics used to probe the
properties of the beam.

3.2 The Cryostat

The starting point of any cryogenic buffer gas experiment is the cryostat. It is in the cryostat
that the molecules are rst produced, cooled, and embedded into a buffer gas beam for use in
the rest of the apparatus. As a result, the rst ingredient for a successful buffer-gas experiment
is a well-designed and functional cryostat. The optimal cryostat design is not identical for every
molecular species because different molecules use a variety of production techniques. These dif-
ferent techniques produce beams at a variety of temperatures, buffer gas ow rates, and molecular
yields. My experiment optimized the cryostat design and operation for BaH independently from

the design used for CaH. A signi cant part of my time in the lab was spent maximizing the produc-
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tion of CaH and and optimizing the rotational temperature and forward velocity distribution of the
molecules. It is common to discover small problems after constructing the rst cryostat - some of
these problems can be addressed with minor upgrades that can be made along the way. Some other
design improvements require major redesigns. These large upgrades can require months of design,
fabrication, installation, and optimization. | inherited much of the cryostat used in this experiment
from the BaH experiment [155, 57, 135]. | will describe the original design and the upgrades |
made to transition to CaH cooling.

A molecular buffer-gas cryostat is constructed by building a chamber with excellent thermal
shielding, cryogenic refrigeration, and vacuum pumping. The molecular species sample is inserted
into the inner-most region of the cryostat in a chamber called the cell. The cell has a gas inlet into
which a small amount of He buffer gas is owed continuously. The cryostat must have optical
access to permit the laser ablation of the sample and measure molecule production and dynamics.
Finally, the molecular buffer-gas cryostat must be connected to the beam-line of the experiment so

that molecules produced in-cell can ow into the experiment region of the vacuum system.

3.2.1 Liquid Helium Cooling and Thermal Shielding

As discussed in chapter 2, optical cycling with CaH requires driving transitions between the
# = 1and# = O rotational bands. Therefore, the molecular ensemble must be at low enough
temperature to rotationally cool the ablated molecules and maximize the populatior#in-iie
rotational level. This immediately eliminates conventional atomic sources such as ovens. A hot
cell, will transfer much of the molecular population into states with 1, while a cell that is
too cold will primarily populate thet = O state. For CaH, the optimal rotational temperature is
approximately 14K. Reaching this low temperature requires cryogenic helium refrigerant and high
levels of thermal shielding to prevent black body radiation from putting a high thermal load on the

cell.
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The Pulse Tube Refrigerator

Refrigeration to 4K and below requires the use of liquid helium refrigerant through either a
closed loop Pulse Tube Refrigerator (PTR) or through an evaporative open loop refrigerator. Open
loop helium refrigerators are very costly to operate because you Il a pot with liquid helium and
then pump on it to force evaporate and carry heat with it. At the time of this thesis, the best
closed loop PTR systems can reach temperatures of 2K while evaporative Helium fridges can
reach several hundred millikelvin. My experiment was initially designed for working with BaH
and as such was optimized to run at 4K according to the mass of the molecule and the rotational
level spacing [155, 57, 156]. When BaH was abandoned in favor of CaH, | had to reuse much of
the core BaH experiment architecture and re-purpose it to the new molecule. | used a two stage
PTR manufactured by Cryomech (model number PTR-415) built for the BaH experiment. This
model PTR has a 40K stage with 40W of cooling power and a smaller 4K stage with a cooling

power of 1.5W.
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Figure 3.3: | show the 4K region. In the top left 4K PTR head can be seen with the helium
bobbins bolted below it. The helium buffer gas line can be seen wound around the bobbins and
then connecting to the ablation cell on the right. The cryogenic charcoal sorbs can be seen on
the bottom and the right portions of the 4K geglon Layers of aluminized mylar can be observed

wrapping around the 4K shield.



