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Abstract
From laser cooled molecules to novel quantum matter

Qi Sun

Recent achievements in quantum-state control of atoms and molecules have demonstrated
their potential for quantum information science, ultracold chemistry, and precision measurements.
Meanwhile, the fact that only a third of all the elements have been optically trapped indicates a
huge room for exploration. Among the optically untrapped elements, hydrogen stands out due to
its simplicity, offering a uniquely ideal platform for rigorous comparisons between theoretical
predictions and experimental results. Calcium monohydride is favorable for laser cooling, and has
a unique double-well potential that is proposed to enable controlled photodissociation. In this
thesis, I will present our experimental efforts and theoretical studies aimed at trapping and
photodissociating CaH and CaD molecules to generate ultracold hydrogen and deuterium clouds.
These investigations pave the way for a universal platform to produce exotic ultracold atomic
gases, with profound implications for fundamental science and advancements in quantum

technology.
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3.24 Measured forward-velocity distributions of BaH molecules for a range of beam-
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aperture diameters and buffer-gas are slightly less reliable due to a mild sensitivity
on specific data cuts flow rates. Velocity distributions above 250 m/s (dashed lines)
made to reject fluorescence noise from ablation light. The small-scale structure at
low velocities is an artifact of deconvolution. (a) Velocity distributions for three
beam-aperture diameters. The inset shows a conservatively estimated cumulative
population of molecules as a function of forward velocity under 100 m/s. The 5
mm aperture is optimal, although a slight enhancement of very slow molecules
at rates of 11 + 2 sccm were used. (b) Velocity distributions for four 50 m/s is
observed for the 3 mm aperture. For this data set, He flow He flow rates and a 7
mm cell aperture, with the inset as in part (a). There is an enhancement of slow

molecules at lower flow rates. Figure adopted from Ref. [43]. . . . . . . ... ...

The enthalpies of several reactions that are being used or proposed to produce
ultracold molecules through ablation induced buffer gas cooling. Within each table,
the first row is the chemicals interested, the first column is the donor gas. The
values are enthalpies of reaction. Orange box represent it’s exothermic, while Blue
box represent the reaction is the endothermic. From what can be clearly seeing

reactions to form hydrides are all deeply endothermic reactions. . . . . . . . . . ..

Horizontal cross section of the cryogenic buffer gas cell. Hot Ca atoms are gener-
ated via laser ablation of a solid target and subsequently react with H, molecules
that flow in at ~150 K. Additionally, “He flows in at ~6 K for efficient buffer gas
cooling. The Ca atoms and the product molecules are probed through laser absorp-
tion, with optical access ~2 cm downstream from the target. Figure adopted from

Ref. [83]. . . . . o

Chemical reaction in a cryogenic buffer gas cell. Time-averaged CaH density mea-
surements (0-1 ms after ablation) as a function of Ca density, for 10 SCCM of H;
(red points) and 20 SCCM of H, (blue points). The lines denote theoretical results
at the same conditions, showing qualitative agreement. The inset shows reaction
efficiency, defined as the ratio of CaH and Ca densities. A notable decrease in
reaction efficiency is observed experimentally at higher Ca densities, whereas the
theoretical model does not capture this trend, showing the need for further refine-
ment. Experimental data points include 1-o statistical errors. Figure adopted from

Ref. [83]. . . . . o e

Significant improvement of the use of Ca + H, — CaH + H reaction compared
to the old way of forming CaH through ablation on CaH; solid samples (as well
as deuterium related experiments). The 20 times longer time constant comes from
the better crystal structure of a calcium compared to CaH,, making it less brittle.
I do not have a good intuition to clearly explain why it improves the yield, but we
know this reaction can happen fast despite its endothermic nature. What we know

for sure is, the endothermic nature is still limiting CaH yield. . . . . ... ... ..
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4.5

4.6

4.7

4.8

4.9

Time-averaged densities (0-1 ms after ablation) of Ca and CaH (or CaD) under
different gas flow configurations. Reactant gases H,, HD, or D, are supplied at
20 SCCM, with He (if used) added at 8.8 SCCM. Ablation energy is 19 mJ per
pulse. Green, yellow, and red bars represent results for Hy, HD, and D,, respec-
tively, while black-framed bars show the yields with He added. The dashed lines

indicate the detection limits. Figure adopted from Ref. [83]. . . . ... ... ...

(a) Sample Ca density trace as a function of time after the ablation pulse. The blue
curve is the original data, the orange line highlights the data used for fitting, and the
green dashed line indicates the fitted result. This data is obtained with 8.8 SCCM
He flow. (b) Measured collisional cross sections of He, H,, HD, and D, with Ca

and CaH. Figure adopted from Ref. [83]. . . . . . .. .. ... ... ... ....

(a) Relative in-cell absorption for X?X*(N = 0) and X22+(N = 2) states with
respect to X>X*(N = 1), versus ablation energy. Absorption for X>~*(N = 3) and
higher ro-vibronic states is below the detection limit and therefore neglected. Solid
lines are fitted quadratic functions to guide the eyes. (b) Fitted rotational temper-
ature versus ablation energy. Temperatures are extracted from a least-squares fit

according to Eq. (4.4), as shown in inset (c). Figure adopted from Ref. [83]. . . . .

Temperature-dependent rates for the (a) vibrational quenching of H, and (b) vibra-
tional excitation of H,, where the subscripts denote the initial and final vibrational
states of H,, and (c) formation of CaH from the collision between Ca and Hj,
where the subscripts denote the initial vibrational state of H,. Figure adopted from

Ref. [83]. . . . o e

(a) Ca absorption spectra at different ablation energies. The data is fitted with
the Gaussian function. (b) The Ca plume temperature versus ablation energy. The
gray shaded area represents the theoretical temperature that optimally matches with

experimental results in the main panel of Fig. 4.3. Figure adopted from Ref. [83]. .
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5.1

5.2

53

CaH molecular properties relevant to this work. (a) Potential energy surfaces (PES)
for the 4 lowest electronic states - X2X*, A1, B2X* and D?>*. Spin-orbit inter-
action is not included here. The x-axis is the internuclear separation r in bohr
radii (ag) and the y-axis is energy in cm™! (1 cm™' ~ 30 GHz). The energy
origin is chosen as the Ca('S)+H(?S) continuum threshold (v;;). Superimposed
are the wavefunctions (bottom to top) for the X(v” = 0) absolute ground state,
X(v” = 15) lowest energy bound state and B(v' = 4) excited state. (b) Experi-
mental layout used for this work. A buffer gas cooled molecular beam emenates
from the cryogenic cell and encounters four spatially separated regions. The state
preparation (S), interaction (I), clean-up (C) and detection (D) regions. Each region
is composed of multipassed lasers described in the text. (c) Relevant vibrational
branching ratios (squiggly arrows) calculated for the B>X* state. Measured pre-
dissociation probabilities for the B(v' = 0) and B(v' = 1) are denoted by dashed

lines. Figure adopted from Ref. [89]. . . . . . . ... ... ... .. ........

Graphical illustration of ratio extractions process of BZX* (v/ = 0) predissocia-
tion measurement. We run the group of stages sequentially with a reference stage
interlaced between other stages, and collect LIF with EMCCD. We integrate the
images along both axes to obtain the signals, which we then used to calculate ra-
tios. By repeating the whole sequence N times, we collect N sets of five ratios. In
this figure, we first show an example sequence of one-shot camera images of the
stages. We present the integrated signal along one axis, and use colored traces for
science stages and black traces for reference stages. The horizontal lines represent
the baseline in the plots. Lastly, we show the histograms of the five ratios individ-
ually. The vertical dashed line represents the mean of the ratios. The difference
in distribution widths indicates that we are dominated by source fluctuation and

detection noise. Figure adopted from Ref. [89]. . . . . ... ... ... ... ...

Predissociation measurement results. Red squares are the theoretical calculation
results from the non-radiative decay rates for different vibrational states of B>Z*.
The blue circles are the experimental results, where errorbars represent 95% confi-

dence interval. Figure adopted from Ref. [89]. . . . . . . ... ... ... .. ...
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6.1

6.2

6.3

Experimental setup and molecular structure. (a) Experiment diagram (not to scale).
CaH molecules and Ca atoms are produced via ablation of a solid target of CaH,.
The ejected molecules thermalize to the ~ 6 K “He buffer gas and are extracted
through a 3 mm diameter aperture. An additional 5 mm aperture is placed just be-
fore the molecular beam enters the interaction region to limit the transverse velocity
distribution. The cooling chamber consists of 12 cm of optical access followed by
a cleanup region and a detection region. (b) A sample image of molecules in the
beam taken with the EMCCD camera. Photons are collected for 7 ms during imag-
ing. Arrow indicates the direction of the molecular beam. (c¢) The main cooling line
used in this work is the A2H1/2(v’ =0, J =1/2) « X>’2*(v" =0, N” = 1) tran-
sition at 695 nm. We detect the molecular beam using the B>X* (v’ =0, N’ = 0) «
X23*(v"” = 0, N” = 1) transition using 2.6 W/cm? of 635 nm light. We employ
laser light at 690 nm to repump molecules that decay to the v = 1 vibrational
state in X by addressing the B>Z*(v' = 0, N’ = 0) « X*T*(v" =1, N" = 1)
transition. By closing this leak, we create a quasi-closed transition capable of cy-
cling ~ 200 photons sufficient to exert a measurable Sisyphus force. (d) The 1.86
GHz spin-rotation splitting and the 54 MHz (101 MHz) hyperfine structure of the
J =1/2 (J = 3/2) states in the ground X manifold. The details of the laser setup

can be found in Appendix 6.2.7. . . . . ... L

Measurement of the VBRs for CaH molecules. (a) An example of PMT traces used
to calculate the VBRs. These two time traces correspond to background-subtracted
fluorescence from the decay to X(v” = 0) for PMTs P; (orange, dashed) and P,
(blue, solid) while the B>X* (v’ = 0) « X2=*(v” = 0) transition is excited. Due to
a different operating configuration, the molecular beam velocity is ~ 400 m/s for
this data. The inset denotes how the ratio of integrated signals, Ry, is computed.
We perform a one-parameter fit of the dashed trace to the solid trace. The result
of the fit produces the orange points that can be seen to overlap temporally with
the blue trace. (b,c) The resulting VBRs from the measured ratio R,, obtained
by evaluating Eq. (6.4), for the A and B states. Each point represents an average
of at least 200 shots with background subtraction, while the higher vibrational
decays require ~ 700 shots for an appreciable signal-to-noise ratio due to the low
probability of decaying to these excited states. Error bars are statistical standard

errors. Figure adopted from Ref. [30]. . . . .. ... ... ... ... .......

Scattering rate measurement. The fraction of molecules remaining in the X (v” =
0) state when cycling on the A(v' = 0) « X (v” = 0) transition (orange circles)
and the fraction remaining in X (v” = 0) + X(v” = 1) states when cycling simul-
taneously on the A(v' = 0) « X(v” = 0) and the B(v' = 0) « X(v' = 1)
transitions (blue squares) are measured as a function of the interaction time. Lines
are fits to exponential decay curves with finite offsets. The offset is due to detected
molecules that are only weakly addressed in the interaction region. The exponen-
tial decay time constant 7 from the fit is 5.5(3) x 10* s~! for the orange curve and

3.92(13) x 103 s7! for the blue curve. Figure adopted from Ref. [30]. . ... . ..
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6.4 Magnetically assisted Sisyphus effect in CaH. (a) Molecular beam profiles obtained

6.5

for an unperturbed beam (green), Sisyphus cooled beam (purple) at 6 = +20 MHz,
and Sisyphus heated beam (blue) at 6 = -20 MHz. The y-axis is normalized to the
unperturbed beam maximum and no other scale factors are used. Lines are fits to
a 1D Gaussian function to obtain the 1/e cloud radius o. The increase in on-axis
molecule number seen in the cooling configuration is a clear signature of Sisyphus
cooling. Statistical error for each point is represented by the bar on top right and
is depicted separately for clarity. (b) Change in o as a function of detuning, where
Ao > 0 implies heating and vice versa. The detuning is applied globally to each
spin-rotation and hyperfine addressing lasers. The data was taken at an intensity of
200 mW/cm?. The band represents the result of OBE and MC simulations for our
experimental system. (c) Change in beam size Ao as a function of laser intensity.
Detuning has been fixed at 6 = 4+20 MHz. We do not saturate the Sisyphus cooling
effect even at the largest available laser intensity (~ 300 mW/cm?). The simula-
tions shown as a band suggest that an intensity of >600 mW/cm? is required for
saturation. (d) Change in beam size Ao as a function of magnetic field strength.
Detuning is ¢ = +20 MHz and intensity is 200 mW/cm?. Maximum cooling is
seen for B ~ 1 G. Note that the scattering rate is maximized at B ~ 3 G. The
Sisyphus effect is expected to be nulled at B = 0, but due to the presence of the
Earth’s magnetic field and the low laser intensity we do not resolve the dip. The
simulation shows the same behavior. The bands shown in simulations encompass
the spatial variation in laser intensity we expect in the experiment. Each point is
a result of 200 repetitions of the experiment, and the experimental error bars are

standard errors of Gaussian fitting. Figure adopted from Ref. [30]. . . . ... . ..

Laser configuration for Sisyphus cooling. (a) schematic of the Sisyphus cooling
process in the F/ = 0 « F” = 1 configuration. The standing wave formed by
the overlap of the blue detuned, linearly polarized laser beam leads to a Stark-
shifted potential hill. As a molecule (blue sphere) travels up this potential hill, it
loses energy and is optically pumped to the excited state at the top of the hill. The
spontaneous decay brings the molecule back to the dark ground state. Precession
around an external magnetic field (E) mixes the ground sublevels and brings the
molecule back into the bright state to continue the process. (b) schematic of the
interaction region. Blue arrow denotes molecular beam direction. Two separate
laser beams are used to form independent standing waves. The first laser beam
(1) containing both A «— X(v” = 0) and B « X (v” = 1) frequencies enters the
interaction region near the end and is retroreflected such that the spacing between
adjacent passes gradually decreases. After 16 passes, the adjacent passes have suf-
ficient overlap to form a standing wave. The second laser beam (2) only addresses
A «— X (v = 0) and can be added to obtain higher average intensities. (c) ar-
rangement of ECDLs and ILAs used to generate the cooling and repump light and
their combination. Some components such as mirrors and waveplates are omitted
for simplicity. Note that the method of combination leads to an equal split of the

cooling light into two fibers (1) and (2). Figure adopted from Ref. [30]. . . . . ..
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6.6

6.7

6.8

(a) Schematic of the experiment viewed from above. CaD molecules are generated
in a ~6 K CBGB source. The molecular beam is collimated by a 2.5-mm diameter
aperture and enters the interaction region where it is addressed by the main cooling
laser, copropagating with the (v = 1) repump laser. The laser beam is expanded
to (10.8 mmx5.4 mm) 1/e? diameter and retro-reflected to form a standing wave.
The molecules then enter the clean-up region where only the (v = 1) repump laser
is applied in a multipass configuration and are finally detected in the (v = 0) state.
(b) Level structure of the main cycling transition AIT, p(V'=0,J=1/2, +) «
X?22*(v” =0, N” = 1, —). The hyperfine splittings are adapted from Ref. [201].
(c) In-beam spectroscopy of the transition. The inset shows signal enhancement

with rotational closure. Figure adopted from Ref. [88]. . . . ... ... ... ...

Molecular beam profile with Sisyphus cooling and heating. (a-c) Beam images un-
der unperturbed, Sisyphus cooling at +40 MHz, and Sisyphus heating at -40 MHz
configurations, respectively. (d) Integrated 1D profile. Sisyphus cooling narrows
the width of the center of the molecular beam (blue), while Sisyphus heating expels
molecules away from the center (red). Unperturbed beam is shown as gray. Solid

lines show the fits to the beam profile. Figure adopted from Ref. [88]. . . . . . ..

Parameter scans of the Sisyphus effect. (a) Peak height change as a function of the
main laser detuning, taken with magnetic field |1§| = 1.7 G and at 45° with respect
to laser polarization. (b) Sisyphus cooling (blue circles) and heating (red squares)
as a function of the main laser intensity, taken at +40 MHz detuning and the same
magnetic field configuration as in (a). Saturation is not observed. The gray lines
are guides to the eye for the unperturbed scenario (horizontal) and zero detuning
(vertical in (a)). (c) Sisyphus cooling (blue circles) and heating (red squares) as
a function of applied magnetic field, taken at +40 MHz detuning and maximum
laser intensity. A sharp decrease in the strength of Sisyphus effect is observed
when |§| ~ 0. Error bars represent the 95% confidence intervals. Figure adopted

from Ref. [88]. . . . . . . .
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6.9

6.10

6.11

6.12

7.1

Synthesis of CaD;. (a) Illustration of the home-built setup used for the synthesis.
The main reactor is a standard CF 2.75", 5" long 304 stainless steel nipple. The
base is wrapped with heating tape connected to a variac via a temperature con-
troller (Extech 48VFL). A standard J-type thermocouple attached to the base is
used for temperature stabilization. A high-pressure gauge (MG1-100-A-9V-R) is
placed close to the top of the reactor. All connections henceforth are VCR type.
The reactor connects to a scroll pump and a Convectron gauge (MKS 275) via a
tee. The other end of the tee connects to a D, cylinder using a long flexible hose.
The regulator on the cylinder allows for control of the charging pressure, while
the valves shown are used to direct the flow. (b) Pressure measured on the high-
pressure gauge as a function of time at 450 °C. The reactor contains 3 g of Ca
pieces. From an exponential fit, we obtain a reaction rate of k = 0.11 min~!. (c)
Powder X-ray diffraction study of the resulting sample. Red lines are the known
CaD, peaks. Almost all measured peaks match with the known CaD; values except
for the peak at 26 = 37°. This peak could be attributed to CaO or Ca(OH),, possi-
bly resulting from short contact with air. The results suggest very high conversion

efficiency from Ca to CaD,. Figure adopted from Ref. [88]. . . . . . .. .. .. ..

Doppler cooling and heating as a function of laser detuning, A change in the molec-
ular beam width demonstrate Doppler cooling (negative) and heating (positive).
Error bars represent the 95% confidence intervals. Figure adopted from Ref. [88].

Two-photon background-free velocity detection of CaH. (a) Relevant level struc-
ture. CaH molecules are excited on the A « X transition at 695 nm and subse-
quently the E < A transition at 1668 nm. The photons emitted from E to X thus
provide background-free detection at 490 nm. (b) Background-free spectroscopy
of the E2H1/2(J’ =3/2, -) « A2H1/2(J = 3/2, +) transition. (c) Sample CaH
velocity measurement. The A « X is applied transversely while the £ < A laser
is applied 45° relative to the molecular beam as a velocity sensitive probe. A PMT
collects the 490 nm photons with temporal information. The white line marks the

earliest possible arrival time for each velocity class. . . . . ... ... ... ....

White-light slowing of CaH molecules. (a) PMT signal of slowed molecules sub-
tracted from unperturbed molecules at various velocities. An accumulation of
lower-velocity molecules (highlighted red region) appears with slowing. (b) Time-
integrated signal as a function of molecular velocity. Excess molecules below a

typical MOT capture velocity (~10 m/s) are observed. . . . . . . . ... ... ...

Excited state population versus B field, 8 and Rabi rate in a 3+1 system. Different
figures represent excited state population results at different total Rabi rate (equiv-

alent to laser intensity). B field and Rabi rate are in unit of I', 8 is in degree. . . . .
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7.2

7.3

7.4

7.5

7.6

7.7

7.8

7.9

An example study of dependence on angle 6 in a 3+1 system. This plot is generated
for B=0.45, Q=3. Rabi matrix strength is the sum of total excitation to the ground
state reflected in the hamiltonian. One can notice at O degree and 90 degree there
is always some states being in dark, and around 55-65 degree the Rabi matrix is

more balanced. . . . . . . L e e

Excited state population versus B field, 8 and Rabi rate in a 343 system. Different
figures represent excited state population results at different total Rabi rate (equiv-

alent to laser intensity). B field and Rabi rate are in unit of I', 6 is in degree. . . . .

Excited state population versus B field, # and Rabi rate in a 543 system. Different
figures represent excited state population results at different total Rabi rate (equiv-

alent to laser intensity). B field and Rabi rate are in unit of I, 4 is in degree. . . . .

CaH optical cycling dependence on laser polarization angle and B field strength.
(a) X axis is the angle of the waveplate that controls the X-A laser polarization
angle with respect to applied B field. A 6 degree change with the waveplate indi-
cates a 26 degree change with the laser polarization angle. Y axis is the normalized
remaining population when we are doing the depletion experiment (deplete CaH
from v=0 state to higher vibrational states through optical cycling in X-A 0-0 tran-
sition). A high remaining population indicates slow optical cycling, whereas a low
population indicates fast cycling. (b) X axis is the strength of applied B field in

unit of Gauss. . . . . .. . e e

CaH system Hamiltonian diagonal terms in sequence. (a) before unitary transfor-

mation. (b) after transformation. . . . . . . . .. .. ...

CaH system Hamiltonian off-diagonal terms top right corner part, and the bottom
left corner matrix elements are the complex conjugate of the top right corner. There
are no coupling between the ground states so the top left corner is mostly zeros. (a)

before unitary transformation. (b) after transformation. . . . . .. ... ... ...

Two methods of calculating Rabi rate from laser power and gaussian beam size. . .

OBE resultl: sweep B field strength and angle at different laser power conditions.
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7.10 OBE result2: (a-d) change different B field strength, while varying J=3/2 two hy-

8.1

8.2

8.3

perfine laser power (Rabi rate) and monitor the excited state population. The con-
ditions are: two SR components parallel to each other, group detuning = 0, 6 = 60
degree (since we know this is when we have maximum scattering rate), J=1/2 laser
power is fixed 30mW, Q ~ 7I" for F=0 and Q = 4I" for F=1). (e-h) change dif-
ferent B field strength, while varying J=1/2 two hyperfine laser power (Rabi rate)
and monitor the excited state population. Here, group detuning = 0, 8 = 60 degree,
J=3/2 laser power is fixed (30mW). (i-j) Set all transitions to have the same Rabi
rate, we can sweep this Rabi rate with B field strength and see the correspondance.
(k-1) Study of how group detuning affects the excited state population with B field

and 0. . . . e,

Simulation and calibration done for the RF MOT coil in DC configuration. (a)
COMSOL simulated B field gradient under 1A of current. (b) the spatial direction
of the field. (c) experimentally calibrated x direction (on plane) gradient to be

2.42Gs / cm/ A. (d) calibrated z direction (on axis) gradient to be 4.83Gs /cm / A.