Shielding

Cooling a cryostat to 4K requires pumping the heat out from it faster than the surrounding
environment can ow heat back in. This isolation is primarily accomplished by separating the
coldest regions of the experiment from the laboratory environment by placing them in vacuum to
eliminate convection and conduction. The next signi cant source of heat transfer in our cryostat is
black-body radiation from the vacuum chamber's room temperature surface. This thermal radiation
is eliminated through layers of radiative shielding that the cryogenic cell and PTR assembly reside
in. Practically, this is accomplished by placing a 40K box around the cell. The radiativ& g%

on each shield layer can be calculated as [136]:

foay) )
&ao03= T 11 o (3.1)
m> 2N

where 1 and » are the inner and outer shield surface arégsand) , are the inner and outer
temperatures, while; andrp are the emissivity of each surface. The radiative heat load from the
room temperature walls of the vacuum chamber is about 30 W. This heat load would overpower
the 4K cold head of the PTR. This radiative transfer is eliminated by placing a black body shield
between the vacuum chamber walls and the cryogenic cell. This radiative shield consists of an
aluminum box thermally anchored to the 40K head of the PTR assembly, which has a much higher
heat capacity. This does not eliminate black body radiation from heating the 4K cell, but the
40K surface radiates one thousand times less thermal energy than the room temperature vacuum
chamber. The radiative absorption of each layer depends on the shield material and the surface
nish. We minimize the absorbance of all inner surfaces by polishing them so they re ect away
as much heat as possible. | further reduced the thermal absorption by wrapping the exterior of
the 40K shield in aluminized Mylar to re ect some of the room temperature BBR of the vacuum
chamber. The addition of shielding lowers the radiative heat load to the 4K region to less than
0.01W. This leaves radiation through the windows that provide optical access to the cell as the

largest heat load. This optical access is required and can not be completely eliminated.
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Figure 3.4: | show all the layers of the cryostat after we opened the system for cell maintenance.

The room temperature shield can be seen on the outer edge along with the rubber gasket which
provides the air-tight seal. A bank of cryogenic charcoal sorb ns can be seen resting on the base
of the room temperature shield. Within , the aluminum 40K shield can be seen encasing the copper
4K region. Within, the 4K region one may observe the 4K PTR head, the ablation cell, the helium

buffer gas bobbins, and additional charcoal sorbs.
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Buffer Gas Injection

Hot molecules produced during ablation rely on the cold helium buffer gas to cool down. There-
fore, it is essential to cool the helium buffer gas as much as possible before injecting it into the
cell. This is accomplished by winding the buffer gas inlet tubing around bobbins that are thermally
anchored to the 40k and 4K shields. The 3/16” inch diameter OFHC copper piping is brazed to
one inch copper rods that are bolted to the PTR cold heads. The temperature of the helium when it
reaches the cell is approximately 12K based on the rotational spectroscopy we performed, where |
assumed that the molecular rotational temperature thermalized to the helium temperature. Further
cooling would require extra bobbins in the 4K section, which would not t in the 4K shield and

introduce additional heat load to the PTR.

The buffer gas ow was controlled with two different mass ow controllers (AERA FC780C
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and MKS 1259C). The mass controllers measure the amount of helium owing into the cell in
units of standard cubic centimeters per minute (sccm) de ned as the mass of helium that lls one
cubic centimeter at room pressure and temperature. We use the mass controllers to probe two dif-
ferent buffer gas ow regimes. The AERA provided low ow (0-20 sccm) control, while high ow
(20-100 sccm) was provided by the MKS controller. The in-cell absorption signal was measured
to be proportional to the buffer gas ow rate. Therefore, early in-cell spectroscopic measurements
were done in the high ow regime using the MKS ow controller. The in-beam molecule signal
was maximized at a helium buffer-gas ow between 1 and 6 sccm with the highest ux of low
velocity molecules corresponding to lower He ow. All in-beam data was taken using the AERA
controller. Early designs of the buffer gas injection system were often prone to clogs forming from
frozen contaminants in the helium line. The cryogenic temperatures within the cryostat will freeze
anything other than helium. Any air or humidity that entered the helium line from leaks or swap-
ping helium tanks, would result in a clog. The leaks were remedied by redoing the connections in
the helium line and ensuring everything was tight. In addition, the mass controller not in-use was
sealed off from room pressure with an angle valve and a cap on the end of the tubing to prevent
leaks. However, the contamination from swapping helium bottles will only be xed when a bleed
off valve is added before the mass controllers. This would enable us to bleed off any room air that
enters the helium line after swapping He tanks. At the time of this thesis a bleed-off valve has not

yet been added because the improvements | made have been enough to prevent clogs.
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Figure 3.5: | show the effect of three cell aperture sizes at a variety of helium ow rates. We found
that the 5mm aperture with 6 sccm of Helium buffer-gas ow produced the densest beam of CaH
molecules below 250m/s.

The 4K Cell

The cryogenic cell lies at the core of the experiment, pumping molecules into the experiment
region with each ablation pulse. The cell is made with copper 101 (OFHC copper) for the best
thermal conduction and has an internal cylindrical chamber with a diameter of 25mm and a depth
of 32mm. The Cabltarget is epoxied onto a copper screw which is inserted into the cell opposite to
the ablation laser window. From this position, the ablation laser has full optical access to the sample
surface and can be rastered across the sample to average over the local variations between ablation
spots. The helium buffer gas inlet is immediately next to the sample holder and continuously ows
1 sccm of helium into the cell. A collimating aperture is opposite to the helium inlet which allows
a beam of molecules produced in cell to proceed to the experiment chamber. Due to the radiative
ux hitting the chamber through the view ports, the minimum temperature the cell can reach is

6K. Lowering this temperature to the speci ed 4K would require making the windows to the cell
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smaller or adding custom NBK7 windows to the 40K shield.

Figure 3.6: | show the components of the cell assembly after it was taken out of the cryostat. |
show the cell, the cell windows, the cell aperture, the sample holder, and the thermal coupling
plates.

The volume and dimensions of the cell have a signi cant impact on the molecular yield and
temperature in the beamline of the experiment. Intuitively, the smaller the cell volume and the
larger the aperture diameter, the higher the ux of molecules that exit the cell. However, one is not
seeking to solely maximize the total molecular ux, but rather the molecular ux at low forward
velocities [110]. This introduces a new timescale into the system during which the hot ablation
plume thermalizes with the cold helium buffer gas. If the cell is too small, the molecules lack
suf cient time to thermalize and the cell primarily emits molecules at extremely high velocities.

If the cell aperture is too small, molecules diffuse to the cell walls where cryopumping adheres
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them to the copper surface. his can signi cantly decrease the molecular yield of the cell. On the
other hand, if the exit aperture is too big, then the extraction time is too short and molecules don't
thermalize. The balance between the extraction ef ciency and the thermalization ef ciency can
be characterized as a ratio between the diffusion tgae fthe time required for thermalization
from collisions with the buffer gas) and the extraction tigaecaobklO, 124, 136, 155]. This ratio,
labeledWis given as:

Wa. = ®Bes5 fo5s (3.2)

uccaozc! 24:E4

wheref g is the collision cross-section of the helium-CaH collisions, whijeis the helium buffer

gas ow rate. The extraction time is expressed in terms of the cell lehgih and the average
thermal velocity of the helium buffer g&%, . | experimentally optimized the characteristics of the

cell that could be modi ed without a complete overhaul of the cryostat. Experimental parameters
that could easily be varied were the length of the cryogenic cell, the aperture size, the ablation
laser power, and the temperature of the cell. The 5mm aperture that was found to maximize the
molecule population below 150 m/s. The performance of the cell aperture is very dependant on the

helium ow rate into the cell.
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(a) Here | show the effect of ablation laser power.

(b) Here | show the effect of ablation helium ow rate.

Figure 3.7: The He ow rate can be seen to greatly affect the velocity distribution, while the
ablation laser power effects the molecular yield and had little impact on the velocity pro le.
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| experimentally optimized the cell temperature to maximize the molecular population in the
# = 1 rotational state. This optimization was performed by raising the temperature above the
cell baseline with cryogenic resistive heaters and then sweeping helium ow rates and ablation
energies while measuring the population in the= 1 rotational level. We were unable to lower
the temperature of the cell past 6K without signi cantly redesigning the cryostat. The minimum
helium buffer gas temperature was limited at 12K due to the limited time the buffer gas has to
thermalize before owing into the cell. Reducing this temperature would have required adding
new bobbins which would not have t in the 4K shield chamber. This was deemed unnecessary
due to the highe# = 0 population that was observed when operating at the system's minimum
temperature. The primary sources of heating to the cell were the black body radiation from the large
optical access windows and the overall large surface area of the 40K shield. A smaller 40K shield
would have bene ted the cryostat performance but would have required completely reconstructing
the cryostat.