Thermal simulation and RF electronic driving circuits. (a) thermo simulation, using
console for the initial version of MOT coil. The final version has similar thermal
performance. (b) bottom view of the painted MOT coils. (c) RF driving circuits
design. The tuneup capacitor is CVUN-1500AC/4-BEAA, and the LC residence
circuit is made to be tunable at least 800 kHz to 1200 kHz. For wider frequencies
one needs to replace the static capacitor. The impedance matching coils is approx-
imately 5 to 30 rounds ratio, and the event for impedes is approximately 50 ohms.
However, the RF amplifiers that we used are purchased from the eBay, and they
don’t seem to have 50 ohms impedance, leading to a not very ideal energy transfer.
However, with a realization in (d), we are able to drive maximum at 12 A amplitude

at IMHz asshownin (e). . . . . . . . . . . . . 0

Proposed state-controlled photodissociation of CaH molecules [89]. (a) Calculated
molecular potentials for CaH in its ground (X2X*) and first three excited (A, B
and D) states. The lowest bound state of A%II lies above the Ca+H dissociation
continuum placed at 0 cm~!. This implies that a molecule can spontaneously break
apart into its constituent atoms when optically excited. The green curves are wave-
functions in the lowest X (v = 0), threshold X (v = vy,), and B(v = 4) states. The
double-well structure of B>Y. suggests a two-photon molecule dissociation path-
way, using laser light at 513 and 1745 nm. (b) Relative transition strengths between
B(v") and X (v) vibrational levels, highlighting the ‘diagonal’ nature for low v’ and
a bifurcation at higher v’. The latter property suggests strong coupling of v/ ~ 4 to
both the absolute ground state of the molecule and the threshold states near disso-
ciation. (c) Expected Rabi frequencies for the controlled dissociation process, with

the v/ = 4 level highlighted as an optimal choice.. . . . . . ... ... ... ....
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Al

A2

A3

Left is calcium 'Sy —! P transition at 423nm in a beam configuration, right is the

FVD measurement result using methods in the text. . . . . . ... ... ... ...

Left plot is the diagram of CaH two photon background-free detection method.
The E211; ptoX 2¥* decay photon is different from all laser sources in this system,
leading to high SNR in the spectrum (middle plot) and FVD measurement (right

plot). . e

Study of CaH ghosting effect. (a) For the |X,N = 1,J = 3/2) laser, we turn off
EOM and park it at F=2 states, and perform FVD measurement. (b) we turn on
EOM and park it in between F=1 and F=2, which is our regular detection method.
(c) 1668 nm laser spectrum in velocity insensitive fashion when |X,N = 1,J =
3/2) laser is at different configurations. (d) 1668 nm laser spectrum in velocity
insensitive fashion when |X,N = 1,J = 3/2) laser EOM is tuned. The legends
0, 150, 340 is proporional to the EOM modulation depth, where 0 means turned
off, 340 means modulation depth is 1. (e) N=3 laser effect on the 1668 nm laser

spectrum. (f) J=3/2 laser spectrum and its dependence on A-E laser. . . . . . . ..
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Chapter 1: Introduction

Humans have always sought to understand the world and harness its power. As early as the 13th
century BCE, ancient Chinese philosophers proposed the concept of the five elements — Metal,
Wood, Water, Fire, and Earth — to explain the nature and transformation of matter. Similarly,
in the 5th century BCE, Democritus introduced the idea of atomos, an indivisible unit of matter.
Over thousands of years, these early ideas have evolved into a detailed understanding of molecules,
atoms, and even smaller particles like quarks and leptons. This progress has led to the development
of the Standard Model, the most comprehensive and successful framework in physics to date. But
humanity’s curiosity never ceases, which motivates brilliant minds throughout history to continue
exploring the boundaries of the objective world. One would hope to use physics to advance human
technology, thereby making the world a better place. On the other hand, the Standard Model has its
own limitations and will not be the final chapter of physics, indicating the need for measurement

with extreme precision and complexity to find the beyond Standard Model (BSM) physics.

1.1 Cold and Ultracold Molecules

In the pursuit of these goals, ultracold molecules have emerged as versatile tools. Their com-
plex internal structures enable a wide range of studies. There are two common ways to create
trapped molecules at ultracold temperatures. The first is by assembling pre-trapped-and-cooled
atoms to form molecules, typically through Feshbach Resonances (e.g. NaCs, KRb, SrRb, FrAg)
or photoassociation (e.g. Sr2, NaCs). The second method is direct laser cooling of the buffer-gas-
cooled molecules, which will be the focus of this thesis. This section introduces several recent
advancements in achieving quantum control of molecules and highlights their applications in vari-

ous domains, to show the level of control over molecules at the moment.



1.1.1 Quantum Simulation and Computing

Ultracold molecules offer an ideal playground for simulating complex quantum systems due
to their large dipole moments and theoretically long coherence times. Polar molecules interact
via long-range dipole-dipole forces, making them ideal for emulating Bose-Hubbard and Fermi-
Hubbard models in different regimes which could potentially explain phenomena such as high-
temperature superconductivity and topological phases. Recently, Will Lab at Columbia first fig-
ured out how to suppress inelastic collisions between diatomic molecules (NaCs) [1, 2], and suc-
cessfully cooled them to below 10 nK and formed the first BEC of polar molecules [3]. Besides
that, Bakr Lab at Princeton successfully used quantum gas microscopy to study ultracold polar
molecules (NaRb) confined in a 2D optical lattice [4]. With single-site resolution, they observed
spin correlation and dynamics through implemented XY spin-exchange model.

Moreover, these advantages allow molecules to act as promising qubits in quantum comput-
ing, leveraging their rotational and hyperfine states to encode quantum information and facilitate
efficient two-qubit gates. Recently, Ni Lab at Harvard first demonstrated the implementation of
an iISWAP gate between molecular qubits using individually trapped NaCs molecules in optical
tweezers [5]. The qubits are encoded in hyperfine states, which are stable and largely insensitive

to environmental noise, enabling long coherence time.

1.1.2  Cold and Ultracold Chemistry

Advancements in cooling techniques have enabled the cooling of molecules to ultracold tem-
peratures below 1 uK, offering unprecedented control over molecular interactions and reactions.
These temperatures allow the investigation of chemical dynamics in regimes where quantum ef-
fects dominate, such as coherences and resonances. For example, Ni lab’s research on KRb
molecules demonstrated the formation of long-lived intermediate complexes during cold molecu-
lar collisions [6], and observed nuclear spin coherence conservation in these thought-to-be-chaotic
dynamic chemical reactions 2KRb — K> + Rb; [7]. Additionally, Feshbach Resonances is also

observed experimentally in Ketterle lab at MIT where a narrow (25 mG) but pronounced reso-
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nance is found to be able to tune the collisional properties in between two triplet ground state Nal.i

molecules [8].

1.1.3 Precision Measurements

Molecules provide fertile ground for testing fundamental physics. One of the best examples
that exemplify the supremacy of AMO techniques is the measurement of the electron electric dipole
moment (€EDM). eEDM, predicted by the Standard Model to be exceedingly small (= 107*%¢-cm),
might be a few orders of magnitude larger as predicted by many particle physics models such as
SUSY, or M theory. Due to the fact that eEDM is typically measured through applying strong elec-
tric field and magnetic field to measure Larmor precession frequency differences when flipping the
fields, the signal is basically proportional to the strength of electric field. Electrons can experience
strong intrinsic electric fields within a polarized molecule, typically a few orders of magnitude
higher than what can be achieved in labs using electrodes. Experiments using molecular ions such
as HfF* [9] (JILA collaboration) and neutral molecules like ThO [10] (ACME collaboration) have
set stringent limits on the EDM, surpassing the sensitivity of high-energy colliders (e.g. LHC) in
certain scenarios. Future advancements propose using polyatomic molecules in optical traps [11],
which promise increased coherence times and enhanced measurement precision.

Molecules can also be used as the probes for dark matter searches. There are various dark
matter candidate particles, such as the axons, ultralight dark matter (UDM), weakly interacting
massive particles (WIMPs), sterile neutrinos etc. [12]. And coupling between Standard Model
particles and UDM may cause time variations in fundamental constants, such as the proton-to-
electron mass ratio. In polyatomic molecules, like StOH, the presence of nearly degenerate vibra-
tional energy levels with different characteristics can significantly amplify relative energy shifts
in molecular spectra arising from 9;u, thereby reducing the experimental complexity needed for
high-sensitivity measurements [13].

Techniques such as molecular lattice clock can take advantage of various electronic and ro-

vibrational states to select the transition that is most narrow and easy accessible, and perform



spectroscopy measurement. A single species molecular clock can have theoretically infinite coher-
ence time, thus guaranteeing a better clock than atomic clock in the long future. The juicy physics
behind this idea is the possibility to make clocks of different isotopes. Due to the difference in
neutron number, the gravity between nucleus within a molecule can affect the state energies, in the
way that is sensitive to the exact expression of gravity. Yukawa force, or the fifth force, predicts
the gravity potential is different from Newton’s expression. And by comparing different isotopes
of molecular clocks, one can measure or exclude certain regime of fifth force expression. All these

developments mentioned above could lead to groundbreaking discoveries in BSM physics.

1.2 Trapping More Atomic Species

Since the pioneering work on laser cooling and trapping by Steven Chu, William Phillips,
and Claude Cohen-Tannoudji, scientists have achieved unprecedented control over atomic sys-
tems. The demonstration of Bose-Einstein condensation (BEC) by Eric Cornell, Carl Wieman,
and Wolfgang Ketterle marked a milestone, bringing atomic temperatures to the ultracold regime
and enabling the exploration of novel quantum phenomena. Today, ultracold atoms are integral to
many groundbreaking applications. One of the best examples that exemplify human enjoying the
benefits of AMO techniques is the use of optical clock, which could be used to improve the reso-
lution of GPS systems. Nowadays, with more and more limits broken down, Sr atoms in optical
lattices can form the most precise optical clocks, capable of resolving gravitational redshifts on the
millimeter scale. Similarly, Rydberg atoms, with their large dipole moments, enable long-range
interactions, positioning neutral atom arrays as strong contenders in the quantum computing race.
Ultracold atoms have also been pivotal in studying new phases of matter, such as superfluidity and
supersolidity, and in determining fundamental constants with high precision.

However, it is fair to say the periodic table’s full potential remains untapped. Of the 118 known
elements, less than a third of them have had their stable isotopes in neutral atomic form successfully
laser-cooled and trapped [14] as shown in Fig. 1.1 (note that there have been some laser cooled

species since the publication of this paper in 2016, such as Titanium, but the big picture remains



the same). Many elements are excluded due to experimental challenges, such as deep ultraviolet
transition requirements or the absence of a cycling transition. Hydrogen, the simplest and most

abundant element in this universe, exemplifies these difficulties.
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Figure 1.1: Elements (neutral atomic species) that have been laser cooled till 2016 are marked in
blue. This thesis is about exploring the pathway to yield exotic atomic gases from molecules, using
hydrogen as an example. Figure adopted from Ref. [14].

1.2.1 Hydrogen Spectroscopy

Hydrogen ('H), consisting of a single electron and a single proton, is the simplest and most
thoroughly studied atom in physics. Owing to its structural simplicity and the lack of nuclear com-
plexity, hydrogen provides a uniquely clean system for testing quantum electrodynamics (QED),
determining fundamental constants, and probing possible physics beyond the Standard Model.

The energy levels of hydrogen can be expressed with exceptional theoretical precision. The
bound-state energy of an electron in a hydrogen atom can be written as follows [15]:

1 c
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where n, [, and j denote the principal quantum number, orbital angular momentum, and total
angular momentum, respectively. The first term, —niz, arises from the Coulomb potential and
corresponds to the gross energy structure as described by the Bohr model. The second term, f,; ;,
encapsulates higher-order corrections due to relativistic effects, reduced mass, fine and hyperfine
structure, Lamb shifts, and QED loop corrections. It depends on several physical constants, most
notably the fine-structure constant « and the electron-to-proton mass ratio m./m,,, both of which
are independently measurable with high precision. The third term accounts for the finite size of
the proton and only contributes to S-states (I = 0); it is proportional to the square of the proton’s
root-mean-square (RMS) charge radius r;,, with a coefficient Cyg that can also be theoretically
calculated.

The prefactor hcR. sets the energy scale, where the Rydberg constant R, itself is expressible

in terms of fundamental constants as

mee* meca?

- 888h3c - 2h

(o)

A remarkable aspect of hydrogen spectroscopy is that the Lamb shift, which is a sensitive probe
of QED, requires only a few input parameters for precise theoretical calculation. Among these, the
proton charge radius r), is the key limiting factor in theoretical uncertainty. While in principle r),
can be calculated from lattice QCD by modeling the proton’s quark-gluon structure, such calcula-
tions remain challenging and uncertain. In practice, values of r, are extracted from experimental

data, such as elastic electron-proton scattering and high-precision hydrogen spectroscopy.

Proton Radius Puzzle One key motivation for my thesis work is the determination of the proton
charge radius. Precise measurements of transitions such as 1S-2P (the Lamb shift) allow com-
parisons with QED theory, where the only uncertain parameter is r,. This makes hydrogen spec-
troscopy a powerful tool to test lattice QCD predictions, search for new physics (e.g., violations of
lepton universality), and refine fundamental constants such as the Rydberg constant.

The long-standing discrepancy between values of r, extracted from regular hydrogen spec-



troscopy and those from muonic hydrogen experiments—commonly referred to as the proton ra-
dius puzzle—has brought renewed attention to hydrogen spectroscopy. The muonic hydrogen
result (0.84087(39)fm), with its ~8 million times enhanced sensitivity to r, due to the heavier
mass of the muon, deviated from previous values (CODATA, 0.8775(51)fm) by about 7 standard
deviations [16]. This discrepancy prompted significant theoretical and experimental efforts to re-
solve the puzzle, including new hydrogen spectroscopy experiments, re-analysis of existing data,

and improved electron-proton scattering measurements.

Ultracold Hydrogen for Spectroscopy Current hydrogen spectroscopy is performed using a fast
beam of cold hydrogen, employing various techniques to reduce velocity, improve homogeneity,
and lower the transverse temperature. This approach has enabled the highest precision hydrogen
spectroscopy to date and has led to reduced uncertainty in proton radius measurements. However,
it has several inherent disadvantages that limit its ultimate performance. One is the finite transverse
temperature, which leads to significant Doppler broadening and second-order Doppler shifts, the
dominant sources of error in the error budget [17]. Another issue is that the beam typically travels
at relatively high velocities (200—1000 m/s), while the spectroscopic laser beam is only about 1 cm
wide, limiting the interaction time to tens of microseconds.

To further push the frontier of precision, a promising direction is to perform hydrogen spec-
troscopy on ultracold, trapped hydrogen atoms. The advantages include narrow velocity distribu-
tions, reduced Doppler and transit-time broadening, longer interrogation times, and the possibility
of single-atom control. These improvements could enable more precise measurements of transition
frequencies, identifying Lamb shifts, and hyperfine splittings.

While laser cooling of hydrogen is technically challenging due to its deep UV transition (Lyman-
« at 121.6 nm), alternative approaches such as buffer gas cooling followed by magnetic trapping
[18] and moving optical lattices to decelerate hydrogen beams have been attempted [19]. The mag-
netic trapping method successfully achieved the first hydrogen BEC over 20 years ago. However,

trapping buffer-gas-cooled hydrogen requires extremely large magnetic fields (typically generated



by superconducting coils, on the order of Teslas) to provide sufficient gradients. This results in
a high average magnetic field across the ensemble, which poses calibration challenges and intro-
duces systematic errors from Zeeman shifts, making it severe concerns for precision spectroscopy.
To mitigate this, the field must be quenched or the atoms must be transported out of the magnetic
trap. Unfortunately, that setup was eventually decommissioned before more research could be
carried out.

The second method, pursued by Prof. Dylan Yost’s group, has also made notable progress.
Researchers have successfully applied a strong moving lattice to a hydrogen beam and slowed the
atoms by 20 m/s. With continued upgrades and technical improvements, it is theoretically possible
to decelerate them by up to 400 m/s and load them into an optical lattice.

As described above, creating an ultracold, optically trapped hydrogen gas for high-precision
spectroscopy is technically challenging. This naturally leads to the question: is there another,

perhaps better, way to achieve this? My answer is, yes, my friend, yes.

1.3 Molecules as a Pathway to Exotic Atomic Gases

As mentioned above, tremendous progress has been made in achieving quantum control of
molecules, and many atomic species are still difficult to laser cool directly. It is natural to ask:
is it possible to trap molecules first and then dissociate them to obtain cold, trapped atoms? This
thesis is dedicated to answering that question in the context of hydrogen. But before diving into
the details, let’s break it down into smaller parts: How do we get cold molecules? How can we
dissociate them? And can the resulting atoms stay cold after dissociation? I'll discuss these one

by one.

1.3.1 How to Get Cold Molecules

There are generally two approaches to obtaining ultracold molecules today. The first is by
assembling ultracold atoms. Atom species such as alkali atoms, alkaline earth atoms, and some

lanthanide atoms have been laser cooled and trapped to ultracold temperatures. Molecules can then



be formed via photoassociation or magneto-association. This method has been very successful; re-
searchers have produced molecules such as NaCs, NaK, KRb, NaL.i, Srp, Li,, etc. Its advantages
include high molecular number and high phase-space density. However, a clear disadvantage is the
limited choice of atoms. And for my purpose (using molecules to generate atoms) it isn’t applica-
ble obviously. Additionally, molecules formed this way typically lack optical cycling transitions,
making further laser cooling difficult. That said, this class of molecules has demonstrated potential
in areas like quantum simulation and computation.

The second approach is buffer gas cooling. Molecules are generated by chemical reactions
or laser ablation and then immersed in a cold buffer gas environment, such as helium or argon.
Collisions with the buffer gas cool both translational and ro-vibrational degrees of freedom. This
method can produce a cold molecular beam, which can then be further slowed and trapped using
different techniques.

Option 1: The most successful method here is direct laser slowing and trapping, which has been
demonstrated with molecules like SrF, CaF, YO, CaOH, SrOH, and BaF. The basic idea is to treat
molecules similarly to alkali atoms, using photons to remove entropy from the system. This method
relies on the existence of a semi-closed optical cycling transition that allows the scattering of more
than 10,000 photons. This thesis focuses on applying this method to calcium hydride (CaH).
However, this method is not entirely general. One potential limitation is that if too many lasers
are required to repump leakage states, the experiment becomes too complex and unappealing. The
complex structure of molecules also introduces new challenges, such as photodissociation and
predissociation. If you work with molecules containing ytterbium, for example, you might run
into issues caused by inner-shell orbitals. So, this method isn’t universally applicable.

Option 2: Another attractive method is to use electric fields to slow and confine molecules.
Since most molecules (except homonuclear ones) have permanent dipole moments, spatially and
temporally varying electric fields can be engineered to convert kinetic energy into Stark potential
energy, which can be dissipated by switching off the field. Although this method typically yields

low phase-space densities and can’t reach the lowest temperatures, it can be applied to a broader



range of species. The dipole moment of CaH is around 2 Debye, making this method potentially
viable for slowing CaH.

Other options: Researchers have also explored other methods for either general trapping or
specialized for a certain class of molecules. For example, similar to a Stark decelerator, one can
use an optical cavity to generate extremely strong light fields and leverage the AC Stark effect to
directly trap buffer-gas-cooled molecules [20]. Another approach is the Zeeman-Sisyphus effect,
which uses strong magnetic fields to convert kinetic energy into Zeeman energy, dissipated via
optical cycling [18]. There are proposals to use the strong dipole moments of Rydberg atoms to
slow and stop molecules [21], though it has yet to be realized.

As will be discussed later in this thesis, option 1 appears most suitable for CaH. Other methods
may be used for future exploration but are beyond the scope of this thesis. The point is, we have
a viable direction for slowing and trapping the CaH molecules, as the first step towards a more

generalized machine.

1.3.2 How Can We Dissociate Them

We assume that the trapped molecules are in their ground electronic and vibrational states (not
necessarily in the rotational ground state). A brute-force approach to dissociation would be to
excite the molecule to a dissociative state, causing it to break apart and release a large amount of
kinetic energy. We avoid this approach for the increased temperature on the product species, which
can easily become hundreds of kelvin (sub-eV energy).

Instead, we aim for quantum-state-controlled and selective dissociation to minimize energy in-
sertion. Researchers have demonstrated such controlled dissociation after first assembling molecules.
For example, molecules formed via photoassociation or magneto-association can be dissociated by
reversing the process, which is now fairly routine. However, to date, no one has attempted to disso-
ciate directly cooled molecules in this way. We should assess the feasibility of different methods.

Can we do magneto-dissociation with CaH? Probably not. Calcium has a closed-shell elec-

tronic structure, making it difficult to tune magnetic fields to match the energy between the closed
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and open channels. Calcium has two valence electrons and no nuclear spin, so its ground state
has s = 0,/ = 0, J = 0, resulting in weak magnetic responses. Its excited states may have non-
zero spin, but the number of available states is far fewer than in alkali atoms. Therefore, it’s hard
to find overlapping energy trajectories in the B—E (magnetic field vs energy) diagram. While I
haven’t fully explored this, I suspect any Feshbach resonances in CaH would occur at extremely
high magnetic fields, not easily achievable with standard coil setups.

A more promising route is photodissociation (PD). Let’s first look at what has been done with
Srp molecules from our lab. Assuming molecules are prepared in the ground vibrational state, re-
searchers use two lasers to adiabatically transfer the population into a weakly bound state (typically
v = —1 in the ground potential) using Stimulated Raman Adiabatic Passage (STIRAP) [22]. We’ll
discuss STIRAP in more detail in later chapters. While it’s possible to use a direct Raman pro-
cess, STIRAP takes advantage of creating a dark state that avoids populating the intermediate state,
thereby increasing transfer efficiency. Theoretically, more than 99% transfer efficiency is possible,
though achieving this in practice requires very careful engineering. Nowadays, 90% efficiency
is considered realistic. After preparing Sr, in the v = —1 state, researchers use either single- or
two-photon PD to break the molecule apart. This requires identifying an excited state that overlaps
well with both the bound state and the continuum, and then implementing a two-photon Raman
transition to reach the dissociated atomic states.

Our plan with CaH is similar, with one difference: we aim to use STIRAP to directly transfer
population from the ground vibrational state to an unbound excited state. This is theoretically

feasible, and I'll go into more detail in later chapters.