| have measured the molecular beam velocity distribution using direct detection of CaH molecules
via the - transition in addition to Doppler sensitive spectroscopy with Ca atoms. We began
with absorption time of ight pro les of CaH molecules detected as they exited the cell aperture
and then remeasured the uorescence of those same molecules 92cm downstream. We calculate
the velocity pro les by applying a Weiner deconvolution algorithm to the initial time of ight and
the nal time of ight pro le after the beam'’s ballistic propagation [155, 57]. The mode of the ve-
locity distribution calculated in this manner was robust against variations in the Weiner parameter
and agreed with the mode of the Ca velocity distribution. However, the high velocity portion of
the distributions provided by the deconvolution method was found to be very sensitive to the initial
values of this parameter. We chose to primarily use the Ca measurement due to its agreement with
the deconvolution method, its consistency, and the lack of additional analysis algorithms.

We did not perform Doppler sensitive 45 degree uorescence directly on CaH because we
lacked a well-blackened, low background scatter chamber with this off-axis degree of optical ac-

cess. Velocity sensitive Doppler spectroscopy requires a high enough signal to noise to detect a
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small velocity subset of the molecular beam. However, the lack of an appropriate detection cham-
ber, meant that molecules would not be seen over the background laser scatter in the system. We
decided not to invest in a chamber like this because of the good agreement between the two pre-
viously described velocity measurement techniques. Finally, we measured the thermalization and
extraction dynamics of both Ca and CaH and found that they behaved almost identically in the 0-4
sccm buffer gas ow regime. This is in agreement with our intuition that the two species should

display similar thermal properties because the masses of CaH and Ca differ by only one AMU.

Sample Preparation

The chemical sample at the heart of the cyrostat consists of a sample gfoCgkeater than
95% purity which is epoxied to the surface of a custom machid&& inch OFHC copper screw.

One sample change would often be enough for one to two months of data collection. | also ex-
perimented with pressed samples of ultra pure £t | found that the pressed targets degraded

in about a week of data-taking but provided a small increase in signal when freshly installed.
Conversely, the 95% purity samples could last for months, but required a week of ablation to be-
gin producing high yield beams. Samples were purchased from Sigma Aldritch and are available at
https://www.sigmaaldrich.com/US/en/substance/Calciumhydride42097789788

The solid CaH sample was a mixture of Caknd a non-reactive binding agent of unknown com-
position that gave the samples the appearance of dry white clay. Higher purity samples are a ne
crystalline powder.

The sample of Cajiwas prepared in a glove box that was pressurized with nitrogen to prevent
the contamination of the sample with moisture from the air. Upon opening the sample bottle, small
pieces of about 3mm in diameter would be broken off using a dedicated pair of clean wire cutters.
Once enough pieces to cover the sample holder tip were broken off, | would coat the tip of the
sample holder in Locktight 495 instant superglue and use ne tweezers to gently place the CaH
rocks on the tip of the sample holder. | would leave the sample holder in the pressurized glove box

for 30 minutes to allow the glue to cure before transferring the sample holder into the cell. The
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process of transferring the sample holder from the glove box could be improved to further preserve
sample integrity, but my protocol worked ne and was as follows. After allowing the glue to dry,

| would begin owing nitrogen into the 4k cell to displace any air in the cell (one should hear the
sound of the nitrogen owing out from the cell). Next | would remove the sample holder from the
pressurized glove box and transport it to the cell while owing nitrogen across the sample surface
with a hand held nitrogen line. We performed tests to determine how quickly the €ahiple

would degrade in the presence of lab air. We measured that for the @alh sizes used in this
experiment, the sample would completely degrade in 45 minutes. Therefore, we do not believe that
the 15 seconds required to transport the sample from the glovebox to the cell caused any signi cant
damage to the sample.

The sample would be screwed into the cell as quickly as possible and nitrogen would continue
to ow into the cell until all the thermal and vacuum shields were replaced and the scroll pump
had been allowed to lower the cryostat pressure to about 1 Torr. At this point, the nitrogen ow to
the cell would be turned off to allow the scroll pump to nish pumping dowd@? Torr. Finally,
the turbo would be turned on to pump the chamber dowi0td Torr, before nally turning on the
PTR. After cooling to baseline temperatures, the cryostat pressure was b&@vé@orr and10 ’
depending on the state of the charcoal sorbs. The cryostat pressure would improve as contaminants
from the room air exited the charcoal after temperature cycling.

Occasionally, I would disassemble the cell for cleaning by removing it from the 4K PTR head.

It was our practice going back to the early days of the BaH experiment to clean the cell simply
by tapping out the ablation debris and then blowing nitrogen in the cell to remove as much dust
as possible. In 2021, we tried sanding away the ablation debris that coated the interior of the cell.
This was inspired word of mouth advice from other buffer-gas experiments that were able to lower
their beam temperature by exposing the bare copper surface. This however, was catastrophic to
our cryogenic cell ef ciency. After sanding we were barely able to see in-cell absorption, which
had decreased from approximat@§% absorption down to less thai®. Meanwhile, we were

completely unable to see the molecular beam in the experiment chamber. After months of trying
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new ablation parameters, we nally recovered the beam and attained comparable in-cell to the
previously seen levels. It is not immediately clear what the root cause of the loss of signal was. |
suggested testing the reactivity hypothesis by electroplating a spare cell with gold or a CaH paste
to eliminate the potential for chemical reactions. We did not attempt either of these ideas due to the
long fabrication time of a new cell and by the gradual return of the molecular beam as the interior

surface of the cell was re-coated with ablation debris.

Figure 3.8: On the left, | show images of a cell after weeks of ablation. The powder seen at the
bottom of the cell is debris blasted off the sample by the focused ablation laser. On the right, |
show the cell after we sanded it and destroyed the beam.

We would change cell windows while the cryostat was open for a sample change. The cell
windows quickly become coated with ablation debris, restricting the optical access to the cell.
Therefore, it is important to detach them from the cell from time to time and wipe them down with
isopropyl alcohol to remove any visible sediment. It is also possible to crack the cell windows
with the ablation laser if the laser is accidentally focused onto the window. A cracked cell window
must be replaced at the next sample change, but there is no need to panic as | have managed to

continue taking data for weeks with a cracked cell window until the sample was naturally depleted.

62



A cracked window will harm the in cell absorption signal, but should not effect the molecular
beam yield. Recently, we modi ed the ablation laser system, placing the focusing laser on a 1D
translation stage. The stage's travel is limited to prevent the laser from ever being focused on the

windows.

3.3 Vacuum System

It is essential that the molecular beam experiments take place in a vacuum. Therefore, careful
consideration must be given to the design of the system because it will need to pump out all the
buffer gas exiting the 4K region to prevent beam collisions. Cryogenic buffer gas experiments
operate in two different pressure and temperature regimes. The vacuum system designed for the
cryogenic cell must be capable of pumping out high volumes of gas while at 4 Kelvin to compen-
sate for the continuous ow of buffer-gas into the ablation cell. The cryogenic buffer gas system
however, does not need to reach as low a pressure as the beam line and is cotOrforityrr
while owing He and cold. On the other hand, the beamline is maintainekD&t Torr. | have
seen a complete loss of signal resulting from buffer gas background collisions as the beam exits
the cryostat and into the beamline. In the following section | will describe the vacuum system used

in both the cryostat and beamline.
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Figure 3.9: | show a cross section of a turbo pump. One may observe the many layers of turbo
fans that change angle to gradually force gas out from the vacuum system through the ange on
the bottom left. [157]
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3.3.1 Cryo Vacuum