1.3.3 Can the Product Atoms Stay Cold after Dissociation

Based on experience with Sr, (photodissociation) and NaCs (magneto-dissociation) at Columbia,
atoms tend to heat up slightly after molecular dissociation. This is likely due to imperfections in
laser intensity, frequency noise, or magnetic field fluctuations, which couple the system to con-

tinuum states with higher kinetic energy. However, the resulting heating appears manageable,
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detectable but not too significant. Let’s assume the heating effect is minimal.
That said, our case is unique due to the large mass difference between the two atomic species—Calcium
(40 amu) and Hydrogen (1 amu). This mass ratio changes the dynamics. Assuming no external en-
ergy is introduced and the process is perfectly controlled, the product atoms (Ca and H) should in-
herit the velocity distribution of the parent molecule (CaH). According to the Maxwell-Boltzmann

distribution,

3/2 2
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If the velocity distribution stays the same but the mass is 40 times smaller, the effective tem-
perature (scaling with mass) will be reduced by a factor of 40. To some extent, this means we can
achieve additional cooling of hydrogen atoms through molecular dissociation [23]. While heating
effects exist, there is currently no theoretical or experimental evidence suggesting they dispropor-

tionately affect the lighter species. This makes it an open and intriguing question.

1.4 Structure of This Thesis

This thesis outlines the essential steps toward creating ultracold atoms from molecules, using
CaH and CaD as case studies.

Chapter 2 provides foundational background on the CaH molecule. I introduce the nomencla-
ture and core properties of CaH, including its molecular structure, spectroscopic constants, vibra-
tional branching ratios, and other characteristics relevant to laser cooling.

Chapter 3 describes the experimental hardware, including the cryogenic setup, laser systems,
vacuum system, and other critical components necessary for producing and manipulating cold
molecular beams.

Chapter 4 explores the creation of a good molecular source. I investigate the use of endothermic
reactions in a cryogenic buffer gas cell to generate a stable and intense beam of CaH. Surprising

experimental results are discussed, along with the theoretical understanding that supports them.
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Chapter 5 examines whether CaH is amenable to laser slowing in the presence of predissocia-
tion. Through a combination of experimental measurement and theoretical modeling, I assess the
feasibility of scattering sufficient photons to enable a magneto-optical trap (MOT), provided that
repumping states are chosen carefully.

Chapter 6 presents the laser cooling and slowing experiments performed on CaH and CaD. I de-
scribe the technical challenges, theoretical simulations, and experimental progress, demonstrating
that a strong optical force can indeed be applied to these molecules.

Chapter 7 focuses on one of my theoretical contributions. I discuss my understanding and
modeling of the optical Bloch equations as applied to CaH-type molecules, and how these insights
guide the design of cooling strategies.

Finally, Chapter 8 outlines future directions, including the path toward realizing a three-dimensional
MOT and the next steps for producing ultracold atomic gases via controlled molecular dissocia-
tion. I also discuss the implications of a recent theoretical collaboration and how its results inform

our project.
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Chapter 2: Basic Information about CaH

2.1 Molecular Structure

One of the most interesting aspects of working on a molecular experiment is that molecules
are much more complex than atoms, due to their additional internal degrees of freedom. This
complexity leads to a richer structure and a corresponding increase in the number of quantum
numbers required to specify a state. Understanding these notations should be the first step in
Molecular Experiment 101.

Fortunately, the Born-Oppenheimer approximation allows us to factor this complexity into
manageable layers. It postulates that the electronic, vibrational, and rotational degrees of free-
dom of a diatomic molecule can be treated independently to zeroth order. Consequently, the total

Hamiltonian can be written as:

H=H,+Hso+H,jp+H.os + Hsg + Hups + Hag (2.1)

Here, H,, Hso, Hyip, Hyot, Hsg, Hyrs, Haq represent the electronic, spin-orbit, vibrational, ro-
tational, spin-rotational, hyperfine, and A-doubling contributions, respectively.

If you are interested in a detailed and pedagogical breakdown of different terms and how these
angular momenta couple in different Hund’s cases, I recommend reading Sec. II of John Barry’s
thesis [24]. In my thesis, I only focus on CaH, without being general; although many alkaline earth
monohydrides and monofluorides (such as CaF, SrF, and BaF) share quite similar structures, espe-
cially in the ground and low-lying excited states relevant for laser cooling. One notable exception

1s YO, which exhibits different Hund’s cases.

14



2.1.1 Electronic and Spin-orbit Levels

It is conventional to label electronic states in diatomic molecules using letters. The ground state
is always called X. Excited states are labeled with capital letters A, B, C, and so on by the order
of discovery (yes it’s not a typo). Although in principle, the letters follow the order of increasing
energy. It is reasonable to make an analogy to atomic physics here: these letters are similar to
the main quantum number » in alkali atoms, they represent the largest energy scale in a molecular

system. Other than that, the second part of notation for electronic states typically takes the form:

25+1 A (+/-)
A (2.2)

Here, S is the total electronic spin (1/2 for CaH), A is the projection of the electronic orbital
angular momentum on the internuclear axis (X = 0, [T = 1, A = 2, etc.), and Q = |[A + 2| is
the projection of the total electronic angular momentum on the axis. The +/— indicates reflection
symmetry with respect to a plane containing the internuclear axis.

For CaH, the ground state is X%3*, with A = 0, and thus Q = 1/2. There are no other €
values, so there is no spin-orbit splitting in the ground state. The first excited state used in laser
cooling is typically A 2I1; /2, where spin-orbit coupling splits the A = 1 level into = 1/2 and
Q = 3/2 components. The spin-orbit coupling constant A (a spectroscopic constant) determines

the separation between these levels, typically on the order of hundreds of cm™!.

2.1.2 Vibrational and Rotational Levels

Each electronic state supports a ladder of vibrational levels, with spacings typically in the tens
of THz. These vibrational levels come from the motion of the two nuclei within the molecule,
which to zeroth order can be modeled as a quantum harmonic oscillator. However, real molecules
are not perfectly harmonic: the bond can stretch and eventually break. A more realistic potential,
or to say, a better approximation, that captures this behavior is the Morse potential, which accounts

for the anharmonicity of the bond and gives a finite number of bound vibrational states.
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Because of this anharmonicity, the spacing between vibrational levels gets slightly smaller as

v increases. The energy levels are usually expressed as:

S L AL .
V) = We v+2 We Xe v+2 +--- 2.3)

Here, w, is the harmonic vibrational constant, and Y, is the anharmonic correction factor. The
first term gives the evenly spaced levels you’d expect from a harmonic oscillator, and the second
term gives the leading-order correction from the Morse potential. For CaH, it can be seen from
Fig. 2.2, X323+, A, ;2 and E 211, /2 states look more similar to Morse potential, but B2X* states
look very different, as they exhibit a unique double-well potential. This potential arises from two

overlapping states that interact strongly with each other.
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e —— AT
5 30000 - s
i
E.‘O —— |’A
220000
= —&— E'[]
10000 —- DY
0 N : .
2.0 4.0 6.0 8.0 10.0 12.0

r(a,)
Figure 2.1: Potential energy curves (PEC, sometimes called potential energy surfaces, PES) of

CaH. This indicates the PEC for most of the states relevant to our work with CaH and CaD, in-
cluding X?X*, A2H1/2, B23t, E2H1/2, etc. Figure adopted from Ref. [25].

It is worth mentioning that the transitions between different vibrational states are not governed

by selection rules, so when molecules are in the excited states, such as A%, /2 v=0 states, when it
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spontaneously decays, it may land in almost any vibrational level but with different probabilities.
The probabilities are called vibrational branching ratios (VBR), and will be discussed later this
section.

The rotational levels, built on top of each vibrational level, are spaced by ~100 GHz and are

well described by the rigid rotor model:

F,(N)=B,N(N+1)=D,N>*(N+1)>+--- (2.4)

Here, N is the rotational angular momentum excluding spin, with values of 0,1,2 and above.
B, is the rotational constant for vibrational level v, and D, accounts for centrifugal distortion.
It’s worth noting that N is a good quantum number in Hund’s case b (which applied to X>%* and
B2X*), but not a good quantum number in Hund’s case a (A2H1/2 and E2H1/2).

It is important to know that there are selection rules governing rotational state transitions. This
is because in Hund’s case b, nearby rotational states will possess different parity, and electric dipole
transitions have to rely on a change of parity (here, the parity refers to wavefunction parity). As
an example, N=0 in the ground states can only be excited to N=1 in the excited states, N=1 in the
ground states can be excited to N=0 & N=2 in the excited states, and N=0 in the excited states can
only decay to N=1 in the ground state. Using that smartly, we can reduce the number of lasers in
our experiment, by choosing the transitions from N=1 in the ground states to N=0 in the excited

states, such that it decays back to the original state.

2.1.3  Spin-rotation Coupling

In a X state, the spin and rotational angular momentum are weakly coupled. The Hamiltonian

for spin-rotation interaction is:

Hsg=yS-N (2.5)

This term splits each rotational level into two J = N + 1/2 components because S = 1/2. The
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spin-rotation constant 1 is typically ~2 GHz in the X*><* manifolds in CaH.

2.1.4 Hyperfine Structure

For CaH and CaD, the hydrogen or deuterium nucleus carries nuclear spin / = 1/2 or 1,

respectively. The hyperfine Hamiltonian is:

Hyps=b1-S+c(I-2)(S-2)+CI-N (2.6)

Here, b, ¢ and C are the hyperfine constant, dipole-dipole constant, and nuclear spin-rotation
constants.

Hyperfine interactions further split the J levels into F = |J + I| manifolds. For I = 1/2, each J
state splits into two F states. The resulting energy splittings are on the order of tens of MHz. For
CaD, the larger nuclear spin (/ = 1) and quadrupole moment of deuterium leads to richer structure
with three F levels per J.

This spin-rotation and hyperfine structure is crucial in designing laser cooling and detection
schemes, as it determines the number of resolved transitions and required frequency components in
the laser setup. One of the technical challenges is posed by the large spin-rotation spacing: whether
a single laser can be used to address this large spin-rotation spacing (~ 2GHz) and relatively minor

hyperfine spacing (~ 100MHz).

2.1.5 Hund’sCaseaandb

To make sense of how different angular momenta couple in molecules, especially when assign-
ing quantum numbers or interpreting spectra, it’s important to understand the Hund’s case formal-
ism. Among the several coupling schemes, Hund’s case (a) and (b) are the two most relevant for
CaH.

Hund’s case (a) describes the situation where both the electronic orbital angular momentum
A and spin angular momentum S are strongly coupled to the internuclear axis. In this case, their

projections add to form € = A + X, and the total angular momentum (excluding nuclear spin) is
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J = Q+ R, where R is the rotational angular momentum of the nuclei. This scheme applies well to
states with non-zero A, like 2IT or %A states. For example, in CaH, the excited A%I1;/, and E°T1;
states are described by Hund’s case (a), because the orbital angular momentum A = 1 dominates
the coupling. The good quantum numbers are therefore: A, S, 2, J, Q.

On the other hand, in Hund’s case (b), the orbital angular momentum is either zero or weakly
coupled to the internuclear axis. Here, the total angular momentum J is formed by coupling the
rotational angular momentum N (which includes the motion of the nuclei but not the electron
spin) with the electronic spin S: J = N + S. This case is relevant for X states, such as the CaH
ground state X2>%* and excited state B>X*, where A = 0 and the spin-rotation interaction provides
a relatively small perturbation. The good quantum numbers are therefore: A, N, S, J.

In practice, the real eigenstates of the system are often intermediate between these idealized
cases, especially in low-lying rotational levels where spin-rotation and spin-orbit couplings are
comparable. However, Hund’s case (a) and (b) serve as very useful limits for labeling states and

interpreting experimental spectra.

2.2 Summary of CaH

Before discussing our experiment to laser cool the calcium hydride molecule, It is critical
to understand the basic properties of calcium hydride. Also, it takes a while to get used to the
molecular state nomenclature for beginners. I may also cover some basic information about CaH;
molecules because in the early phase of the experiment we typically used a CaH, solid target to
create CaH molecules.

CaH is a small diatomic radical, consisting of a calcium atom bonded to a hydrogen atom. The
calcium atom has two valence electrons, where one is used to form a covalent bond with hydrogen,
and the other electron is shared as the valence electron and makes up the electronic states of the

molecule. The valence electron’s wavefunction is typically localized around the calcium nucleus.
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2.2.1 Physical Properties

Melting point: CaH decomposes upon melting, typically above 1000°C. It’s not a volatile
species but it oxides easily. Normally in our experiments, we study the gas phase CaH. CaH; has a
melting point of 816°C. Upon ablation, the temperature is typically in the order of a few thousands
kelvin.

Color and crystal structure: In solid form, CaH appears as a white or grey powder. In the
gas phase, the color is not relevant, but its optical transitions lie in the red to blue region of the
spectrum. And the CaH; solid sample is crystalized, but it’s relatively brittle, due to its ionic lattice

and limited slip systems.

2.2.2 Spectroscopy Relevant

This section may have the highest information density in my thesis. We are, in some sense,
spectroscopists, so spectroscopic properties of CaH matter a lot. Here is the summary of a few

optical properties of CaH, including:

The spectroscopic constants for most of the interested states of CaH are listed (in GHz for

convenience) in Table 2.1.

The state energies for most of the interested states of CaH are listed in Table 2.2.

All the transitions that we have been measured with CaH (including some theoretical values

if noted) in Table 2.3.

Some X?X* states HFS energies with high precision (from Ref. [26]) in Fig. 2.2.

2.2.3  Optical Cycling Properties

A state of CaH has 33ns lifetime, leading to 4.8MHz natural linewidth (1/33ns/27r). B state has

58ns lifetime, so the linewidth is 2.7MHz.
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State Parameter v=0 v=1 v=2

X T, 0 37802.207 74336.617
B, 126.81 123.893 121.033
Yo 1.306 1.261 1.216
10*D, 55.512 55.467 55.458

A T, 432471.287 471044.445 509461.4
A, 2394319  2391.532  2389.354
B, 129.334 126.189 122.944
o 12.811 12.571 12.367
10°D, 54.925 54.699 54.366

B T, 472269.334 509632.048 545143.214
B, 132.58 129.128 125.447
o -21.927 21.12 -18.162
10D, 66.437 67.939 79.26

E T, 611396.039 646847.18 -
A, 717.728 754.537 -
B, 128.643 124.823 -
v -4.581 -5.509 -
10*D, 67.59 67.477 -

Table 2.1: Spectroscopic constants of CaH in units of GHz (instead of cm~! for convenience)

The vibrational branching ratio (VBR) and Frank-Condon factors (FCFs) are also measured
experimentally, which will be illustrated in detail in Chapter 6, here we will briefly introduce
them.

Physically, FCFs are the squared overlap integrals between vibrational wavefunctions in the
excited and ground electronic states, so they capture how likely it is for the nuclei to remain in
the same configuration during an electronic excitation or decay. The more similar the vibrational
wavefunctions are between two levels, the higher the FCF.

In experiments, what really matters is the VBR, which tells us the fraction of spontaneous
decays from a given excited vibrational level (say v’ = 0 in the A%, /2 Or B2X* state) that land in
a particular ground-state vibrational level v”. VBRs are closely related to FCFs, but not identical.
They also account for the w? dependence of the spontaneous emission rate due to electric dipole

radiation. The formula that connects the two is [30]:
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State | Q | v [N |[J | parity1 | parity 2 | label | E (GHz) E (cm™')
X 05[0[0 [05]+ e Fl 0.000 0.0000

X 05[0[1 [05]- f F2 252218 8.4131

X 05[]0 1 [15]- e Fl 254.177 8.4784

X 05/0 2 15[+ f F2 758.480 25.3002

X 05[0[2 |25+ e Fl 761.743 25.4090

X 05]0[3 [25]- f F2 1517.867 50.6306

X 0503 [35]- e Fl 1522.433 50.7829

X 05]/0[4 [35]+ f F2 2529.982 84.3911

X 0504 [45]+ e Fl 2535.845 84.5867

X 05]1]0 05+ e Fl 37777.672 | 1260.1275
X 0511 ]05]- f F2 38024.119 | 1268.3481
X 0511 [15]- e Fl 38026.014 | 1268.4113
X 0512 15[+ f F2 38518.777 | 1284.8481
X 051225+ e Fl 38521.931 | 1284.9533
X 0520 05+ e Fl 74408.446 | 2481.9986
X o521 ]05]- f F2 74649.093 | 2490.0257
X 0521 [15]- e Fl 74650.918 | 2490.0866
X 05[22 15[+ f F2 75132.082 | 2506.1365
X 0521225+ e Fl 75135.125 | 2506.2380
A 05[0[0 [05]- f Fl 431502.350 | 14393.3691
A 05[0[0 [05]+ e Fl 431528.846 | 14394.2529
A 05[]0 1 [15]+ f Fl 431856.942 | 14405.1970
A o5]o|1 [15]- e Fl 431907.918 | 14406.8974
A 05[0[2 [25]- f Fl 432458.586 | 14425.2657
A 05/0 225+ e Fl 432530.306 | 14427.6580
A 15[0[2 [15]+ f F2 434072.825 | 14479.1109
A 15/of215]- e F2 434074.800 | 14479.1768
B 05[0[0 [05]+ e Fl 472280.930 | 15753.5961
B o5]o|1 [15]- e Fl 472531.835 | 15761.9654
B 05[0[1 [05]- f F2 472569.291 | 15763.2148
B 05[02 25+ e Fl 473049.112 | 15779.2199
B 05[0[2 [15]+ f F2 473118.070 | 15781.5201
B 05]1]0 [05]+ e Fl 509583.158 | 16997.8645
B 0511 [15]- e Fl 509828.571 | 17006.0506
B o511 ]05]- f F2 509864.270 | 17007.2414
B 051225+ e Fl 510333.446 | 17022.8914
B 051215+ f F2 510375.695 | 17024.3007
E 05[0[0 [05]- f Fl 611251.730 | 20389.1630
E 05[0[0 [05]+ e Fl 611250.478 | 20389.1213
E 05[0 1 [15]+ f Fl 611543.718 | 20398.9027
E 05[]0 1 [15]- e Fl 611542.995 | 20398.8786
E 0o5]o0f2]25]- f Fl 612071.787 | 20416.5172
E 05[0[2 |25+ e Fl 612071.664 | 20416.5131
E 1I5(0]2 15[+ f F2 612186.647 | 20420.3485

Table 2.2: Some important state energies of CaH. €, v, N, J stand for total angular momentum,
vibrational number, rotational number, spin-rotation angular momentum, respectively. Parity 1
refers to the overall parity in terms of optical transition. An EI transition is only possible if the
two states have opposite parity 1 values. Parity 2 refers to the parity that is commonly used for
diatomic molecule spectroscopic purpose. Labels are for spectroscopic purpose. Es are the state
energies. The errors of Es are 100MHz for X323+, A /2 and B2X* states (Ref. [27]), 1GHz for

ET1, /2 states (Ref. [28]). Hyperfine splittings are ignored due to finite errors.
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Ground state Excited state Frequency (THz) Comment

X v=0N=1J=3/2F=2 Av=01J=1/2 431.274592.4 (2.0) X-A v=0 cycling
X v=0N=1J=3/2 F=1 Av=01J=1/2 431.274694.0 (2.0)
X v=0N=1J=1/2F=1 Av=0J=1/2 431.276604.5 (2.0)
X v=0N=1J=1/2 F=0 Av=0J=1/2 431.276551.2 (2.0)
X v=0N=1J=3/2F=2 | Bv=0N=0J=1/2 472.026679 X-B v=0 cycling
X v=0N=1J=3/2F=1 | Bv=0N=0J=1/2 472.026780
X v=0N=1J=1/2F=1 | Bv=0N=0J=1/2 472.028692
X v=0N=1J=1/2F=0 | B v=0N=0J=1/2 472.028639
X v=1 N=1J=3/2F=2 Av=1]=1/2 432.342011(10) X-A v=I cycling
X v=1 N=1J=3/2 F=1 Av=11J=12 432.342120(10)
X v=I N=1J=1/2F=1 Av=1J=1/2 432.343958(10)
X v=1 N=1J=1/2 F=0 Av=1J=1/2 432.343902(10)
X v=1N=1J=3/2F=2 | Bv=1N=0J=1/2 471.557078 X-B v=1 cycling
X v=1N=1J=3/2F=1 | Bv=1N=0J=1/2 471.557178
Xv=IN=1J=1/2F=1 | Bv=1N=0J=1/2 471.559025
Xv=1N=1J=1/2F=0 | Bv=1N=0J=1/2 471.558969
X v=0N=0J=1/2 F=1 Av=0J=1/2 431.50229 In cell data, HFS unresolved
X v=0 N=0J=1/2 F=0 Av=0T=1/2 431.50229 11.03.2021 retake
X v=0 N=2 J=5/2 F=3 A v=0J=5/2 431.696788 In cell data, HFS unresolved
X v=0 N=2 J=5/2 F=2 A v=0J=5/2 431.696788 Q1 line
X v=0 N=1 J=3/2 F=2 A v=0J=5/2 431.602714 In cell data, HFS unresolved
X v=0N=1J=3/2 F=1 A v=01J=5/2 431.602714 Q1 line
Xv=0N=0J=1/2F=1 | Bv=0N=11J=1/2 472.56924 Guess =472.569291 THz
Xv=0N=0J=1/2F=0 | Bv=0N=11J=1/2 472.56940 Low signal, not accurate to +/- 10 MHz
X v=0N=2J=3/2F=2 | Bv=0N=1J=1/2 471.810821 Guess =471.810811 THz
X v=0N=2J=3/2F=1 | Bv=0N=1]=1/2 471.810761 HFS determined through peak height
X v=0N=1J=1/2 F=0 A v=01J=3/2 431.604611(15) N=3 J=5/2 rotational pump
X v=0N=1J=1/2 F=1 A v=0J=3/2 431.604664(15) Guess = 431.604724
X v=0 N=1J=3/2 F=1 A v=0J=3/2 431.602751(15) Guess = 431.602765
X v=0 N=1J=3/2 F=2 A v=0J=3/2 431.602651(15)
X v=0N=3J=5/2F=2 | Bv=0N=2]=3/2 471.600203(inf) Guess = 471.600203
X v=0N=3J=5/2F=3 | Bv=0N=2J=3/2 471.600123(inf)
X v=0N=3J=5/2 F=2 A v=01J=3/2 430.338953 Guess = 430.338962
X v=0 N=3J=5/2 F=3 A v=01J=3/2 430.339023

A v=0 Q=1/2]=3/2 E v=01J=3/2 179.6853805(5)
X v=1N=1J=3/2F=2 | Bv=0N=0J=1/2 434.25484 X(v=1)-B(v=0) Repump
X v=1N=1J=3/2F=1 | Bv=0N=0J=1/2 434.254949
X v=IN=1J=1/2F=1 | Bv=0N=01J=1/2 434.256787
X v=IN=1J=1/2F=0 | B v=0N=0J=1/2 434.256731
X v=1 N=1J=3/2F=2 A v=0J=1/2 393.502723 X(v=1)-A(v=0) Repump
X v=1 N=1J=3/2 F=1 Av=01J=1/2 393.502832
X v=I N=1J=1/2F=1 Av=01J=1/2 393.50467
X v=1 N=1J=1/2 F=0 Av=01J=1/2 393.504614
X v=2N=1J=3/2F=2 | Bv=1N=0J=1/2 434.932175(10) X(v=2)-B(v=1) Repump
X v=2N=1J=3/2F=1 | Bv=1N=0J=1/2 434.932285(10)
X v=2N=1J=1/2F=1 | Bv=1N=0J=1/2 434.934045(10)
X v=2N=1J=1/2F=0 | Bv=1N=0J=1/2 434.933995(10)
X v=2N=1J=3/2F=2 Av=1]=1/2 395.717108 X(v=2)-A(v=1) Repump
X v=2N=1J=3/2F=1 Av=1]=1/2 395.717218 Calculated from X-B 11 cycling
X v=2 N=1J=1/2 F=1 Av=1]=1/2 395.718978
X v=2 N=1J=1/2 F=0 Av=1]=1/2 395.718928
X v=0N=1J=3/2 F=2 Av=1J=1/2 470.113870(10) X(v=0)-A(v=1) Off diag pumping
X v=0N=1J=3/2 F=1 Av=1J=1/2 470.113971(10)
X v=0N=1J=1/2F=1 Av=1J=1/2 470.115873(10)
X v=0N=1J=1/2 F=0 Av=1J=1/2 470.115819(10)

Table 2.3: Some transition frequencies for CaH. Values are measured with Highfinesse WS7
wavemeter with 60 MHz absolute error, calibrated with a strontium 689nm transition.
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N J F E (MHz)

1 3/2 2 254333.800
101.581

1 3/2 1 254232.219
1858.487

1.1/2 0 252373.732

1 1/2 1 252320.467

252163.082

A 4

0 12 1 157.385
;157.385
0 1/2 0 0

Figure 2.2: Some of the lowest energy states in CaH, with quantum numbers labelled and ener-
gies, including energy differences in MHz. A reasonable error estimate for the energies is about
0.05MHz. The numbers are derived from Ref. [29].

3
fOV” : CL)OV//

ZV" fOV” . wgvn

Here, fy,~ is the Franck-Condon factor between v/ = 0 and a specific v”, and wg,~ is the

qov = 2.7)

transition frequency (in angular frequency units). So even if an FCF is small, a short enough
wavelength can boost the VBR.

For laser cooling, VBRs are critical because they determine how many repump lasers we need
to maintain optical cycling. Ideally, most decay goes back to the original ground-state vibrational
level, so we can scatter many photons without population leaking into dark states. But if even a few
percent of population decays into v” = 1 or higher, we need to address those with additional re-
pump transitions, otherwise the molecule falls out of the cycle. Our experimentally measured FCFs
and VBRs for CaH are shown in Table 2.4. About how they are measured and what implications

are from the measurement will be discussed in more detail in Chapter 6.
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.. Lifetime | Vibrational Quanta | Transition wavelength | FCF Theory | FCF measured | VBR theory | VBR measured
Transition ”
7 (ns) ") (nm) (fov") (fov) (qov) (gov)
0 695.13 0.953 0.9572(43) 0.9645 0.9680(29)
1 761.87 0.0439 0.0386(32) 0.0337 0.0296(24)
A=X 330 2 840.07 2.74x107% | 42(3.2)x107° | 1.57x107° | 2.4(1.8)x10~3
3 932.80 23x107% - 9.6x107° -
0 635.12 0.9856 0.9807(13) 0.988982 0.9853(11)
1 690.37 0.0132 0.0173(13) 0.010313 0.0135(11)
B=X 38(2) 2 753.97 1.1x1073 2.0(0.3)x1073 6.60x107% 1.2(0.2)x1073
3 827.84 Ix107% - 4.5x107° -

Table 2.4: FCFs and VBRs for the measured transitions of CaH. The experimental radiative life-
time for the A state was obtained from Ref. [31] and for the B state from Ref. [32]. The excited
state vibrational quantum number is always v’ = 0. The A(v' = 0) « X (v” = 0) excitation wave-
length at 695.13 nm, the B(v' = 0) « X (v” = 0) excitation wavelength at 635.12 nm, and the
= 1) excitation wavelength at 690.37 nm were determined experimentally. The
other transition wavelengths are derived using measured vibrational energies given in Ref. [27].
The calculated FCFs are obtained from [33] for the A — X decay and from [34] for the B — X
decay. Error bars for the measured FCFs and VBRs are statistical standard errors.

B(v'=0) « X(v'
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Chapter 3: Experimental Hardware, and Why We Build It This Way

When humans are blessed with intelligence, the first thing they do is make a toy.

The study of physics relies on experiment. Numerous stories describe how the evolution of
physical tools led to the development of "explanations", These explanations, after undergoing
generalization and simplification, became theories. In the 20th century, there were many major
advancements in technology, for example, lasers and cryogenic systems. With the help of these
tools, we were able to construct the complex quantum machine discussed in this thesis.

Any complex system is composed of individual smaller modules, each with its own goal and
specifications. Therefore, I will provide an overview of the system and discuss its important sub-
modules individually.

As shown in Fig. 3.1, molecules are generated on the left side, from the center of the cryostat,
within a copper cell. They undergo many collisions with the background buffer gas, helium at 4K,
and then exit the cell and form a beam with an average velocity around 250 m/s. The molecules
then interact with light fields, and are either cooled or slowed as they travel within the UHV
system on the right side of the figure. The light field parameters (e.g., intensity and frequency) are
controlled via a Cicero-based sequencer (initially, a LabVIEW-based one). The optical detection
systems (PMT or EMCCD) typically collect fluorescence photons when molecules interact with
light, and the data is sent to the Data Acquisition system (DAQ), which is stored on a local server
using a Samba-based file system. The data is eventually analyzed using a code library, mostly
written in Python.

I’'m proud to say that I built, or made substantial contributions to, everything mentioned above.
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Figure 3.1: What our experiment looks like on one of the optical tables.

3.1 Cryogenic System

3.1.1 PTR, Cryostat, and Shields

We use a Cryomech PT415 pulsed tube refrigerator (PTR) to create the cryogenic environment.
It has two cooling stages (not counting the room-temperature shield), which reach approximately
40 Kelvin and 4 Kelvin. The coldest temperature we have ever seen on the cold head was around
4.1 K, but during most of my PhD, the temperature was closer to 5 K, and the cell was typically
around 6 K.

The reason we operate at such a "high" temperature (compared to most laser cooling experi-
ments that run near 14 K) is because of the light mass of hydrogen. Since the hydrogen atom is
much lighter than calcium, the rotational energy spacing of CaH is significantly larger, around 250
GHz, compared to ~20 GHz for many other laser-coolable molecules. As a result, if we operate at
too low a temperature, such as 1-4 K, too many CaH molecules will fall into the lowest rotational
state, reducing the population in the first excited rotational state (N = 1), which is typically targeted
for optical cycling.

Assuming CaH fully thermalizes with the background helium gas, the temperature that maxi-
mizes the population in the N = 1 state is around 10 K. So why do we operate at 6 K instead of
10 K? It’s because we need to balance molecular yield and beam velocity. Too high a temperature

leads to high molecular velocity. This tradeoff will be discussed in the next subsection.
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3.1.2 Buffer Gas Cell

Figure 3.2: The evolution of different cells. (a) The latest buffer gas cell. The base is similar to
the design used in CaOH experiment from Doyle’s lab at Harvard. We installed the second stage
without additional cooling. Operating without a front mesh seems to work best in our case. (b) A
different angle of the cell when it’s taken out. It was still single stage when the picture was taken.
(c) Buffer gas cell at early stage of the experiment. The key dimensions are basically the same, but
the newer generation is more modular so it’s easier to work with.

The buffer gas cells we used all share similar dimensions. The length is 2 inches, the inner
diameter is 1 inch. If using a single-stage cell, the optimal aperture diameter is 5 mm. For the
two-stage version, the inner and outer aperture diameters are 9 mm and 7 mm, respectively. These
designs can be seen in Fig. 3.2.

But an important question is: why do we choose these specific dimensions? Could the system
still work if the length were a bit longer or the diameter a bit wider? To answer that, we need to go
back to some basic calculations and considerations for buffer gas cells.

The following discussion is mainly based on Ref. [35], and will also reference specific sections
from the theses of John Barry [36], Geoffrey Iwata [37], and Louis Baum [38]. The goal is to

briefly summarize the theory behind cryogenic buffer gas cooled beam (CBGB) techniques, and

plug in our experimental parameters to see whether things still work out for CaH. Unless otherwise
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specified, ¢ refers to CaH, b refers to helium, and all quantities are in SI units.

Here are some parameters that matter for a simple buffer gas cooling model:

Flow rate (F)

Cell aperture diameter and area (d, A)

Cell dimensions, including longitudinal length (in the direction of molecule propagation),

cross section area, and the entire volume of the cell (L, Aceir, Veell)

Helium temperature (7°)

Mean free path 1 is the average distance a particle travels between two collisions. Assuming

oop = 0pp = 1071 cm? and helium is the dominant species:

np =3.2x%x102' m™ (calculated using F = 2.2 SCCM, d = 3 mm, T = 6 K)

1 3 x 107
Ae = & =94 um
npOep\me/mp + 1 np
1 7 x 10'7
Ay ~ =220 um

- nbo'bb‘/i np

Mean thermal velocity of helium from the Maxwell-Boltzmann distribution is:

8k a7,
P =) —L =178 m/s (atT = 6 K)
mwmy

Fully supersonic velocity assuming adiabatic expansion:

2yksT  [SksT
Voup = | B = [ 2D = 1 4Dy, = 250 mis
(y=1m m
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Emission rate at the aperture into a solid angle dw at angle 6 is given by:
dw ;
dQ.p) = Enc(b)v?((g)A cos 6

Integrating over all angles yields the total flow rate. Assuming uniform buffer gas density:

AF
np=——y=63%x10*" m™3
Avth

Intermediate  Supersonic

Effusive

___._|_'_____________ ; 1ldﬁﬂlb

mmgm ol

1.2V,

Forward Velocity v,

=I =iD =1IDU
Reynolds Number Re

Figure 3.3: A schematic showing beam forward velocity vs. Reynolds number (flow rate). The
lower bound is 1.2v¢ s, where v is the thermal velocity of CaH. At 6 K, 1.2vg; = 70 m/s and
1.4vg, = 250 m/s. Figure adopted from Ref. [35].

Reynolds number (Re) characterizes flow behavior. It’s related to the Knudsen number and
Mach number by the von Kdrman relation:
—Kn:-RexMax1

So,
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2daperture _ 8\/§dF Opb

Re ~2Kn! = = -
/1}) Avth

Ford =3mmand F =1 x 10" s7! (1 SCCM =~ 4.5 x 10'7 s71), we get Re ~ 27.

There are three flow regimes:

* Re < 1: Effusive. Low velocity, high temperature, few collisions. Forward helium velocity

s 1.2v.

* Re > 100: Supersonic (fully hydrodynamic). High velocity, low temperature, lots of colli-

sions. Forward velocity is 1.4v,.

* 1 < Re < 100: Intermediate buffer gas cooling regime.

There are three processes with individual time constants that are worth paying attention to,

namely, thermalization, diffusion, and extraction. They should be calculated in the following ways.

Thermalization

CaH temperature evolution under collisions with cold helium:

ch(N) :_TC(N)_Tb P (mc+mb)2 —62
dN K ’ 2memy, '

Solving this equation, we have

Te(N) =T + Tc(0) exp(=N/«)

After 60 collisions, we are able to cool CaH from 5000K to 6.2K. Given that the mean free
path of CaH is 47 um, the thermalization length is approximately 5.6 mm. The thermalization time
is calculated by summing the time for each step (assuming helium temperature being constant)
and using the most probable velocity to estimate the time required [37], which equals 20us. (A
quick sanity check: mean velocity here is 500m/s, consider temperature initially as hot as S000K,

it seems fine.)
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Diffusion

Diffusion time constant is derived from diffusion equation [37], while making Chapman-
Enskog approximation, we can have an upper limit on the diffusion time/length. The time constant

is set when mean-squared displacement is equal to cross section of the cell:

3
D = TV
32nba'cb

and the diffusion time is

_16Accnpoep 12
Tiff = g = 12ms

which is typically between 1 and 10 ms.

Extraction

Extraction time is the time cost for the helium in the cell volume to be pumped out, and thus

how much time it takes for CaH to be swept from the cell by helium.

4Vcel [

—_— = 6mS
VthAaperture

Tpump =
which is typically between 1 and 10 ms as well.

_ Jdiff _ ol
In general, we want y = s = Tosuvin

to be high, to achieve a high extraction efficiency.
However, they [35] mentioned that there are other factors affecting extraction efficiency that are
not shown in the above calculation, for example aperture diameter (if too small could decrease

efficiency while preserving y). As a result, they suggest using aperture bigger than 3mm diameter.

Actual molecular beam velocity

According to our direct beam velocity measurement, the distribution typically peaks at 250(10)

m/s, which is faster than the pure Reynold number consideration. This is due to a prominent effect
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called "zone of freezing". It’s very straightforward: when molecules exit the cell, the peak forward
velocity is typically ~150m/s, however, helium is traveling at ~250m/s, so the helium is going to
catch up on the molecules and experience forward direction collisions that significantly boost the

forward velocity of the molecules, as shown in Fig. 3.4 with the help of high SNR of calcium.

Scan29-vs bin distance from cell aperture in mm
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Figure 3.4: Zone of freezing. This data was taken in the way that, a calcium 423nm laser was
shooting into the cell from the downstream of the beamline, and used a Thorlabs CMOS camera
with imaging optics to detect the fluorescence from Calcium at different spatial location. We also
vary the laser detuning to address different velocity classes in different sequences. The blue curve
is closest to the cell aperture, and one can see the calcium forward velocity distribution seems

slowest. While traveling till the green curve, which is 13cm away from the cell, the forward
velocity has been altered to peak around 250m/s.

3.1.3 Target for ablation

There used to be four kinds of targets that we have tried in our buffer gas cell for creating CaH

molecules. All targets are glued to the target holder with regular epoxy. Here we will describe
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them individually. Spoiler alert, target type 4 is by far the best of all.

Figure 3.5: Interesting observations with targets. (a) two interesting things on a used CaH, target.
The white powder comes from exposing CaH; in the air, very likely CaCOs3. The black coating is
not well understood, and it can significantly reduce the signal over time. (b) the left target is CaD5,
and the right one is CaH; solid. Both are fabricated from chemical reactions in the lab. (c) The
calcium metal pieces that are more commonly used in the later stage of the experiment. (d) Left
piece is compressed CaH; pill and broken into two parts, and right piece is a regular CaH; granule.
(e) There can be some other significant coating on the surfaces of calcium pieces after running the
experiments for a while, and the coating is still not well understood. We see black coatings and
yellow coatings but this picture only shows yellow coatings.

Target type 1 The first kind was granule samples from Sigma Aldrich. CaH yield is normal
level (X-A absorption peak less than 10%), but different locations will have very different yield
performance. The degradation rate of a given spot typically ranges from 200 to 500 shots. There
are usually at least one spot from each sample that can last longer and capable of having higher
yield. They degrade as well, but after ablating on other locations for a while, and coming back, it
possible to achieve nearly 80% of original max signal. The current theory is that those are small

holes that can accumulate dust of CaH; and others from ablation on other spots.
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Lifetime, and mysterious coating

It usually takes 1-1.5 months for one sample to completely run out of good ablation spots.
Once taken out, one can observe an obvious layer of black coating on top of the sample, as shown
in Fig. 3.5 (a). With one to two weeks of ablation, it is not enough to create this coating. We did
not do thorough study with the coating, but we tend to believe that they are carbon that came from
the glue. The reason is, Ca, CaO, CaCO3, Ca(OH),, are all white-ish, Cu, CuO, CuH2, CuCOs3,
Cu(OH); are also not black. Any leakage of ablation light to the glue can vaporize it, and deposit
a layer of carbon which did not react with the environment, which is why we tend to think the
coating is carbon. However, it is definitely quite important to figure out the formula of the coating,

since it’s significantly affecting the lifetime of a target.

Dust covering the cell

Another fact that affects the performance of the CBGB is the heavy coating on the cell wall.
We usually observe a significant velocity boost a month after sample change, and this is basically
the time it takes to cover the cell with dust. The dust would look gray-ish, we tend to believe that
the white parts are all calcium based chemicals, while the black stuff are the same as coating on the
target, probably carbon. To remove them, it is efficient to clean with Kimwipes soaked in methanol

and apply finger pressure.

Target type 2 Because the signal from target 1 was unstable, we used to attempt to use hydraulic
press to make the target (Instron 5984 in Carleton Lab at Columbia, 9 Tons force on 1cm dia, 20
mins ramp up followed by 20 mins of stay), as shown in Fig. 3.5 (d). It indeed solved the issue
of inhomogeniety, but it did not significantly outperform target 1. The signal level was almost the
same as average level of target 1, and there is no magic spot for us to exploit. The degradation time
constant is maybe slightly longer than target 1, but it’s around 500 shots level, not significantly
better. And there was a couple of times where we experienced sudden loss of signal, and after

opening the cell, we found that it was a layer of CaH, cracked and fell, leading to significant
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dusting in the cell and inhomogeneous surfaces. I do not think it is worth the effort to make the

target in this way because the reward is not significant enough.

Target type 3 Because we cannot buy CaD, samples from suppliers, we have to make our own
targets. The way we generate the molecules is very simple: put calcium pieces and D, gas together
at high temperature, they will react and form CaD,. The exact procedure and more details are
illustrated in the CaD laser cooling section (Sec. 6.3.6), and the schematic can be found in Fig.
6.9. Eventually, we can also use the same method to create CaH, target, which has the same
performance as ones from Sigma Aldrich. However, it is worth noting that, CaD, sample somehow
outperforms CaH, sample by many times. CaD yield is about three times higher than CaH yield
using this method. One potential explanation is that due to the higher mass of deuterium compared
to hydrogen, the rotational spacing is halved, so the optimal cryogenic temperature is lower for

CaD, which is closer to our operational temperature.

Target type 4 For better signal and stability, we tried to use calcium and hydrogen reaction to
create CaH, meaning the target this time is calcium metal pieces, which flowing hydrogen gas into
the system. The improvement is significant: the signal was raised by about 2-3 times, and the
signal stability was improved by almost 20 times. Because of the strong crystal structure / bonds
of calcium, it is not as brittle as CaH,. The reason why we get signal improvement is not very well
understood. As will be discussed in later chapter (Chapter 4), this chemical reaction (Ca + H, —
CaH + H) is highly endothermic. So in some sense, we understand how we got the durability, but
we don’t fully understand how we got the yield boost, so I guess it’s lucky for us.

However, it is worth mentioning that there are still some major issues with this way of creating
CaH molecules. The most important one is, even after this signal boost, we are still a few orders
of magnitude lower yield than all the molecular species that have been laser trapped by far, as can
be seen from the Table 3.1.3. This remains the primary limiting factor for the development of the

project, as we consistently lack sufficient SNR for clear signal observation.
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Molecule | Flux (num/sr/pulse)
CaH 1 x 100
SrF 2 x 102
ThO 3x 108
CaF ~ 1 x 102
CaOH ~ 1 x 102

3.2 Laser System

Due to the complex nature of molecules, we use many different lasers in the lab. A list of
the main ones is shown in Table 3.1, along with their purposes and typical usage. This list is not
exhaustive. Many lasers that are currently unused or decommissioned are not included, lasers from
Strontium and all injection locked amplifiers are not included either.

The roles of these lasers can be grouped into a few main categories. The most important
application is for direct interaction with the molecules, such as for cooling, slowing, and magneto-
optical trapping (MOT). Other lasers serve calibration purposes. For example, the potassium laser
is used to calibrate our wavemeter, and the Ca/CaOH lasers are used to characterize beam velocity

and system performance.

3.2.1 MOT Lasers

For the MOT lasers, we need a highly stable source with linewidth narrower than 1 MHz. To
meet this requirement, we chose the Precilaser SFG system as our main laser. At the same time,
this laser also serves the slowing stage. All MOT and slowing light needs to cover the ~2 GHz
spin-rotation splitting of the CaH ground state.

To achieve a basic MOT, the laser frequencies and powers do not require fine tuning. However,
for a fully optimized MOT in the future, individual control over both frequency and intensity will
be necessary for all laser components.

To address the challenges mentioned above, I designed the frequency engineering scheme
shown in Fig. 3.6.

A more detailed schematic of the AOM ladder used to generate all required MOT frequencies
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Company & Partnum Type A (nm) Power | Purpose Comment

HB, DL5146-101S ECDL 405 60mW | CaRydberg Thorlabs

HB, NDV4A16 ECDL 423 120mW | Ca detection Nichia

HB, PLT5-488 ECDL 490 60mW | Mol X-E Osram

Quantel, Anderson Laser Nd:YAG 532 210mJ 2nd ablation laser | 6ns pulse

M2, Equinox DPSS 532 12W Pump for Ti:Sa Degrading

HB, HL63163DG ECDL 626 30mW CaOH detection Thorlabs (0°C)
HB, L638P200 ECDL 635 150mW | Mol X-B Thorlabs (17°C)
HB, HL6545MG ECDL 657 100mW | Ca narrow line Thorlabs (17°C)
HB, MSHG1420-0.5-40 SFG 690 2W Mol X-B vl RP Precilaser + IPG
Precilaser, FL-SSFG-695-4-CW | SFG 695 3.5W Mol X-A 1080nm & 1950nm
HB, HL69001DG ECDL 695 200mW | Mol X-A Ushio (45°C)
HB, LD-0760-0080-AR-2 ECDL 753 80mW | Mol v3 RP Toptica

Toptica, TA-Pro-25758 TA 758 1.5W Mol v2 RP

Thorlabs, DBR767PN DBR 767 23mW | KD2 line

M2, 01-M2-S-EQ-PI Ti:Sapph | 705-1010 | 2W-6W | General

Big Sky, UL620111 Nd:YAG 1064 30mJ Ist ablation laser Idle

Sacher, TEC150 ECDL 1068 20mW seed for IPG

IPG, YAR-20-1064-LP-SF FiberAmp | 1068 20W for SFG

HB, TO0-174-161 ECDL 1665 120mW | Mol X-E detection | Seminex (-5°C)
Vexlum, VALO-SF-16681110 VECSEL | 1668 800mW | Mol X-E detection | Degrading

Table 3.1: An incomplete list of lasers deployed for CaH / CaD experiments. To explain the
acronym, HB: home-built; Mol: molecules including CaH and CaD; RP: repump; ECDL.: external
cavity diode laser.

is shown in Fig. 3.7.

Because we aim to implement an AC MQOT, it is essential to synchronize the polarization of
the MOT beams with the direction of the magnetic field gradient. Currently, we use a Pockels
cell to rotate the polarization after all beams are combined. However, we have observed some
thermal drift associated with the Pockels cell, which affects stability. In the future, we should
consider switching to a system based on AOMs and PBSs for polarization control, which may
offer improved long-term reliability. A detailed schematic of this alternative setup can be found in
Yicheng Bao’s thesis.