The cryogenic vacuum is the easier vacuum system to work with due to extremely low temper-
atures it operates at. At 4K every contaminant except the helium buffer gas sticks to any surface
it collides with. The cryogenic temperatures also prevent any contaminants from outgassing. We
take advantage of the adhesion of gases at these temperatures to help lower the cryostat pressure.
Much of the pumping of the excess buffer gas in the cryogenic chamber is handled by charcoal
sorbs placed in the vacuum chamber. The carbon matrix in the charcoal acts as a sponge to trap
background gas when the charcoal is maintained at temperatures less than 14 kelvin. Any gas that
escapes to the higher temperature regions of the cryostat is pumped on by two turbos. We use a

scroll pump to back the turbos that are bolted on the exterior of the vacuum chamber.
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Figure 3.10: Here | show a CAD drawing of the cryostat which has been modi ed to mount an
additional turbo next to the beam-line. We decided to design and manufacture this front panel to
try and avoid any pressure build up at the transition from the cryostat to the molecular beam. This
upgrade has not yet been implemented but will be added before slowing experiments begin.

Charcoal Sorbs

The charcoal sorbs provide the majority of the vacuum pumping in the 4K region. However,
because charcoal sorbs are absorbers, there is a limit to the amount of He gas that can be trapped.
The sorbs porous matrix can become saturated and cease to absorb He. When this occurs, the

cryostat pressure quickly rises. The increase in pressure can cause thermal coupling between
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the cryogenic shield layers, further increasing the temperature of the cryostat. If the cryostat
temperature rises past 14 kelvin, the sorbs will begin to release helium. This can be prevented
by periodically heating the charcoal to purge the trapped He. All of the trapped helium to escapes
the charcoal to be removed by the turbos. | found that increasing the number of charcoal sorbs
did not dramatically increase the molecular yield. However, increasing the surface area covered in
charcoal dramatically increased the run time of the experiment by increasing the amount of time
one may ow helium before warming up the cryostat. Adding cryogenic heaters to the shield layers
of the cryostat may reduce the time required to temperature cycle the cryostat and purge the sorbs.
Resistive cartridge heaters are sold by Lakeshore Cryogenics and must be epoxied into a copper
housing that can be thermally anchored wherever heating is desired. | reduced the temperature
cycling time by half by adding heaters to the cryostat, allowing the sorbs to be purged overnight.
Sorbs are constructed by purchasing ultra-high purity charcoal of medium grain-size (approx-
imately 3mm diameter) and then adhering a layer onto OFHC copper sheets using a thermally
conductive cryogenic epoxy such as Stycast 2850FT. Multiple copper-sorb sheets are bolted to-
gether with copper spacers between them and then thermally anchored to the 4K shield. One

should t as many sorb sheets in the 4K region as are allowed by the cryostat design.
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Dual Turbo

Additional vacuum pumps must be placed on the cryostat to remove the helium buffer gas that
escapes the 4K regions. This prevents a pressure build up near the room temperature shield that
knocks CaH molecules out of the beam and raises the beam-line pressure. Two turbo pumps are
bolted to the outside of the vacuum chamber. A P effer TPU-170 turbo pump attached to the top
of the cryostat provides the majority of the pumping. | propose an improvement to the cryostat by
adding an Agilent TwisTorr 84 to the front panel of the vacuum chamber adjacent to the gate valve
connecting to the beam-line chamber. This additional turbo would pump out gas re ected off the

velocity Itering aperture prior to the interaction region.
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3.3.2 Beam Region Vacuum

The vacuum quality in the beam region of the experiment is key to preventing background
collisions and preserving the molecular beam ow. As mentioned earlier, a background gas build
up in the vacuum system can completely eliminate the molecule beam. The most recent iteration
of the vacuum system is composed of three sub-chambers: the transverse cooling chamber, the
clean-up chamber, and the detection chamber. We placed two turbos at the start and end of of
the vacuum chamber. The rst turbo prevents pressure build up at the beginning of the beamline,
while the nal turbo pumps out the residual helium at the end of the system. Both turbos used
in the beamline are P effer HiPace 300. The combination of these pumps allow us to maintain a
baseline beamline pressureldf & Torr and a pressure dD / Torr while owing buffer-gas. This
vacuum system will need to be modi ed when including a MOT chamber with the primary change
being the addition of a titanium sublimation pump directly attached to the MOT chamber to allow

the chamber to reach a pressure less tt@af Torr.