The overall efficiency of the AOM ladder setup is around 15%. Sometimes this output is not
sufficient to achieve strong trapping forces. To address this, at the time of writing, we use light
from the Precilaser seed to injection-lock four slave lasers. The injection-locked amplifiers (ILAs)
use Ushio 690nm diodes (Part number: HL69001DG, 200mW, purchased from WorldStarTech),

and the ILA system performs well, typically yielding a higher output power of approximately 30
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Figure 3.6: Frequency engineering scheme to achieve full frequency control over both MOT and
slowing light using a single laser source. Techniques such as the 1 GHz EOM will be discussed
later in this section.

mW per beam path.

3.2.2  Slowing Lights

We plan to use white light slowing to decelerate CaH molecules, while keeping the option open
to switch to chirp slowing if needed. Thanks to the high output power from the Precilaser, we have
enough laser power available for the slowing stage.

The slowing light needs to be modulated using a series of AOMs and EOMs to achieve broad
enough spectral coverage to address all relevant ground-state transitions. This includes the hy-
perfine splittings (50—100 MHz) and the spin-rotation splitting (~2 GHz). To make things more
complicated, the same level of frequency modulation must also be applied to all vibrational re-
pumpers.

Based on our calculations, we need to address vibrational levels up to v = 3 in the ground elec-
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Figure 3.7: AOM ladder schematic for creating all frequency components needed for MOT light.

tronic state in order to scatter a sufficient number of photons to slow the molecules from their initial
velocity (around 250 m/s) down to laser-trappable speeds (around 10 m/s). A detailed schematic

of the slowing laser setup is shown in Fig. 3.8.

3.2.3 Cooling Lights

In our laser cooling experiments, we have used two types of laser sources. Before 2023, we
used home-built ECDLs to seed injection-locked amplifiers (ILAs), though the power was rela-
tively low. After 2023, we transitioned to using the Precilaser, which provides significantly higher
output power.

Although the ECDLs typically exhibit frequency fluctuations of +2 MHz, they still provide
a sufficient signal-to-noise ratio (SNR) to observe strong cooling signals. The higher power and

stability of the Precilaser further improved our ability to apply stronger cooling and enabled the

study of molecular slowing.

3.3 Laser Locking Systems

3.3.1 Wavemeter Sealing

Most of our molecular transitions have natural linewidths of just a few MHz, and these are

further broadened by Doppler effects and power broadening. Because of this, we rely on the
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Figure 3.8: Laser alignment schematic for the slowing laser setup, including the main cycling laser
and vibrational repumpers up to v = 3.

HighFinesse WS7 wavemeter as our primary frequency locking reference. This wavemeter has a
resolution of 1 MHz and an absolute accuracy of about 60 MHz, which is good enough for most
of our purposes.

However, we noticed that the wavemeter readings are significantly affected by room pressure
and temperature. On stormy days, we observed all laser readings oscillating in phase with each
other, clearly indicating a wavemeter drift. To mitigate this, we decided to place the wavemeter
inside a sealed chamber constructed from vacuum components. We did not actively pump or

control the pressure inside the chamber, but simply sealed it off. The setup is shown in Fig. 3.9.

3.3.2 Galvo-Based Fiber Switch

The HighFinesse wavemeter comes with an 8-port fiber switch, but in our setup, we typically
need to lock around 12 to 16 lasers at the same time. To work around this limitation, we developed

a method to bypass the restriction of the built-in fiber switch.
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Figure 3.9: Wavemeter sealing setup. We used a Thorlabs bare fiber, epoxied through a KF blank
with a drilled center hole, and a set of vacuum nipples to construct the sealed enclosure. To reduce
vibration-induced readout fluctuations, sorbothane pads were placed between the wavemeter and
the chamber walls. This setup worked well. We no longer observe large, sudden drifts in the
measured frequencies across all lasers. However, we still see a slow, regular frequency shift of
about 10-20 MHz per month, which we believe is due to gradual temperature changes in the
lab. Overall, we are satisfied with this improvement, but continuous calibration with an absolute
frequency reference is a must. We previously used the 689 nm laser from our neighboring strontium
dimer experiment, to calibrate the wavemeter, but it seems it is necessary to have a stable frequency
source ourselves, aka potassium vapor cell.

The basic idea is as follows: on an optical table, we set up 16 (or any other required number of)
fiber ports for the lasers to be locked. All these beams are directed toward a pair of Galvo mirrors
(Thorlabs GVS002). A Galvo mirror allows for precise and repeatable angular adjustments based
on an input analog voltage. By programming the Galvo mirrors appropriately, we can steer each
laser beam into a single fiber, which then sends the light into the wavemeter one at a time.

The first version of the control system was built using an Arduino Due along with some home-
built voltage summation and multiplication circuits. This setup is shown in Fig. 3.10. We used the
DAC outputs from the Arduino, but they introduced significant noise in the control signal. This was
visible as strong fluctuations in the intensity readings from the wavemeter. After investigating the

issue, we learned that the onboard DAC of the Arduino was not ideal for low-noise applications.
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To improve performance, we replaced it with an external DAC card from Analog Devices, which
significantly reduced the noise.

The second iteration of the system, including software control, was adapted from a setup in
Doyle’s lab at Harvard. That version was led by Debayan and is now the current operating model
in our lab.

Interestingly, the communication protocol between the wavemeter and its original fiber switch
is quite simple. To decode it, we opened the cable and measured the voltages on each line while
operating the wavemeter in switching mode. Once we identified the channel logic, we used that

information in the Arduino to synchronize the Galvo control with the channel switching sequence.

Figure 3.10: The first iteration of the Galvo-based fiber switch.

3.4 Vacuum System

When molecules are traveling or laser-trapped, they must be in an ultra-high vacuum (UHV)
environment. Otherwise, they will collide with background gas and gain energy, which leads to
heating. Since we constantly flow helium into the system as buffer gas for the CBGB, we do
not expect our chamber vacuum pressure to reach the same level as in many ultracold atomic

experiments. Instead, our goals are as follows: when the chamber is not connected to the cryostat,
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the pressure should be around or lower than 10~ Torr. When it is connected and helium is flowing,

the pressure should remain below 1078 Torr.

3.4.1 Vacuum Lifetime

Here we present a simple back-of-the-envelope model to estimate the vacuum-limited lifetime

of a MOT:

CaH-He cross section: o = 77 x 10720 m?

* Helium pressure: P =1 X 1077 Torr = 3.3 x 107> Pa (worst-case estimate)

Helium density: 7 = £z =3.2x 10" m™

Helium average thermal velocity at room temperature: v = / Sﬁ—ZT = 1260 m/s

The time constant for CaH—He collisions is:

1
T=—— ~ 300 ms
nvo

In typical molecular MOTs, the dominant loss mechanism is optical cycling loss, which usually
limits the lifetime to a few tens of milliseconds. So even if the helium pressure reaches 1077 Torr,
vacuum loss will not be the main limitation for observing a MOT. This is even more true for
slowing and cooling stages. That is why we do not need ultra-high vacuum conditions as stringent

as those in atomic experiments.

3.4.2 Baking

Even though the calculation above suggests that vacuum may not be a strict limitation, it is
still good practice to aim for the best vacuum possible. Oils, including human grease, trap gases
and slowly release them inside a UHV system. Special care must be taken to clean all objects

before they enter the vacuum. It is worth noting that human skin is naturally covered in oils, so
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when working with UHV components, it is strongly recommended to wear disposable gloves and
long-sleeve clothing.

To achieve a good vacuum, the following cleaning and baking steps are typically followed:

* Assume every object is dirty by default. For heavily contaminated parts, wash with soap and
Citranox acid cleaner to remove surface oils, dust, and oxides. This step can be skipped if

the part is clean when purchased.

* Wash all surfaces using organic solvents to remove remaining oils and dust. Sonication is
highly effective. Start with acetone, a strong solvent that removes most surface oils. How-
ever, be cautious with delicate components. For example, some coated mirrors, some plas-
tics, and charcoals should not be immersed in acetone. Also, acetone can damage some
materials if used for too long. According to lab mates working on strontium experiments,
prolonged acetone exposure caused brass screws to oxidize. If safe to use, sonicate in ace-

tone for multiple 10-minute rounds, replacing the solvent when it looks dirty.

» After acetone, rinse with isopropanol (iso) to remove any acetone residue. Iso is another
strong solvent that evaporates quickly and helps carry away remaining contaminants. Usu-

ally, one 10-minute sonication in iso is sufficient.

* Finally, rinse with methanol. Methanol is a weaker solvent but evaporates even faster than
iso. This final rinse helps to remove any lingering residues. After this, the part should be

ready for baking.

* Baking: No matter how polished a surface appears, it has microscopic roughness that traps
gas molecules. In UHYV, these trapped gases slowly desorb and degrade the vacuum. Baking
accelerates this outgassing by raising the surface temperature. For stainless steel, baking
above 300°C is effective. If the system includes glass viewports, the temperature should be
limited according to the manufacturer’s rating, typically between 100°C and 150°C. Turbo
pumps (backed by scroll pumps) must be active during the entire bake. For large compo-

nents, we typically bake twice: once externally and again in situ, as shown in Fig. 3.11.
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Without baking, we have observed pressure levels as high as 10~ Torr due to increased

outgassing.

Figure 3.11: Baking of the vacuum chamber (MOT section). (a) External bake. (b) In-situ bake.
This brought the pressure below 10~!° Torr, beyond the detection range of both our ion gauge and
residual gas analyzer (RGA).

During baking, it is highly recommended to use a residual gas analyzer (RGA) and multiple
vacuum gauges to monitor pressure continuously. The RGA identifies dominant gas species in the
chamber. Before baking, water and nitrogen are usually dominant. After baking, these species
are significantly reduced, along with the pressure floor. However, helium may still remain in the
system, as it is notoriously difficult to pump out. By recording pressure over time, one can estimate

how long it will take to reach the desired vacuum level.

3.4.3 Painting

Compared to ultracold atomic experiments, molecular experiments suffer from both lower sig-
nal strength and lower scattering rates. This makes laser absorption techniques impractical for
detecting molecules in a beam. Instead, we rely on laser-induced fluorescence (LIF), which re-

quires detecting weak photon signals using sensitive detectors like PMTs and EMCCDs.
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In this case, scattered background light can easily overwhelm the signal if not carefully con-
trolled. The interior of the vacuum chamber must be painted black to reduce reflections. If left
untreated, the shiny stainless steel surfaces would scatter too much light, making LIF detection
extremely challenging.

The paint we use is MH2200 black optical absorber, which has worked well in our system.
More details on the painting procedure can be found in Jinyu Dai’s upcoming thesis. Some example

images are shown in Fig. 3.12.

Figure 3.12: Black painting on the interior of the vacuum chamber. (a) Main MOT chamber after
painting. (b) In-vacuum RF MOT coils after painting.

3.5 Misc

3.5.1 Magnetic Lens

Purpose The goal is to create a magnetic field that focuses weak-field seeking CaH molecules
as they pass through, increasing the number that reach the detection region and enhancing signal
strength. The desired potential is approximately quadratic in the transverse direction, producing
a restoring force toward the center. The lens is built from twelve Neodymium (N52) permanent
magnets with remanence B, = 1.45 T. The magnets, casing, and assembly were provided by

Magnet Sales & Service Limited.
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Forces and Potential CaH molecules can be treated as magnetic dipoles. The dipole potential in
a magnetic field is given by

Vaip = —fi - B.

The corresponding force is

ﬁmag = _Vvdip = V(/j ’ E)

As in the Stern-Gerlach experiment, transverse spin components rapidly precess and average out.

We therefore approximate i as aligned (anti-parallel) with B, giving
ﬁmag = =V(|uBJ), Vdip = |uBl.

Shape of expected field We use 12 magnets, six arcs magnetized across the circumference, three
magnetized with the north pole on the outside face, and three magnetized with the south pole on
the outside face. The magnitude of the magnetic field, due to the hexapole design, is |§ (p,d,2)| =
Bp?S(z), where S(z) is the correction term for finite length. Here we use the cylindrical coordinate
system, which should not be confused with the Cartesian coordinate system coming later. It gives

the potential

Vdip = |/"B|
(3.1)
= uBop*S(2)
where B is magnetic flux density curvature (constant), and the force will be
F=-VV
(3.2)

= —p - 2uBopS(z) — 2 - uBop>S'(2)

The last term is too small compared to the first term and can be ignored, which reduces the force
expression to

F(x,y,2) = =% - 2uBoxS(2) = § - 2uBoyS(2).
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Simulation

Magnetic field simulation based on Mathematica We used the package "Radia" under Mathe-
matica environment to simulate the magnetic field generated by the 12 permanent magnets at given
geometry parameters adopted from the python program. The direction of magnetization is shown

in figure 3.13, and the shape of magnets used in simulation is in figure 3.5.1.

Hexapole

Hexapole

Figure 3.13: Magnetization direction and shape of magnets

Quadratic function approximation Given the geometry parameters, which is determined by
molecular trajectory simulation on Python, we are able to use Mathematica to calculate the mag-
netic field in space.

According to PhysRevA.54.5067, the magnitude of B follows a quadratic function:

1B1= Bs(plon)? = 38,11 = (p1/p2 |G 2ol

where p; and p; are the inner and outer radius respectively, Br is the remanence of magnet, G123

is geometry factor.
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Figure 3.14: B in yz plain at x=0, and valley on the potential

The blue line in figure 3.14 is the quadratic function using the parameter from [39], so in some
sense we have proven this approximation is acceptable. To picture it in a more vivid way, fig 3.5.1
it shows the magnitude of B in xy plain where z=0. Here we don’t consider the dependence of u

(or g) on B.

Finding the fitting function S(x) Along the x direction, the field is not constant due to the
finite length of magnets. And we can see that from fig 3.15. After normalization we should
get expression of S(x) from eqn.3.1. According to Hsin-I Lu’s thesis [40] (page 80) and [41],
S(x) = 1/(1 +x*/d*)*. However, the fitting result doesn’t look good, as shown in fig 3.5.1. And

the function used in [42], S(x) = 5 also isn’t satisfying enough, shown in fig 3.16.

1
(1+(x/a)*)
We can see the reason why these functions are not working properly is they are not increas-
ing/decreasing fast enough. Eventually, after some attempts, I took the idea of Sigmoid Func-

tion (widely used in Neural Networks), and “guessed” that it should have the form of S(x) =

L4e-l1/2d

Treix—ma» With one fitting parameter “d”. The fitting result in Fig. 3.5.1 appears to be quite ac-

curate, suggesting it is a reasonable approximation of the field decay at present.

But there are some questions with it. First, "d" might not have a physical meaning, due to the fact
that the first order derivative of the fitting function is discontinuous at x=0. The good news is, in
the python simulation, we don’t need to know that. Second, “d” varies with a bunch of parame-
ters, for example, fig 3.17 shows the dependence of d on angle and distance (not normalized and

poor fitting on the edge/center due to digital inaccuracy). To deal with it, we use an average value
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of approximately 2.9 mm for d and put that into the python program. It remains a pretty good

approximation in almost all regions.

T T T T f '\
T [ %
0.4 { 3
4 \
] '
4
0.2 |
n 1 1
\ |
| '
1 |
02k 4 L t -I
f ) ! 1
Il a )
01 ¢ 1
: ? 1
_.-'_ "-.. . '] L]
ool = e o — e
-100 -50 0 50 100

Figure 3.16: another fitting function, and Sigmoid fitting function when p = 0.5r,

Some flaws There are some flaws on the digital solution by "Radia" package, one key point is
the boundary instability. Here, we have adjacent magnets with different magnetization directions,
which will make the field near the joint region behave weird. In fig 3.5.1, the external region is
cut-off, but it should not affect the simulation accuracy in other regions. Another flaw is the limited
significant figures, evident in the nonzero field at the geometric center. It should be zero due to the

geometrically symmetric design; but the simulation gives a pretty small but nonzero value.
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Mag Field Distribution
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Figure 3.17: stability of fitting parameter "d" in space. This plot gives the average d = 3.1mm, at
rl = 1.3cm, Il =4.0cm. The right figure is the direction of magnetic field in space

Molecular trajectory simulation based on Python

Parameters and variables All discussion here is based on program version4.1.

The important variables and parameters associated with magnetic lens is shown in the table below.
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parameters name value comment
ro 0.005 the cryochamber diameter (m)
VXX 180 forward velocity (m/s)
B_r 1.45 remanence of magnet (T)
G_12_3 np.sin((3+1)*pi/12)/((3+1)*pi/12) geometry factor
B_3 3/2 % Br* (1 - (r1/r2)**3) * G_12_3 |B| = Bor* = B3r?/r?
hooke -mu_B *g*2*B_3/r1**2 F, = hooke - x = —2upgBox
variables name optimal point comment
rl 0.0093 — 0.010 inner radius (m)
2 0.0300 outer radius (m)
1 0.0390 — 0.040 magnets length (m)
dm 0.2000 distance from source to mag lens (m)

In this table, the optimal point change is from version 3.1 to version 4.1; the difference comes
from changing d1 and d4. d1 difference comes from the geometry measurement I did recently. See

fig 3.20 for more information about dependence on d4.

We switch to Cartesian coordinate, where x is the dominant velocity direction. The program
simulates the following process (also in fig 3.18). Molecules are emitted from the cryochamber
(diameter ro), propagating (dw), skimmed by the wall (diameter rw), propagating (dm-dw-11/2),
feeling the leaked field (length 11/2), converged and skimmed by the mag lens (ll, r1), feeling the
other part of leaked field, propagating till collimator (d1 = 0.481m), skimmed by the collimator

(radius rc = 0.005m), propagating to detection region (d4, area=0.005m*0.02m).

Logic of program + some details State 1: Initializing. The molecules are evenly distributed in 'y
and z in space and skimmed by a circle with diameter ro. They are assigned with velocity following

Maxwell-Boltzmann speed distribution. Then skimmed by another collimator (the stainless steel
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Units: cm

d4

Figure 3.18: Simulation setup. Above is experiment geometry, below is python simulation param-
eter

wall).

State 2: Passing through lens. This process consists of two parts, outside the lens and inside the
lens, but the algorithm is the same. Calculate the quadratic function B(r), and read g-factor from
CaH. We do interpolation on g(B) using B(r). Using the fitting function S(x) to get the overall
magnetic field. Then we use Leap-Frog method to calculate molecular motion. We check for
possible skimming all the way.

State 3: Propagating to the collimator and getting skimmed, then to the laser region (which is

turned off), and eventually arriving at detection region.

Simulation result We analyze velocity and distribution after all important nodes, and we can get
the trajectory of molecules in space, and their distribution in the detection region. We then use the

number of molecules in that region to represent the signal strength.

First we run the case where there is no mag lens. And when there are 1e6 molecules coming
out, the signal~ 270 when d4=0.45m, and signal~150 when d4=1.0m. From the trace plot in fig

3.19, we can see strong dispersion after lens.
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Figure 3.19: trajectory without mag lens, and signal without mag lens

Second we set Br(remanence), ll(magnets length), dm(distance between chamber and lens) as
constant, and scan rl(inner radius), we can find a peak. Use this peak value so that we can fix ry
temporarily, and scan 1l. Then do the same to dm. r1 and Il converge pretty fast in parameter space.

The results are shown in fig 3.20.

The signal strength ratio for different d4 is about 4600 (0.45m) : 1230 (1.0m) : 330 (2.0m) ~
14:3.7: 1.

Another interesting topic is the focal length of the magnetic lens. According to [40], the ana-

lytical expression of f is
My?

/= u62ByL’

Here, 2B means 2By in the previous table. I scan r1 and 11, and get some theoretical f using above
equation, shown in fig 3.21. We can try some data, and compare them with the theory ones, e.g.

we can choose from fig 3.20 (a) and (b). By observation, (a) gives u=0.248m, v=0.15m. Using thin
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Figure 3.20: Parameter scanning results. (a)-(c) are the trajectory of molecules with different r1,
noticing changes of focal length. (d)-(e) represent the normalized signal dependence on rl 1l and
dm, respectively.
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Figure 3.21: Focal length scan

lens equation,
1 1 1

foou v
we can get the estimate {=0.0935m. And the theoretical parameters give {=0.0821m. We can do
the same to (b), and f=0.1137, while theory gives f=0.1079. So we can safely say that the lens
focal length can be roughly calculated in the above way. The ideal geometry dimension we chose,

gives v=0.5581m.

More questions related with simulation Now we are confident about analytical expression of

focal length, which is f = - é‘;’;z 7 here are some other questions.

The forward velocity can influence the effective focal length by changing the time needed to
pass the lens. For CaH molecules, so far we do not have TOF data to support the forward velocity
distribution, but we can make simply estimation using BaH data, which was presented in [43], fig
3.24. In our current setup, the aperture is Smm, so maybe we can assume the forward velocity

of CaH is mainly in the range of 100m/s to 200m/s. Thus, we need to investigate the optimal

geometry dimension for different velocities.
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Figure 3.22: (a) At a given d4, we can vary rl and Il to achieve the similar shape of enhancement
factor vs. forward velocity. And it was predicted in fig3.21. By tuning r1 and 1l we can compensate
the effect caused by velocity. (b) Different detection position gives different enhancement factor.

Forward velocity | 120m/s | 180m/s | 240m/s
rl /cm 1.5 1.0 0.8
d4 =0.5m
11/cm 4.3 4.0 4.5
rl /cm 1.5 1.0 0.85
d4 =1.0m
11/cm 4.3 3.6 4.1
rl /cm 1.5 1.0 0.9
d4 =1.5m
11/cm 4.0 3.5 4.6

We can know that at a certain d4 (detection position unchanged), if we increase (/decrease)

forward velocity, we are increasing (/decreasing) the focal length. To move the focal point back

to the original place, we should decrease or increase ri, respectively. The change of 11 seems

insensitive. This trend can also be discovered in fig 3.22 (a), where we manage to keep the shape

by changing r1 and Il individually.

The general process for designing an effective lens system

1, varying rl and 1l individually

under the expected peak velocity using program version 4.1, and we can get peak signal strength
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Figure 3.23: The geometry designed to optimize for 100m/s and 150m/s at d4 = 1m. The first
number in the label is inner radius, the second is length.
settings; 2, put the optimal settings generated by step one into the velocity scan, using program
version 4.1.1. The result agrees with each other due to focal length equation.

By following above steps, if we want the peak at around 150m/s, the configuration is: rl =
1.3cm, Il = 4.0cm. If we want the peak at around 100m/s, it’s: r1 = 1.6cm, 1l = 3.8cm. And the

enhancement factor is given in fig.3.23.

Position of detection region / focusing point Our ultimate goal is to load the molecules to a
MOT, so it’s reasonable to assume d4 in the range of 0.5m to 1.5m. For a given lens geometry, we
see different response when we vary d4, from fig 3.22 (b).

Also, the detection region, since our purpose has switched to loading MOT, is now changed to
a small circle with radius Smm. However, this appears to be a minor change, as the signal strength

does not vary significantly.

Orders related

CAD design The CAD model was initially created by intern Tianli Wang, and I completed it.
The expected geometry dimension should follow the simulation.

Material choices For magnets, according to K&J Magnetics, the remanence of N42 magnets is

13.0-13.2 KGs, and the remanence of N52 is 14.5-14.8 KGs. In the simulation I used 14.5 KGs as
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Figure 3.24: Measured forward-velocity distributions of BaH molecules for a range of beam-
aperture diameters and buffer-gas are slightly less reliable due to a mild sensitivity on specific data
cuts flow rates. Velocity distributions above 250 m/s (dashed lines) made to reject fluorescence
noise from ablation light. The small-scale structure at low velocities is an artifact of deconvolution.
(a) Velocity distributions for three beam-aperture diameters. The inset shows a conservatively
estimated cumulative population of molecules as a function of forward velocity under 100 m/s.
The 5 mm aperture is optimal, although a slight enhancement of very slow molecules at rates of 11
+ 2 sccm were used. (b) Velocity distributions for four 50 m/s is observed for the 3 mm aperture.
For this data set, He flow He flow rates and a 7 mm cell aperture, with the inset as in part (a). There
is an enhancement of slow molecules at lower flow rates. Figure adopted from Ref. [43].
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Br.

For Inner ring, we want it to be strong enough to withstand the strong compressive and at-
tractive forces between the magnets, so we are considering stainless steel, brass, and titanium.
According to K&J Magnetics, magnetic stainless steel (like a 400 series) might change the field
inside the halbach array. After talking to Magnet Sales & Service, we decided to use 300 stainless

steel for inner ring. The outer case will be made of aluminum.

3.5.2 Acousto-Optic Modulator (AOM)

In modern molecular physics experiments, precise control over laser frequency, intensity, and
timing is essential. Two key devices used to achieve such control are the acousto-optic modu-
lator (AOM) and the electro-optic modulator (EOM). These devices are critical in implementing
laser frequency shifting, amplitude modulation, and generating sidebands for addressing multiple
molecular transitions. I will begin with the AOM.

AOM is based on the acousto-optic effect, where sound waves propagating through an optically
transparent medium (crystal) create a periodic modulation of the refractive index. This modulation
acts like a diffraction grating for light. The device consists of a non-linear crystal (commonly
made from TeO,, fused silica, quartz, or germanium) through which an RF-driven piezo vibrates
and generates an oscillating compression wave, phonons (quantized sound waves).

When a laser beam passes through the crystal, photons interact with the phonons in the medium.
A photon absorbing a phonon experiences a frequency shift equal to the RF drive frequency. This
process also causes a change in the photon’s propagation direction. The frequency-shifted beam
appears in the first-order diffracted direction, with either a positive or negative frequency oft-
set depending on the geometry. Bragg’s law governs the phase-matching condition for efficient
diffraction. With good alignment and optimized everything, the diffraction efficiency into the first
order can exceed 99%.

In our lab, we typically use AOMs from reliable companies such as IntraAction and Gooch

& Housego, which are known for high stability and clean beam profiles. Other manufacturers
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like Isomet, AA, and Brimrose are also used, although performance can vary depending on the

application.

3.5.3 Electro-Optic Modulator (EOM)

The EOM relies on the electro-optic effect, where an applied electric field alters the refrac-
tive index of a nonlinear crystal. Materials like lithium niobate (LiNbO3), beta-barium borate
(BBO), and lithium tantalate (LiTaO3) are commonly used. A typical EOM consists of a crystal
sandwiched between electrodes, where an externally applied voltage induces a phase shift in the
transmitted light. Higher voltage corresponds to a greater phase shift.

When a sinusoidal voltage is applied, it modulates the optical phase, creating sidebands at inte-
ger multiples of the modulation frequency. So sometimes people want only +/- 1st order frequency
sidebands, then one can drive it with a simple LC circuit. But to drive to, for example, +/- 50th
order, one needs careful engineering. This is expected for Jinyu Dai’s thesis. For details of how
to build an EOM in house, I strongly recommend reading Eric Norgarrd’s thesis [44]. EOM is
particularly useful in applications where multiple frequency components are needed simultane-
ously, such as driving transitions between different hyperfine states or even spin-rotation states for

slowing light.
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Chapter 4: Endothermic Reaction in a Cryogenic Buffer Gas Cell

4.1 Introduction: Motivation and Surprises

Chemical reactions at low densities and low relative energies are characterized by the limited
number of available reactive trajectories. Such reactions occur in astrophysical environments and
may be responsible for the production of hydrocarbons in the early universe [45, 46]. Studies of
rate coefficients for single-collision events in controlled laboratory environments can shed light
on phenomena such as quantum interference between reaction pathways [47, 48] and the role of
entanglement in reactions [49]. Techniques such as cold molecular beams [50, 51], supersonic jets
[52, 53, 54], Stark deceleration [55, 56], centrifuge deceleration [57], ion trapping [58, 59, 60, 61,
62], optical lattice trapping [63], and optical tweezers [64] have enabled extreme reaction regimes
unrealizable with traditional techniques and have exposed new quantum phenomena [65].

However, there is an intermediate regime in the chemical reaction landscape where densities
and temperatures straddle the line between quantum and classical [66]. Here, the motional states
of the reactants can be treated classically but the quantum nature of their internal states cannot
be neglected. This regime is manifested in cryogenic buffer gas beam (CBGB) sources [67, 68].
Typical gas densities in a CBGB source can be of the order of 10> cm™ and equilibrium tem-
peratures of the order of 4 K. But laser ablation, which is typically used to create the molecules
of interest, can produce transient temperatures as high as 10* K [69]. Hence this configuration
allows scattering processes that extend from multiple partial waves [70, 71] to simple hard-sphere
scattering [72]. CBGB sources are experimentally versatile since different gaseous reactants can
be introduced with ease. Therefore, a CBGB source is an ideal playground to study chemistry over
a large parameter range. Not only from the perspective of chemistry, but one would hope for a

different way to produce CaH in a CBGB source other than YAG ablating on CaH, solid samples,
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which produces CaH signal unstably and weakly.

Three physical and chemical processes occur in a CBGB source. The first one consists of elastic
collisions between the cold buffer gas and particles of interest, leading to translational cooling. The
second one is inelastic collisions that reduce the internal temperature, or ro-vibrational cooling.
The third one is chemical reactions that actually produce the particles of interest. The combination
of the first two processes is buffer gas cooling, which has been a very successful technique for
producing cold beams of atoms and molecules in their ro-vibrational ground states [68]. The
third, reactive process has attracted renewed attention since many new molecular species have been
successfully produced in CBGBs. These molecules range from diatomics such as CaF [73], YbF
[74] and AIF [75, 76], to triatomics such as CaOH [77], YbOH [78] and SrOH [79], to polyatomics
such as CaOCH3 [80] and CaOCgHs [81]. The typical protocol to produce a molecule of type M X
is to laser ablate a metal target (M = Ca, Sr, Yb, ...) and allow the resulting hot plume to react
with a donor gas (RX = SFg, H,O, CH30H, . . .).

Typical reactions in CBGB sources are either barrierless or have low barriers that can be over-
come with thermal or optical excitation, as can be seen from Fig 4.1. For example, Ca and SFq
exothermically react to produce CaF [82], while the reaction between Ca and H,O to produce
CaOH requires exciting the Ca atom to the metastable >P; state to overcome the ~1.3 eV barrier
[77]. In contrast, the reaction between Ca and H; has a barrier of ~2.7 eV. Temperatures as high as
~ 3 x 10* K would be required to overcome this barrier thermally, which is not readily accessible
with laser ablation. One might expect such a reaction to produce a very low yield. In this work,
we study the reaction of Ca atoms with Hj, D,, and HD isotopologues, both with and without
helium as a buffer gas. Counterintuitively, we find that the reaction is far more efficient than could
be expected from a simple thermodynamic estimate, pointing to the critical role of the reaction
dynamics over pure energetic considerations. Furthermore, we find that H,, but not D, or HD,
can serve as a buffer gas and thermalize the resulting CaH molecules to their ro-vibrational ground
state. To explain these results, we model the reactant dynamics using rates obtained from quasi-

classical trajectory simulations (QCT). Our calculations elucidate the general trends observed in
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the experiment and provide an order-of-magnitude estimate of reaction rates.

CaH/CaD

H; / D,
CaOH SrOH YbOH CH,

H,0, -387THz -411THz -846THz C;2Hg

Figure 4.1: The enthalpies of several reactions that are being used or proposed to produce ultracold
molecules through ablation induced buffer gas cooling. Within each table, the first row is the
chemicals interested, the first column is the donor gas. The values are enthalpies of reaction.
Orange box represent it’s exothermic, while Blue box represent the reaction is the endothermic.
From what can be clearly seeing reactions to form hydrides are all deeply endothermic reactions.

4.2 Experimental Implementation

Figure 4.2 illustrates the experimental setup. A copper cell with inner dimensions of 25.4 mm
in diameter and 50.8 mm in length is thermally anchored to a pulse tube refrigerator cold plate at
~6 K. A Ca metal target is attached to the cell. We employ a pulsed Nd:YAG laser at 532 nm,
focused onto the Ca target with a beam diameter of ~100 um, to ablate the target with an energy
of up to ~30 mJ per pulse, pulse duration of ~10 ns, and repetition rate of ~1 Hz, creating a hot
plume of Ca atoms. We simultaneously flow multiple species of gas into the cell for chemical
reactions and thermalization. A thermally isolated fill line held at ~150 K is attached to the cell

to flow Hy, D, and HD. He gas is pre-cooled to ~6 K and diffused so the distribution inside the
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H; molecules

Probe laser

CaH molecules

Figure 4.2: Horizontal cross section of the cryogenic buffer gas cell. Hot Ca atoms are generated
via laser ablation of a solid target and subsequently react with H, molecules that flow in at ~150 K.
Additionally, “He flows in at ~6 K for efficient buffer gas cooling. The Ca atoms and the product
molecules are probed through laser absorption, with optical access ~2 cm downstream from the
target. Figure adopted from Ref. [83].

cell is homogeneous for more effective cooling. We probe the atoms and molecules of interest
through laser absorption, via optical access ~2 cm downstream from the target. Specifically, we
probe Ca atoms on the 4s4p 3P; « 4s* 1S, transition at 657 nm and CaH molecules on the
AZHI/Z(V’ =0,J =3/2, 4) « X’2*(v" =0, N” =1, J” = 1/2, -) transition at 695 nm.
We convert the CaH molecular density in the X 2yt (v =0, N=1, J =1/2, -) state to cover all

ro-vibrational states up to (v = 0, N = 2), accounting for all the cold molecules generated (Sec.

4.5.1).

4.3 Results

4.3.1 Ca+ H; Chemical Reaction in a CBGB Source

Due to its endothermic nature, the Ca + H, chemical reaction is expected to be barely within

reach in a CBGB source. However, we observe substantial production (~ 3-10 x 10'° molecules /
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steradian / pulse) of CaH molecules due to unique properties of cryogenic H, which can be found
in Fig. 4.4, as explained below. We carefully calibrate the internal state distribution at various
ablation energies up to the highest occupied state (v = 0, N = 2) (Sec. 4.5.1). We conclude
the total CaH density in these internal states represents the entire CaH yield. The reaction occurs
starting from the H, flow of a few standard cubic centimeters per minute (1 SCCM ~ 4.5 x 107
molecules per second), and saturates at several tens of SCCM. This process is ~2-3 orders of
magnitude more efficient than the exothermic reactions with other hydrogen isotopologues that we

investigated; we further find that H, can serve as buffer gas without the need to flow He (Section

4.3.3).
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Figure 4.3: Chemical reaction in a cryogenic buffer gas cell. Time-averaged CaH density mea-
surements (0-1 ms after ablation) as a function of Ca density, for 10 SCCM of H; (red points) and
20 SCCM of H; (blue points). The lines denote theoretical results at the same conditions, showing
qualitative agreement. The inset shows reaction efficiency, defined as the ratio of CaH and Ca den-
sities. A notable decrease in reaction efficiency is observed experimentally at higher Ca densities,
whereas the theoretical model does not capture this trend, showing the need for further refinement.
Experimental data points include 1-o statistical errors. Figure adopted from Ref. [83].

Figure 4.3 shows the total measured CaH density as a function of the initial Ca density. The
Ca density is varied by adjusting the ablation energy, which can also alter the ablation plume

temperature. We develop a chemical reaction network model (lines in Fig. 4.3), utilizing the rates
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from QCT calculations (Sec. 4.5.2). We find that a constant plume temperature with respect to
Ca density provides the best fit to the data. This assumption is tested by measuring the plume
temperature without gas flow (Sec. 4.5.3). We find a maximum 45(10)% increase with ablation

energy, supporting the constant temperature assumption.
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Figure 4.4: Significant improvement of the use of Ca + Hy — CaH + H reaction compared to
the old way of forming CaH through ablation on CaH; solid samples (as well as deuterium related
experiments). The 20 times longer time constant comes from the better crystal structure of a
calcium compared to CaH;, making it less brittle. I do not have a good intuition to clearly explain
why it improves the yield, but we know this reaction can happen fast despite its endothermic nature.
What we know for sure is, the endothermic nature is still limiting CaH yield.

While the data is in reasonable agreement with the reaction model predictions, some discrep-
ancies arise at high Ca densities. As shown in the inset of Fig. 4.3, the reaction efficiency, or
the fraction of Ca atoms converted to CaH molecules, falls toward higher densities. In contrast,
in the reaction model the reaction efficiency saturates at high densities. This may be because the
model does not include diffusion dynamics or non-equilibrium processes. One possibility is that

the cooling is accelerated at higher densities, lowering the final CaH yield.

4.3.2 Reaction Network Model

The reaction model considers collisions between the ablated Ca atoms and H, molecules, al-
lowing for vibrational excitation of H, and formation of CaH. We find that the vibrational state
of H, affects the reaction while the rotational state does not. Thus we assume H, to be in the

rotational ground state.
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The cold H; gas in the CBGB source is assumed to be in the ground vibrational state initially.

The model includes inelastic vibrational transitions of H, due to collisions with Ca in the cell,

q
ki' (TCa)

H, (i) + Ca H,(j) + Ca, 4.1)

q

i TCa

where i = (0,1), j = (1,2),i # j represent the vibrational level of the molecule. The formation
of CaH is described as

. kK (Tca)
H,(i) + Ca —— CaH + H, 4.2)

where i = (0, 1, 2) represents the vibrational level of H,. Each collision has an associated temperature-
dependent rate which is calculated via the QCT method (Sec. 4.5.2), k?j (Tca) for the vibrational
excitation of Hy and k7 (Tc,) for the formation of CaH.

We use a deterministic approach to study the evolution of these reactions in a closed system
at thermal equilibrium by solving the set of differential equations associated with Eqgs. (4.1) and
(4.2). The temperature of the reaction is given by the translational temperature of Ca, or 7¢,, which

falls via collisions with the H, and He buffer gases according to

dTca _ Ru,(Tcao —Thy)  Rue(Tcao — The) 43)
dt KH, KHe - .

The elastic collision rate between Ca and buffer gas (BG = He, H») is given by Rpg = nBGo'ElG\'/Bg,

where ngg, O'EIG, and vgg are the BG density, elastic cross section between Ca and BG, and average
relative velocity between Ca and BG, respectively. Tc, o is the initial kinetic temperature of Ca, and
kG = (mca + mpg)?/ (2mcampg). More details of the reaction network model and QCT methods

can be found in Sec. 4.5.2 and Ref. [84].

4.3.3 H, as a Buffer Gas Coolant

We observe a pronounced discrepancy in the experimental production of CaH or CaD depend-

ing on whether Hp, HD, or D is used as the reactant gas. With Hy, substantial yields of thermalized
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Figure 4.5: Time-averaged densities (0-1 ms after ablation) of Ca and CaH (or CaD) under different
gas flow configurations. Reactant gases H,, HD, or D, are supplied at 20 SCCM, with He (if used)
added at 8.8 SCCM. Ablation energy is 19 mJ per pulse. Green, yellow, and red bars represent
results for Hy, HD, and D5, respectively, while black-framed bars show the yields with He added.
The dashed lines indicate the detection limits. Figure adopted from Ref. [83].

Ca atoms and CaH molecules are detected, even in the absence of He as a buffer gas (Fig. 4.5,
green). In contrast, using HD or D, under similar conditions results in significantly lower yields
of thermalized Ca atoms, with molecular production falling below our detection limits (Fig. 4.5,
yellow and red). These findings highlight the unique advantages of H; as a reactant and cooling
medium in CBGB systems.

This phenomenon can be explained by the exceptionally high saturated vapor pressure of H at
cryogenic temperatures. For instance, the vapor pressure of Hp at 6 K is ~ 1.5 mTorr, a few orders
of magnitude higher than for HD (4.0x10~2 mTorr) and D5 (1.5x1073 mTorr) [85, 86]. This high
vapor pressure allows a sufficient density of H, molecules to remain in the gas phase, enabling
several productive collisions with Ca atoms before adhering to the cell walls or exiting the cell,
and thus facilitating efficient chemical reactions and thermalization. In contrast, the lower vapor
pressures of HD and D; result in rapid conversion to a condensed phase, leaving an insufficient

gas-phase density to sustain a reaction with Ca. Additionally, the QCT simulations indicate an

order of magnitude decrease in the formation of CaD in the presence of D, when compared with

70



CaH formation in the presence of H,. This can be attributed to the increased mass of D, compared
with Hy [84].

Introducing cryogenic He into the system enhances the yields of both thermalized Ca atoms
and CaH molecules across all reactants (black-framed bars in Fig. 3). This effect is likely due to
He’s high efficiency in gas mixture thermalization and providing hydrodynamic entrainment [68],
which helps maintain a more stable and homogeneous environment in the cryogenic cell that is
conducive to Ca and CaH detection. Adding He into the system therefore mitigates the limitations
imposed by the lower vapor pressures of HD and D,. Note that the CaH molecular yield does not
increase as much as the thermalized Ca yield in the presence of He. This could be attributed to a
faster drop of the Ca atom temperature in the presence of cryogenic He which in turn reduces the

chemical reaction efficiency.

4.3.4 Collisional Cross Sections

Elastic collisions play a pivotal role in the thermalization process of CBGB systems. Larger
elastic cross sections correspond to higher collision rates, facilitating rapid thermal equilibration
of translational degrees of freedom. Inert gases such as He and Ne are often favored as buffer gas
choices due to their relatively large elastic collisional cross sections with a variety of molecular

species, on the order of 10714 cm?

. Due to our observations of a strong Hj buffer gas cooling
effect, here we study the elastic cross sections of Hy, HD, and D, with Ca and CaH.

We employ a method adapted from Ref. [68], where we monitor the exponential decays of
in-cell signals over time to derive the elastic collisional cross section. Details of the method can be
found in Sec. 4.5.4. The data is presented in Fig. 4.6.

In order to reduce measurement errors, we select multiple ablation spot and flow rate combina-
tions, and take statistical averages of the results. Given the low densities of Ca and CaH (or CaD)
when using the HD and D, gases, we average these measurements more extensively. Noticeable

shifts in the background signal were observed during measurements involving H,, HD, and D»,

likely due to sublimation of ice deposits on the cell windows. This was accounted for by including
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Figure 4.6: (a) Sample Ca density trace as a function of time after the ablation pulse. The blue curve
is the original data, the orange line highlights the data used for fitting, and the green dashed line
indicates the fitted result. This data is obtained with 8.8 SCCM He flow. (b) Measured collisional
cross sections of He, H,, HD, and D, with Ca and CaH. Figure adopted from Ref. [83].
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a constant offset in the exponential fit. Ultimately, we have measured the elastic cross section of
H, with CaH to be 4.1(1.0)x107'6 cm?. This is high enough for efficient translational cooling in
a regular buffer gas cell. We have also measured the ro-vibrational temperature of CaH with a H,

buffer gas (Sec. 4.5.1) which provided evidence for efficient cooling with Hj.

4.4 Conclusion

We have observed and quantified the remarkable chemical and thermal properties of H, molecules
as a reactant and buffer gas in CBGB sources. Our study of the chemical production of CaH

molecules demonstrates several notable phenomena that broaden the scope of cryogenic chemistry
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studies. This work also demonstrates a reliable method for generating cold CaH molecules in their
ro-vibrational ground states, which shows a ~ 5-fold improvement over previous approaches [30,
87, 88], and holds significant promise for producing ultracold trapped clouds of CaH and ultimately
H atoms for quantum chemistry experiments and high-precision spectroscopy [89].

The successful production of CaH molecules despite the significant reaction barrier (~2.7 eV)
demonstrates the effectiveness of Hy as both a reactant and a cooling agent. This observation
challenges the conventional thermodynamic assumptions associated with endothermic reactions in
CBGB setups. The ability of H, to simultaneously facilitate chemical reactions and act as a buffer
gas coolant highlights a dual functionality that has not been previously explored in depth.

The isotopic comparison reveals that H, outperforms D, and HD in both chemical reactivity
and buffer gas cooling efficiency. This disparity can be attributed to the higher saturated vapor
pressure and lower melting point of H; at cryogenic temperatures, as well as larger collisional
cross-sections. These properties ensure a more robust supply of cold H, molecules in the gas
phase.

We have simulated the reaction dynamics in a CBGB source using a reaction network model
supplied with reaction rates from QCT simulations. This reaction model predicts the dependence
of the reaction rate on the vibrational state of H, and successfully captures several qualitative
trends observed in our experiments. This includes the influence of translational temperature on
reaction dynamics and the isotopic differences. However, the inability of the model to accurately
predict the reaction efficiency trend in the high density regime points to the need for more refined
theoretical approaches such as including additional quantum mechanical effects.