Figure 3.11: A schematic of the planned MOT assembly that | helped design.
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Cooling Chamber

| designed and built the transverse cooling chamber with our old post-doc Ivan Kozyrev. The
chamber was assembled separately and the vacuum performance was con rmed before installation
on the beam-line. The chamber was machined out of 316 stainless steel by Precision Cryo and
consists of two KF mounting points to the molecular beam chamber with four custom windows
clamped on to provide optical access. The windows are sealed to the chamber with rubber O-rings
that provide a seal down 0 & Torr. These windows were dual antire ection coated for use with
red and near infrared lasers. Coating was provided by the company Casix based in China with a
pre-COVID lead time of 6 months. Due to supply chain disruptions, it is unclear if replacement
windows could be coated at all within a reasonable amount of time. Therefore, these windows
must be treated with as much care as possible.

| also wound air-cooled magnetic eld coils to remix the molecules for both Doppler and Sisy-
phus cooling. The top and bottom coils each contain 40 windings made from 15 AWG magnetic
wire, while the coils generating the horizontal eld only use 10 windings of the same wire. The
vertical coils produce the eld for magnetically assisted Sisyphus cooling, while the horizontal
eld coils are used to compensate for the Earth's magnetic eld. | chose to make these coils air
cooled to reduce experimental complexity and because we only needed a eld of a few Gauss for
cooling. | have operated these coils all the way up to 10 A, but the system should not be operated
for extended periods of time at currents above 7 A due to heating in the coils. When taking high
magnetic eld data, | would turn on the coils shortly before beginning a data set and immediately
turn down the current once the data was recorded. This allowed me to create a maximum eld

strength of 7 Gauss (10 A).
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Figure 3.12: | show the interaction region vacuum chamber | helped design and assemble. The
12cm long windows can be seen in addition to the vertical and horizontal magnetic eld coils that
| wound.

Detection Chamber

Molecules are detected in the nal chamber of the beam-line. The detection chamber is built
around a CF 2.75 cube. One of the horizontal sides of this cube is used to connect the chamber to
the beam line. The opposite face of the cube was used to mount the nal turbo pump. The top and
bottom faces have AR coated windows. One window provides optical access to the EMCCD col-
lection optics used to measure the geometric properties of the molecular beam. A photomultiplier
tube (PMT) is bolted on the other window to provide time of ight information. The imaging sys-
tem will be described in depth later in this chapter. Finally, the uorescence detection laser passes

through the nal pair of horizontal windows allowing us to detect the molecule beam. Background
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scatter is a major source of noise when detecting uorescence at the same wavelength as the probe
laser. This laser scatter is mitigated by bolting on 20cm nipples to the chamber and moving the
laser windows far from the center of the detection chamber. This eliminates line of sight scatter and
massively reduces background scatter. We took it one step further and included light baf es within
the 20cm nipples to further eliminate window scatter. Finally, the entire chamber was painted black
using UHV compatible black paint. The baf es were blackened by growing copper oxide on the

copper gaskets to provide the best absorption.

Figure 3.13: | show a transverse cross-section of the detection chamber. The windows are placed
20 cm from the center of the detection chamber using CF nipples. Baf es are placed within the
nipples to prevent scatter off the windows from reaching the PMT which is mounted at the top of
the gure. [155]

3.4 The Laser System

One of the largest technical challenges associated with the traditional forms of laser cooling
is the large number of lasers that must remain well-locked during data collection. The unusually
high number of lasers is a consequence of thaGHz spin-rotation splitting in the ground state
and the need for vibrational repumping lasers. This motivated me to build six external cavity
diode lasers so that | could scatter the hundreds of photons required for transverse laser cooling.
These six lasers drive all of the spin-rotation states but must be frequency modulated to address
the hyper ne states within each spin-rotation level. | built an additional six injection locking
ampli ers which ultimately provided the experiment with a total of 300mW of cooling light and
150mW of rempumping light because the Sisyphus mechanism requires high intensity for ef cient
cooling. Additional lasers, such as a Calcium 429nm laser, were also built to measure the cell

extraction ef ciency and the beam temperature. Finally, all of these lasers were locked using a WS7
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