This study advances the understanding of cryogenic chemical reactions and highlights the po-
tential of Hj as a versatile tool in CBGB systems. By combining experimental observations with
computational modeling, we provide a comprehensive picture of the unique properties of H, and

its isotopologues, paving the way for future explorations in this field.
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4.5 Further Details

4.5.1 Rotational Temperature

—
Q
N
(o))
|

@ (N=0)/(N=1)
5 (N=2)/(N=1)

0 l— 1 1 1
0 15 20 25
Ablation energy on target (mJ)
ﬂﬁ7_§ \

o 25 \ —— Fitted

N .9

IR

g | 21 ()

E 13859 i ]

= 5l @  Rotational quantum number N

o

.0

e

o

0'e

N

10 15 20 25
Ablation energy on target (mJ)

Figure 4.7: (a) Relative in-cell absorption for X?X*(N = 0) and X>X*(N = 2) states with respect
to X>Z*(N = 1), versus ablation energy. Absorption for X>X*(N = 3) and higher ro-vibronic
states is below the detection limit and therefore neglected. Solid lines are fitted quadratic functions
to guide the eyes. (b) Fitted rotational temperature versus ablation energy. Temperatures are
extracted from a least-squares fit according to Eq. (4.4), as shown in inset (c). Figure adopted from
Ref. [83].
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We measure the rotational temperature of the molecules by comparing the relative populations
in different rotational states. Figure 4.7(a) shows the measured relative absorption of X?X*(N =
0) and X?>T*(N = 2) states with respect to X?X*(N = 1) for varying ablation energies. The
transitions involved in these measurements are AII, PV =0,J =1/2, =) « X2zr(v" =
0, N =0,J"=1/2, +), ATl p(v/ =0, J' =3/2, +) « X*£*(v" =0, N" =1, J" =3/2, -),
and AL (v =0, J/ = 5/2, =) « X*Z*(v" =0, N” =2, J” =5/2, +), for the states with
N =0, 1, and 2, respectively. We fit the relative absorption values to extract the corresponding

rotational temperature via the expression

PxSxdx e—BN(N+1)/kBT’ (44)

where P, S, d, and B denote the absorption, the Honl-London factor, the degeneracy of the hyper-
fine states, and the ground-state rotational constant, respectively, and kg is the Boltzmann constant.
The fitted rotational temperature as a function of ablation energy is shown in Fig. 4.7(b), with the
inset (c) showing a sample fit. With the knowledge of the rotational temperature, we can use the
population in the X?>X*(N = 1) state to predict the population in all occupied rotational states. We
find that the rotational states higher than X?<*(N = 2) can be neglected here since their population

is very small with buffer gas cooling down to ~6 K.

4.5.2 QCT Simulations

We use the quasi-classical trajectory method (QCT) [90, 91] via the PyQCAMS [92] software
to calculate the energy-dependent cross sections relevant to the reaction network in Eqs. (4.1-4.2).
The particle motion is treated classically, such that their trajectories are found using Hamilton’s
equations of motion. The internal states are treated according to the Bohr-Sommerfeld quantization
rule, which quantizes the classical action into discrete energy levels. Thus, we gain insight into the
state-to-state cross sections of relevant processes, such as the vibrational excitation or quenching

of Hy, or a reaction leading to CaH formation, at variable collision energies. For an appropriate
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Figure 4.8: Temperature-dependent rates for the (a) vibrational quenching of H; and (b) vibrational
excitation of Hy, where the subscripts denote the initial and final vibrational states of H;, and (c)
formation of CaH from the collision between Ca and H;, where the subscripts denote the initial
vibrational state of H,. Figure adopted from Ref. [83].

Maxwell-Boltzmann distribution of energies, we then calculate the temperature-dependent rates
of these processes by integrating the cross sections over the energy range. For example, after

calculating the energy-dependent cross section 0'5. (E) of a vibrational excitation of H, from state

i to state j through collisions with Ca, the temperature-dependent rate is given by

2 E .p,
e K GG =

1/2
where v(E) = (ZTE) represents the relative velocity between Ca and Hj, with the reduced
mass = mcamu,/(mca + my,). The same procedure is performed to calculate the temperature-

dependent rate for reactive collisions leading to CaH formation, k/(7'), for a given initial vibra-
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tional state 7 of Hp. Figure 4.8 presents the temperature-dependent rates that were used in our

reaction model.

4.5.3 Ablation Plume Temperature Measurement
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Figure 4.9: (a) Ca absorption spectra at different ablation energies. The data is fitted with the
Gaussian function. (b) The Ca plume temperature versus ablation energy. The gray shaded area
represents the theoretical temperature that optimally matches with experimental results in the main
panel of Fig. 4.3. Figure adopted from Ref. [83].

We have measured the dependence of the ablation plume temperature on the ablation energy
when there is no gas flow in the system, as shown in Fig. 4.9. The temperature of the ablation plume
is determined by analyzing the measured absorption linewidth of the Ca 4s4p 'P; « 4s5% 1S,
transition at 423 nm. While the Ca yield remains stable during the measurement, we sweep the
frequency of the 423 nm laser through the cell and observe a Gaussian-shaped absorption spectrum.
Its linewidth is influenced by various line-broadening mechanisms which we carefully consider to
identify the dominant contributor.

The natural linewidth of the transition is ~ 30 MHz. Collisional broadening is negligible here

due to the low density of the buffer gas in the cell, and power broadening is minimal due to the low
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intensity of the probe laser light. Consequently, the dominant broadening mechanism is attributed
to the Doppler effect. The measured linewidth of ~ 1 GHz is significantly larger than any of the
other broadening contributions, allowing us to directly translate the linewidth to temperature.

It is important to note that the measured temperature represents a lower bound on the actual
translational temperature of the ablation plume. In non-equilibrium systems such as the CBGB
source, the translational temperature is anisotropic: the temperature along the direction of ablation
is typically higher than the temperature perpendicular to it [93]. Based on our QCT simulations,
a temperature of 1480(60) K provides the best fits to the experimental data. We therefore esti-
mate this value to be near the average plume temperature in our system. Future experiments with
more optical access could enable measurements along multiple spatial directions to provide a more

precise characterization of the plume’s anisotropic temperature distribution.

4.5.4 Extraction of Collisional Cross Sections

Here we describe the determination of the elastic collisional cross sections. These measure-
ments are based on the method in Ref. [68]. We assume that particles either stick to the cell
walls or exit through the cell aperture via a diffusion process when the density of buffer gas is
low. By monitoring the decay of the signal over time, we estimate the diffusion time constant and
consequently derive the elastic collisional cross section.

The diffusion time constant is extracted by fitting an exponentially decaying function to the
later part of the absorption time trace as illustrated in Fig. ??(a). The elastic collisional cross
section is then

IOmVvRGT

o= —
16AcennBG

(4.6)
where vpg = +/8kpTy/mmpg is the expected speed of the buffer gas which follows the standard
Maxwell-Boltzmann distribution, 7 is the fitted diffusion time constant, Ay is the cross-sectional
cell area of ~ 5 cm?, and ngg is the density of the buffer gas. The density is set by controlling the

flow as npg = 4 fsG/VBGAaperture» Where fpg is the flow rate of the buffer gas into the system and

Agperture 18 the aperture size of the buffer gas cell of ~ 0.25 cm?.
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Ca 13.2(2.8) 3.5(1.2) 1.8(0.2) 1.3(0.4)
CaH 77(25) 4.1(1.0) 3.3(1.4) -

Table 4.1: Collisional cross sections (in units of 10~!% cm?) for Ca and CaH with He, H,, HD, and
D,. Table adopted from Ref. [83].

To reduce systematic errors, we chose 3 different ablation spots and 2 different gas flow rates,
and averaged the results to obtain the cross section values and the measurement error estimates.

The results are presented in Table 4.1.
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Chapter 5: Study of Predissociation

For a majority of my PhD, we talked about the feasibility of optical slowing CaH. And the
word that was discussed most is predissociation. It is an unwanted phenomenon, and detailed
characterization, aka the result of this study, is critical to the future of this experiment and deter-
mines the feasibility of optical deceleration. To introduce predissociation in a sentence: whenever
we excite the molecules to excited states, predissociation is the possibility that the molecule just
breaks apart and get lost completely. I will introduce the background of this measurement, the
experimental method and result, and theoretical characterization performed by our collaborator,

Claire, Anastassia, Daniel from UCLA, and Lan from JHU.

5.1 Relevant Background Information

Rapid and repeated photon scattering is not only an efficient method of removing entropy from
an atom or a molecule via photon recoils [94], but it also enables high fidelity single quantum state
preparation and measurement needed for quantum information protocols [95, 96]. Optical cycling
between the ground state and a low lying electronic excited state has led to recent progress with
laser cooled molecules, such as tweezer arrays of CaF [97], a three-dimensional lattice of YO [98],
magneto-optical trapping (MOT) of CaOH [77] and one-dimensional Sisyphus cooling of CaOCH3
[80].

The primary challenge of direct laser cooling is the enormous photon budget necessary for
bringing a cryogenically precooled molecular beam to within the MOT capture velocity [99, 100].
For example, typical molecular beams emanating from a cryogenic buffer gas beam (CBGB) source
travel at mean forward velocities of ~ 200 m/s [68]. The recoil velocity per photon is ~ 20 mm/sec.

Hence upwards of 10,000 photon scatters are needed to bring the molecular beam to a standstill.
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Figure 5.1: CaH molecular properties relevant to this work. (a) Potential energy surfaces (PES) for
the 4 lowest electronic states - X°X*, A’II, B2+ and D?>%*. Spin-orbit interaction is not included
here. The x-axis is the internuclear separation r in bohr radii (ag) and the y-axis is energy in
cm™ (1 cm™ ~ 30 GHz). The energy origin is chosen as the Ca(!$)+H(2S) continuum threshold
(vin). Superimposed are the wavefunctions (bottom to top) for the X (v” = 0) absolute ground
state, X (v” = 15) lowest energy bound state and B(v" = 4) excited state. (b) Experimental layout
used for this work. A buffer gas cooled molecular beam emenates from the cryogenic cell and
encounters four spatially separated regions. The state preparation (S), interaction (I), clean-up (C)
and detection (D) regions. Each region is composed of multipassed lasers described in the text. (c)
Relevant vibrational branching ratios (squiggly arrows) calculated for the B>X* state. Measured
predissociation probabilities for the B(v' = 0) and B(v’ = 1) are denoted by dashed lines. Figure
adopted from Ref. [89].

In addition, these photons need to be scattered at a rate faster than 10 s~ to accomplish slow-
ing within a ~ 1 m distance. Satisfying all these criteria simultaneously can be challenging for
molecules with complex internal structures. Indeed, alternative slowing schemes such as travelling
wave Stark deceleration [101], electro-optic Sisyphus effect [102], centrifuge deceleration [103]
and Zeeman-Sisyphus slowing [104] have been demonstrated for atoms, diatomic and polyatomic

molecules. These alternate schemes leverage the state dependent electric and magnetic field de-

pendencies to remove entropy with minimal photon scatters. However, quantum state resolved
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detection still requires optical cycling.

5.2 What is Predissociation and Why Do We Study It

Although calcium monohydride (CaH) was amongst the earliest candidates proposed for laser
cooling [105], not much experimental progress was made in that regard until recently [106]. One
of the reasons is the unique electronic structure of CaH [33]. In CaH, the lowest energy excited
state A%IT, /2 lies roughly 556 cm™! above the Ca(!S)+H(2S) dissociation threshold of the ground
X?Z* manifold (Fig. 5.1(a)). So a molecule in the excited state can, in principle, decay into the
continuum via a radiationless transition. This phenomenon is known as predissociation [107, 108].
This decay pathway is different from vibrational branching in that a predissociated molecule can
not be optically repumped back into the bound state because of the significant physical separation
and relative velocity of the dissociated fragments. Hence the predissociation probability (P,4) sets
a limit on the number of photons one can scatter with laser cooling.

Despite the fact that the A%IT; /2 state in CaH lies above the ground state threshold energy, pre-
dissociation from the A%IT, /2 to X2X* continuum is nominally forbidden due the Von Neumann-
Wigner no crossing rule [109]. In the case of diatomic molecules, only states with different sym-
metries can cross while those with same symmetries form avoided crossings [110, 111]. In other
words, the molecular Hamiltonian does not couple states with different symmetries. So the second
lowest excited B*X* state is expected to predissociate but the A%IT, /2 state is not. However, effects
like spin-orbit coupling can lead to mixing of A%IT; /2 and B?X* states leading to a small, but finite,

P, for the A2H1/2 state.

5.3 Theoretical Modeling of CaH

The starting point for our calculations is the construction of potential energy surface (PES)
for CaH. All calculations were performed using the Molpro program [112, 113, 114]. We adopt
a similar basis set and active space as a previous paper [115], where we use cc-pwCVQZ [116]

for Ca atom and aug-cc-pVQZ [117] for the H atom. Calculations were performed in C;, sym-
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metry, which is the nearest Abelian point group to C,. Orbitals were generated with a restricted
Hartree-Fock formalism (RHF), then further optimized in a state-averaged complete active space
self consistent field (SA-CASSCF) [118] calculation involving three active electrons and 9 active
orbitals. For the X* states, four states were averaged at equal weights in the SA-CASSCF calcula-
tion, with (5,2,2,0) closed and (9,4,4,1) occupied orbitals.

For the AT state, since only abelian point group symmetries are available, a two-state SA-
CASSCEF calculation with the same active space was performed in C;, symmetry involving sym-
metries 2 and 3 of equal weight to represent the C., A state. These wavefunctions were then
used in a multireference configuration interaction calculation with Davidson corrections for higher
excitations (MRCI+Q) [119, 120, 121]. Here, (3,1,1,0) orbitals made up the core, (5,2,2,0) were
closed and (9,4,4,1) were occupied. Electron correlation involving double and single excitations
were allowed. Spin-orbit was incorporated at the MRCI level using the Breit-Pauli Hamiltonian
[122].

The following three-state Hamiltonian (for the X>X*, B2X* and D?E* electronic states) was

diagonalized to obtain wavefunctions, FCFs and predissociation estimates:

> (p'+A[(1)?
ZH/ = Z chj(r) +Vi(r)g;(r) (5.1)
J I

The first term is the kinetic energy operator, in which p is the standard momentum operator,
expressed on a grid via the Colbert-Miller derivative. We represent the momentum operator in
position space so that we can incorporate our nonadiabatic coupling term directly, which is com-
puted in the position representation. A;;(r) = (‘I’i Y/ |‘I’,- |p¥ j> is the nonadiabatic coupling term.
We obtained <‘Pi|%‘{’ j|‘Pi |%‘Pj> from a dr = 0.001 ag potential energy surface scan via Molpro
electronic structure calculations, and interpolated this onto a spline to represent A;;(r). u is the
reduced mass of CaH. Finally, V(r) is obtained from the dr = 0.001 ag scan via the MRCI+Q
Davidson energies and interpolated onto a spline before being incorporated into the Hamiltonian.

At 8 a.u., an optical potential of the form —i(0.2)(r — 8)?/82 is added only to X2X* state’s
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V(r) at the PES asymptote with each grid-point to simulate the continuum and create a flux equa-
tion. The Hamiltonian is then diagonalized. This optical potential enforces imaginary eigenvalues
which are directly related to the non-radiative rates which are then compared to the radiative rates
calculated from the MRCI-computed transition dipole moments, to obtain a predissociation prob-
ability.

For spin-orbit coupling, the active space for X>E*, A’IT, /2 and B?X* states must be the same,
therefore a compromise was chosen to optimize the X?>%* and B>X* FCFs over the AT, /2 state.
Interestingly, we note that using our basis set and active space but shifting the AIT, /2 potential
energy surface can also produce FCFs that are equivalent to experimentally measured VBRs, as
seen in Table 5.1. This is because the static correlation has converged but important dynamic
correlation which is dependent on the original CAS active space and which shifts the equilibrium
bond length obtained via MRCI, is missing. We note that previous work, which used a different
active space and basis set, predicted A%II, /2 —B?X* FCFs which are quite close to experiment,

but cannot successfully reproduce the B*X* to X>X* FCFs.[33]

.. Vibrational Quanta | FCF Calculated | FCF Measured
Transition ’
() (fov) (fov)
0 0.9568 0.9572(43)
, 1 0.0401 0.0386(32)
A= X 2 2.9x10°3 42(3.2)x1073
3 2.5x107% -

Table 5.1: Calculated and measured values of FCFs for CaH. We show the experimental FCFs
taken from [106] for comparison. A’ is the same active space as the B23* state in this work,
shifting the potential to the left by 0.0375 a(. Table adopted from Ref. [89].

5.3.1 Calculation of Franck-Condon Factors

Next, we employ the vibrational wavefunctions obtained in Section ?? to calculate the Frank-
Condon factors (FCFs) for the CaH transitions of interest. FCFs are calculated using a grid repre-
sentation of the vibrational wave functions. A spline interpolation was fit to the potential energy
surfaces calculated in Molpro to create the potential energy functions, V(r). The real space ki-

netic energy operator was approximated with the Colbert-Miller derivative [123]. Nonadiabatic
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Transition Vibrational Quanta | FCF Calculated | FCF Measured
(V”) (va”) (va")
0 0.9788 0.9572(43)
1 0.0205 0.0386(32)
A=X 2 6.8x1074 4.2(3.2)x1073
3 4.1x107 -
0 0.9789 0.9807(13)
1 0.0192 0.0173(13)
B=X 2 1.8x1073 2.0(0.3)x1073
3 1.4x107% -

Table 5.2: Calculated and measured values of FCFs for CaH. We show the experimental FCFs
taken from [106] for comparison. Note that the active space was optimized for the B state for this
work, which leads to a disagreement for the A state. Table adopted from Ref. [89].

coupling vectors were computed analytically with the CP-MCSCF program [124] in Molpro and
fit to a spline interpolation. They were incorporated into the Hamiltonian by directly adding the
nonadiabatic coupling to the momentum operator [125]. The Hamiltonian was diagonalized to ob-
tain eigenvalues and eigenvectors. Our calculations converged with a grid-spacing (dr) of 0.007
ap and a box size of 16.5 aq. Details are discussed in Appendix ??.

We compare our calculated FCFs to previous experimental measurements taken from [106] in
Table 6.1. We chose the active space which matched B>~* and X2+ state FCFs and vibrational
energies in all calculations, since MRCI spin-orbit coupling (SOC) requires the same active space
for all involved states. Therefore, the FCFs for A%II could be improved with varied active space,
but a compromise was made to estimate SOC splittings. Despite this compromise, we find the
AT, /2 potential is still the correct shape but slightly incorrect equilibrium bond length. More

details are in Table 5.1 in the SI.

5.3.2 B2X* Predissociation Estimate

Predissociation estimates were computed using an optical absorbing potential, which has pre-
viously predicted scattering cross sections close to experiment [126, 127, 128, 129]. An absorbing,
optical potential of the form —i(0.2)(r — 8)%/8% was added to the X?Z* potential energy starting

and centered at 8 ag with a height of 0.2 a to resemble a decaying half-parabola. Results are insen-
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sitive to absorber placement so long as it is placed along the potential energy surface’s asymptote
and has a width larger than the typical de Broglie wavelength [126]. This creates a channeled flux
equation which imposes a boundary condition on the wavefunction and eigenvalues now have an
imaginary component.

This component, for example, the imaginary eigenvalue of B(v' = 0), is directly related to
the nonadiabatic coupling between that vibrational wavefunction and the X continuum (where we
placed our absorber), as the nonradiative transition rate Ayg. Due to limitations in time-resolved
measurements, we estimate predissociation as the ratio of our calculated nonradiative (Ayg) and

radiative (Ag) decay rates, via Ayr/(Ang + AR).

5.4 B2?X* Predissociation Measurement

5.4.1 Experimental Setup

The experimental setup has been described in our previous publication [106]. Briefly, CaH
is generated through ablation of a CaH, target by a pulsed Nd:YAG laser at around 1 Hz. CaH
is buffer gas cooled by helium at 6 K and ejected from the cell aperture to form a beam. The
molecules are predominately in the X?X* (v = 0) state. The beam of CaH then enters a high
vacuum chamber which, in this measurement, is divided into four regions: state-preparation, in-
teraction, clean-up, and detection region, as shown in Fig 5.1(b). In the first three regions, the
molecular beam intersects with transverse lasers that address X — A or X — B transitions. These
lasers can be switched on and off by independent optical shutters. The laser beams are multipassed
to increase the interaction time with the molecular beam. In the detection region, we apply a single
pass X — A or X — B light and use an iXon888 EMCCD and Hamamatsu R13456 PMT to
collect the laser-induced fluorescence (LIF) signals for spatial and temporal detection. Typically
every molecule scatters around 20 photons in the detection region, which implies that we are not
sensitive to the initial spin-rotation and hyper-fine distribution. All transitions addressed are from
the X2X* (N” = 1) state (N is the rotational quantum number) to A2H1/2 (J’ = 1/2) (J is the

total angular momentum quantum number) or B2X* (N’ = 0) states in order to obtain rotational
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closure [105]. We use electro-optic modulators (EOM) to generate sidebands on all lasers to cover
all hyperfine states (HFS) as well as to address spin-rotation manifolds. All transitions used here
were first measured experimentally with HES resolution.

To concisely describe the lasers used in this study, we adopt the notation M é\,’_v,, , which denotes
the transitions addressed and the spatial positions of the lasers. M can be either A or B, representing
the electronic state of the excited manifold. N can either be S, I, C, or D, meaning state preparation
region, interaction region, cleanup region, and detection region, respectively. In addition, we use
Fyyvy notation to describe the vibrational branching ratios (VBR) from either A%I1; ), or B>L*
states (represented by M) to X?X* states. For example, Fpo; is VBR from B’Z* (/' = 0) to
X232+ (v = 1). We also use similar notations, Fpo, and Fgj, to represent the predissociation
probabilities from B>X* (v/ = 0) and (v = 1) states.

Next we describe the important properties of the lasers that we use in this experiment, and the
transition frequencies for reference. All laser beams eventually pass through an EOM to generate

all the sidebands needed to address HFS.

* In the state preparation region, we use Af_o (637 nm) light that is generated from two sets of

injection-locking amplifiers (ILAs) to address the spin-rotation states, with 95 mW of power.

* In the interaction region, multiple lasers are applied. A(I)_0 (695 nm) or A{_ , (693 nm) is
from two ILAs that provide 60 mW in total. B(I)—o (635 nm) or B{_l (636 nm) is from two

ECDLs with 52 mW in total.

* In the cleanup region, Bg_ ; (690 nm) is from two sets of ILAs with 90 mW of power, AIC_0
(637 nm) is from two sets of ILAs at 88 mW, A]C_2 (758 nm) or Ag_l (762 nm) is from
SolsTiS continuous-wave Ti:Sapphire laser, with a 1 GHz EOM to address the spin-rotation

states. The total power is 93 mW.

* In the deteciton region, Bé)_0 (635 nm) is from two ECDLs with 60 mW of power, A(l))—o

(695 nm) or AID_1 (693 nm) is from two ILAs with 96 mW of power.
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The frequencies of all the transitions that we used can be found in Table 5.4.1. All frequen-
cies are measured transverse to the molecular beam, with < 10 MHz statistical uncertainties and
< 60 MHz systematic uncertainties from the wavemeter. HFS in the ground states is clearly re-
solved in all spectra, while HFS in the excited states is not resolved in our measurements. Our
measurements are consistent with the data presented in previous work [27] with less than 60 MHz

discrepancy.

5.4.2 B2X* (v = 0) Measurement Method

In order to measure the predissociation probability of B>Z* (v/ = 0) state, we need to scatter
as many photons as we can in our system via B>Z* (v/ = 0) state, and detect population loss that
cannot be explained by known effects, predominantly rovibrational losses. To characterize the loss
in our system, we design several stages, each utilizing different lasers to interact with the molecular
beam. We monitor the population of the v = 0 ground state in the detection region by detecting
laser-induced fluorescence (LIF) signals from the Bg_o laser. For this measurement, we employ
a total of six stages. By defining temporally stable parameters that describe the properties of our
system, we can express the molecular population distribution at different stages.

For example, in the Unperturbed stage we detect X (v” = 0) population. The population is
denoted as N. This is also the calibration stage so the signals of every other stage will be referenced
to the signal of this stage. In the Cleanup stage we apply Bg_l laser, and the X (v” = 0) population

is N + niN«kFpoo/Fpo, where n; is normalized X (v” = 1) state natural population, « is the cleanup

C

efficiency of laser B;_,,

and Fp, = Fpoa + Xicz+.iz1 FBoi 1s the VBR normalization factor. This
factor accounts for the discrete probability distribution of decay processes based on the VBRs and
Ppq. By taking the ratio of the integrated signal of X(v” = 0) population from Cleanup stage
with signal from Unperturbed stage, we get the parameterized ratio Ry = 1 + n1«Fpoo/Fpo. In
addition to the Unperturbed and Cleanup stages, we have four more stages in this measurement,

resulting in a total of five ratios and five parameters (including P,4). The details of all the stages,

such as the laser configuration and expression for the normalized signal in each stage, can be found
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Ground | v’ | N” | J” | F” | Excited | v | N" | J’ | Frequency (THz)
3 |2 431.274552

1 431.274653

X 101 Ll A0 - 2 6565
0 431.276512

3 |2 472.026689

1 472.026790

X 011 o L] B 01012 472.028702
0 472.028649

= !

X 1l Ll AT - T2 35313058
0 432343902

0 LI

X b 1o L] B bpopin 471.559025
0 471.558969

= o

X 01 1 1 A -z 470.115873
0 470.115819

372 oS 1Ta1s

X 21 19 1 A L=z 395.718978
0 395.718928

3 |2 434.254840

1 434.254949

X bl o L] B 010172 434256787
0 434.256731

3 |2 393.502723

1 393.502832

X Pl A0 - 2 53504670
0 393.504614

Table 5.3: Here we present the frequencies of all the transitions we used in this experiment. The
A, /2 and B>X* states that we used have unresolved hyperfine splittings. All frequencies pre-
sented here have 10 MHz statistical uncertainty and 60 MHz systematic uncertainty due to the
wavemeter used for measurement. Table adopted from Ref. [89].
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in Table 5.4 and Table 5.5.2. By designing the experiment in this way, we acquire five equations
(ratios equal to parameterized expressions) and five variables. Consequently, we can solve the set
of equations and express Fpo, with R;s. By measuring R; precisely, we can estimate the B>+
(v" = 0) state predissociation probability.

Table 5.4 provides the necessary details regarding the configurations and expressions of the
stages used to measure the B>X* (v = 0) state predissociation probability. On the other hand,
Table 5.5.2 presents a more comprehensive overview of the parameterized population in various

vibrational states.

Purpose Upstream Laser Config Downstream Normalized v = 0 State Pop Averaged Signal Ratio
Unperturbed - 1 -
Cleanup BS. 1+nxFpoo/ TB, 1.05(2)
X-A Depletion Al g da 0.018(6)
X-A Depletion + Cleanup A6—0 + B()C—l dA + [(1 - dA)FAOI /TAO +ny ]KFBOO/‘}-BO 0.94(2)
X-B depletion Bl | dp 0.086(8)
X-B Depletion + Cleanup 3670 + Bg—l dp + (1 —dg)Fpo1/FB, +n1l«Fpo/FB, 0.87(2)

Table 5.4: Experimental stages for B(v' = 0) state predissociation measurement. In the second
column, we use M i\,]_v,, notation to describe the laser information. M can be either A or B, rep-
resenting the electronic excited state. N can be S, I, or C, representing state preparation region,
interaction region, and cleanup region, respectively. In the third column, we express the normal-
ized ground state molecule population at different stages with respect to that of the unperturbed
stage using unknown variables and calculated VBRs. We use five variables here, including n1, «,
Fpoa, d4 and dp, representing X (v = 1) state natural population, cleanup efficiency of laser BIC_O,
B(v" = 0) state predissociation probability, depletion efficiency of laser A(I)_0 and depletion effi-
ciency of laser B(I)—o’ respectively. We denote the VBR normalization factors as Fa, = >icz+ Faois
FBo = Fpoa + Xicziz1 FBoi» and Fp, = Fpog + Yjez+ Fpoi. A more complete table of vibrational
population distribution can be found in appendix Table 5.5.2. Table adopted from Ref. [89].

543 B?X* (v = 1) Measurement Method

For B(v' = 1) state, similar to v/ = 0, predissociation is measured within the same framework
of stages. We design two different methods, each consisting of multiple laser configurations and
detection regions, to measure the same quantity. In method I, we use six stages, where we always
monitor the X (v = 0) population downstream using laser Ag_o. The aim is to populate X (v = 1)
state via an off-diagonal pumping laser A‘f_o and perform photon cycling between X (v” = 1) and

B(v" = 1) states. We expect to see an increase of X (v” = 0) population due to optical cycling. We
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can repump the molecules that remain in X (v” = 1) state back to v/ = 0. Given the knowledge
of the VBRs and after adding up the fractions, population that comes back might not add up to
the number that we expect from vibrational loss. By ruling out other effects that might cause this
difference, we can attribute the loss to B(v" = 1) predissociation. The details of the six stages can
be found in Table 5.5.

Method II is different from the previous two cases in a few ways. We monitor the X (v = 1)
population instead of v/ = 0 such that we can account for the loss to both v = 0 and v = 2 states
with high enough signal-noise ratio (SNR) using laser BID_ - We use ten stages in this method,
leading to nine measurable ratios. And we use seven parameters in total, which means we have
more equations than variables. To find the optimal solution set in this over-contrained system, we
define a least-squared objective function, and use Levenberg-Marquardt algorithm to search for the

local minimum in the parameter space with reasonable initial guesses.

Purpose Upstream Laser Config Downstream Ground State Pop Norm Averaged Signal Ratio
Unperturbed - 1 -
State Prep AT l-a 0.22(2)
Cleanup AS 1+nikFao/Fa, 1.10(3)
State Prep + Cleanup A?—0+Agj—1 Ll —a+(ny+aFa11/Fa,)kFao/Ta, 1.01(3)
State Prep + X-B 1-1 Cycling AT (+B] | 1 —a+ (n +aFa11/Fa,)dsFpi0/ s, 0.39(2)
State Prep + l-a+(n +aF, dpF
X-B 1-1 Cyclingp+ Cleanup AV o+ B +Af | (+1(1 - dgl)llffzzozo)/(?‘_z )Bl()/(}:B2 0.402)

Table 5.5: Method I of B*>X* (v = 1) state predissociation measurement. Notations are the similar
with what are used in table 5.4, so here we will only discuss the differences. In the third column, the
variables include a, ny, k, Fp1, and dp, representing state preparation (from X (v” = 0) to X(v"/ =
1)) efficiency, X (v” = 1) state natural population, cleanup efficiency of laser AIC_O, B(v' =1) state
predissociation probability, depletion efficiency of laser B{_l, respectively. We denote the VBR
normalization factors as Fa, = Xez+ i1 Faoi» Fa, = Xiez+ Fariand Fp, = Fpia+2icziz1 FB1i- A
more complete table of vibrational population distribution downstream can be found in appendix
Table 5.5.2. Table adopted from Ref. [89].

5.4.4 Predissociation Measurement Analysis

The yield of our CBGB source is relatively stable short term while showing significant drift
long term. In order to reduce the systematic error due to number fluctuations, we put a reference
stage before and after every other stages within a group when taking the data. For example, in

B(v" = 0) predissociation measurement, data was taken in the following order: Unperturbed —
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Purpose Upstream Laser Config Downstream X2X* v = 1 State Pop Norm Ave Ratio

State Prep + Cleanup vO Aio +A1610 ni +(a+«k —ak)Fai1/%a, -
Unperturbed - np 0.13(3)
State Prep AY ny +aFa11/Fa, = Z 0.89(4)
Cleanup vO A ny +c1Fa11/Fa, 0.93(4)
State Prep + X-A 1-1 Cycling Aio + A{71 Z(1-dy) 0.03(3)
State Prep + X-A 1-1 Cycling + Cleanupv0 | A5 (+ Al | + AT | Z(1-da) + (1 —a+ZdaFa0/Fay)k1F a1t/ Fa, 0.33(3)
State Prep + X-A 1-1 Cycling + Cleanup v2 [ AT+ AT_ + AT [ Z(1-da) + (aFa12/Ta, + ZdaFan/Fay)aFaii/Ta, 0.57(4)
State Prep + X-B 1-1 Cycling A?LO + B{_l Z(-dpg) 0.12(3)
State Prep + X-B 1-1 Cycling + Cleanup v0 | AS_ + BT | + AT Z(1-dp)+(1-a+ZdgFpi0/FB,))xi1Fail/Fa, 0.35(3)
State Prep + X-B 1-1 Cycling + Cleanup v2 Af_()+B{_l +A1C_2 Z(1 —dB)+(aFA12/7’"A2 +ZdBFBlz/¢Bz)K2FA11/TA4 0.42(3)

Table 5.6: Method II of B2X* (v' = 1) state predissociation measurement. In the third column, we
introduce seven variables, that include a, ny, 1, k2, Fp14, d4 and dp, representing state preparation
(from X (v = 0) to X (v” = 1)) efficiency, X (v = 1) state natural population, cleanup efficiency of
laser AC , cleanup efficiency of laser AC _, B(v' = 1) state predissociation probability, depletion

1-0° 1-2°
efficiency of laser A{_], depletion efficiency of laser B{_l, respectively. We denote the VBR

normalization factors as Fa, = Yiez+ Fali» Fay = Diezeiz1 Fatis Fay = Ziezr iz2 Fari,and Fp, =
FBla + Xicz i#1 FB1i- A more complete table of vibrational population distribution downstream
can be found in appendix Table 5.5.2. Table adopted from Ref. [89].

Cleanup — Unperturbed — X-A Depletion — Unperturbed ... X-B Depletion + Cleanup —
Unperturbed. The reference stage of B(v' = 1) method I is Unperturbed, while for method II it is
State Prep + Cleanup v0. To calculate the ratios, we divide the signal by the average signal from
the calibration shots before and after. We repeat the sequence of measurements multiple times and
collect all the ratios. The averaged ratios can be found in Tables 5.4, 5.5, and 5.6. The values in
parenthesis denote the 2 — o statistical error. A graphical representation of the analysis process
and a histogram of all five ratios can be found in Figure 5.2.

With the ratios measured, we use a Bootstrapping method [130, 131, 132] to derive the mean
value and build confidence interval of the predissociation probabilities depicted in Fig. 5.3. This
method is particularly useful as it does not require any additional assumptions about the data, such
as the independence assumptions typically made for standard error calculations. We considered
several other analysis methods, such as bootstrapping pair-wise and regular error propagation, but
the outcomes were all within error of each other. Details of bootstrapping method can be found in
Appendix ??.

To demonstrate the robustness of our measurement to small variations in FCFs, we calculate
P, using different values of FCFs obtained from various ab initio calculations [33, 34] and show

that for a range of theoretical FCFs, our measurement consistently produce a non-zero predissoci-
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ation probability (Fig.5.3 triangles). Moreover, we consider other potential loss channels, which
are discussed in Section 5.5.1.

After carefully considering all systematic effects and analyzing statistical errors, we obtain the
predissociation probability for the B>X* (v = 0) state to be 0.00097t%8%%§% and for the B>X*

(v/ = 1) state to be 0.056i%:%‘§j. The reported value for B(v" = 1) is the average of the two methods

(method I yields O.O79f%:%21% and method II yields 0.033’:%81131), and the 95% confidence interval
is the largest of the two methods combined. These values are consistent with the probability
calculated in Sec. 5.3.2 within the order of magnitude. In addition, we perform a comparative
analysis by utilizing the FCFs obtained from previous theoretical work on CaH [33, 34], and the
results are within errorbars of each other. The rapid and monotonic increase in P, seen in Fig. 5.3
can be understood in the context of a bound molecular state quantum tunneling through the B>Z*

potential barrier into an X2X* continuum state at the same energy. As the energy of the incident

quantum state increases, the transmission probability also increases.

AZHX Azl_Iy B2zt
(v=0,mg=1/2) (v=0,mg=1/2) (v=0,mg=-1/2)
AL, '
(v=0,ms=1/2) 0 -35.5i 215
A%y, ) .
(v=0,my =1/2) 35.50 0 2150
B2z .
(v=0,mg =-1/2) 215 21.5i 1400
AL AL B2yt B2+
y
(v:l,ms:I/Z) (v:l,m.;:l/Z) (V:O,mS:_]/Q) (V=1,ms:—1/2)
APTL, .
(v=1,mg =1/2) 0 -35.5i 215f 215
A, ) . |
(v=1,my =1/2) 3550 0 -(21.5f)i 2150
B2zt _ .
(v=0,mg = -1/2) 21.5f (21.5f)i 64 0
B2z '
(V:LmS:_l/z) 21.5 21.5i 0 1310

Table 5.7: Spin-orbit matrices accounting for mixing of vibrational states of the A and B states.
The I, and II, basis states split under SOC to produce II;/, and Il3/, states. Bottom, mixing
between A2H1/2 (v = 1), B2Z* (" = 1) and B>Z* (v' = 0). The Franck-Condon factor f is
introduced to account for the off-diagonal vibrational wavefunction overlap. The diagonal terms
represent the energies of the unperturbed states in units of cm~!. Table adopted from Ref. [89].
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545 A%, /2 Predissociation Estimate

The AT, /2 state in the diatomic molecule CaH does not undergo predissociation via the pro-
cess described for the B2X* state in the previous sections. However, spin-orbit coupling (SOC)
can induce mixing between the A and B states, leading to predissociation of the A%IT, /2 spin-orbit
state. For a linear molecule, the z-component of total angular momentum (J,) is a good quan-
tum number. So the spin-orbit component A%II; /2 has the same J; as B>2*(J. = 1/2) and can
hence interact. It is important to note that a similar interaction exists between the A%, /2 and
X23*(J, = 1/2) ground state but the energy separation is much larger (~14,000 cm™!) compared
to that between the A and B state (~1,400 cm™"). Higher vibrational states of the X manifold will
be closer in energy to the A state but the effective coupling to the states relevant for laser cooling
is expected to be weaker due to a poor vibrational wavefunction overlap.

We estimate the mixing between the A(v” = 0) and the B(v’ = 0) states separated by 1400 cm™".
The spin-orbit parameters were obtained with the Breit-Pauli Hamiltonian at the MRCI level [122]
and are given in Table 5.7. Diagonalization of this Hamiltonian matrix leads to a 0.05% B(v" = 0)
character into the A(v' = 0) state. Similarly, we can compute the mixing between A(v' = 1),
B(v' =0) and B(v' = 1) states. The coupling between A(v' = 1) and B(v" = 1) states is expected
to be similar to the case of v/ = 0 since the energy difference of 1310 cm™! is similar to that in
the case of v/ = 0. However, the A(v' = 1) and B(v’ = 0) states are only 64 cm™! apart; hence a
small Franck-Condon factor may still lead to significant mixing. Note that the measured FCF for
the A(v/ = 0) —» X(v” = 1) transition is 4% (Table 6.1) and that the A — B bond length differ-
ence is smaller than the X — A bond length. We use a value of f = 5% as an upper limit for the
A(v' = 1) - B(v' = 0) FCFE. Diagonalization of the corresponding Hamiltonian matrix in Table
5.7 gives a 8.4% B(v' = 0) character in A(v' = 1). Combining them with the measured P,  for
B(v' =0,1), we estimate that the A(v" = 0) state will very weakly predissociate with a probability
of ~ 5x 1077 while the A(v" = 1) state has a higher probability of ~ 3 x 107>. The Franck-Condon
factor used here is an upper-bound value. Therefore, these estimated probabilities serve as upper

bounds for the actual probabilities.
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5.5 Discussion

5.5.1 Other Possible Loss Channels

Other dark states that have not been considered for the molecules to exit the cycling states
would also appear as molecule loss, leading to overestimating the predissociation probability. We
estimate all possible loss channels that may contribute to the population loss. We consider the

following processes in our system:

« Off-resonant excitation to B2X* (v/ = 0, N’ = 2) state. The nearest parity allowed transition
from the X(v” = 0, N” = 1) state is with B(v' = 0, N’ = 2) state which is ~ 768 GHz away
from the B(v' = 0, N’ = 1) state. The transition linewidth is ~ 27 X 3 MHz. Assuming two

level system excitation, the scattering rate is given by [94]:

3 sI"/2
" 1+s+ (2A/T)2

In our system, the saturation parameter s is estimated to be less than 1000. Due to that, the
maximum possible off-resonant excitation happens at a rate of ~ 2 s~!. This rate is too low
compared to estimated non-radiative decay rate of 10> s~!, hence, off-resonant excitation

will not affect the result.

* The existence of external electric fields can induce mixing between B>X* (v/ = 0, N’ = 0)
and N’ = 1 states (for details, see [44] Sec 8.4.2.1). For the A%II, /2 state, the matrix elements
of the dipole operator T[} (d) in Hund’s case a basis is —%ed . For the B>X™ state expressed in
Hund’s case b basis, we need to project the states to Hund case a basis first, then calculate the
matrix elements. We then calculate the matrix element to be —%ed . The rotational spacing of
B?X* states is approximately 250 GHz. For A%I1, /, state, lambda doubling is approximately

26 GHz [27], The decay rate is given by

1 (de/2)?
TN=02 = Y42 4 T2/4
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where d = 3.1 D for B and 2.57 D for A state. w = 27 X 125 GHz for B and 27 X 13 GHz
for A state. I' = 2 X 3 MHz for B and 27 X 5 MHz for A state. A reasonable guess of R, is
approximately 1 MHz. Since we electrically ground the entire vacuum chamber, the electric
field amplitude inside the chamber should be less than 100 V/m. Eventually, the possible
remixing rate is 9.7 X 1076 s™! for B>S* states and 6.2 x 10™* s~! for A%[1, , states. These
numbers are several orders of magnitude smaller than non-radiative decay rates. As a result,

it will not change the measured value at a significant level.

Photon scattering along the beam propagation direction can cause acceleration or decelera-
tion and affect signal strength. In the interaction region, we scatter less than 100 photons per
molecule. The laser beams are reflected in a zig-zag fashion, meaning the interaction is not
exactly 90 degree, and there will be a nonzero projection toward beam traveling direction.
The actual interaction angle is estimated to be arctan(1/15) =~ 4 deg. It means there will
be less than 10 photon worth of momentum is added to the molecular beam, and that would
only bring 15 cm/s velocity change. The velocity of the beam is around 200 m/s, implying
that the change of signal will be only around 8 x 10~#, which is too small compared to the

measured signal fluctuation.

Off-diagonal vibrational loss due to spin-orbit mixing. As discussed in Sec. ??, the B>X*
(v' = 0) state mixes with the A%II; ;2 (v = 1) state at the 0.06% level. This implies that
population from the B(v’ = 0) state can decay to X (v” = 1) state via the A(v" = 0) state
at the rate of 6 X 107 x Fa10 ~ 5 x 107*. This value is 40 times smaller than the FCF of
B(v' = 0) = X(v” = 1) decay (1.92 x 1072) and hence is a negligible correction to our
model. A similar argument holds for the off-diagonal vibrational loss induced by spin-orbit

mixing for the B(v’ = 1) state with either the A(v' = 0) or the A(v’' = 2) states.
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5.5.2 Examples of Measurement Stages

In general, a key principle in designing the stages is to have at least as many independent
equations as the number of parameters, which includes the B state predissociation probability. If
the number of equations and parameters are equal, as in the cases of B(v' = 0) and B(v' = 1)
using method I, we can directly express P, using the measured ratios. Other parameters used in
the experiment will also be determined and analyzed, but only serve as consistency checks. When
there are more equations than parameters, we define a cost function to minimize the difference
between the left and right hand sides of all equations. Further details on data analysis can be found
in Section ??. Here we present a detailed illustration of how the stages are used for predissociation
measurements. We first discuss the simplest v = O probability measurement, where the stages

include:

» Unperturbed. After ablation, only X (v = 0) — B(v’ = 0) detection lasers are turned on.
This stage serves as molecule number calibration. By taking ratios of other stages with this

stage, we can eliminate molecule number N from the expressions

* Cleanup. Bg—1 vibrational repumpers are turned on. This stage can be thought of as method

of estimating the X (v” = 1) natural population

* X-A Depletion. A(I)_0 cycling lasers are turned on. This stage can be used to estimate the

vibrational population distribution after X — A cycling, and measure the depletion efficiency

* X-A Depletion + Cleanup. A(I)_0 cycling lasers and Bg_ , Tepumps are turned on. This stage

can be used to know the repump efficiency, knowing the X (v” = 1) state natural population

* X-B Depletion. Bé_o cycling lasers are turned on. This stage can be used to know vibrational

population distribution after X — B cycling

* X-B Depletion + Cleanup. B(I)_0 cycling lasers and Bg_l repumpers are turned on. Com-
bined with previous stages, this stage can be used to know the B>+ state predissociation

probability
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To understand the parameterization of stages better, let’s take an example when N ground state
molecules interact with the X (v = 0) — A(v’ = 0) laser. Due to photon cycling, the downstream
ground state population will decrease to d4N (where d4 < 1 and is measurable simply by taking
the ratios of signals). In this process, we can describe the depletion efficiency as 1 — d4. We can
also describe how d4 is distributed amongst the different vibrational levels of X2Z* states using
the known VBRs. For example, the population in X (v” = 1) state is N(1 — d4)Fao1/Fao + niN,
where Fao1, Fao and n; represent the VBR from A(v' = 0) — X (v = 1), the sum of VBRs
from A(v' = 0) - X(v” = 1,2,3...), and normalized X (v = 1) natural population. Because
when one molecule gets excited to the B(v' = 0) state, it will eventually decay to a vibrational
level or break apart. This process follows a discrete probability distribution based on the VBRs
and predissociation probability. In the case discussed above, (1 —d4)N molecules leave B(v' = 0)
state, and based on the law of large numbers we would expect the population that goes to X (v = 1)
state is N(1 — d ) Fa01/Fao-

Note that in this picture, it is not recommended to describe things with number of photons
scattered, since d4 is a more direct description to population transfer, whereas number of photons
is not well defined. It is also worth mentioning that, the measurement protocol presented here does
not rely on the lasers having good overlap with molecular beam or with each other, because as
long as molecules all travel in the same spatial / velocity distribution shot by shot, the parameters
(e.g. cleanup efficiency) will be constant values and will not change the mathematical ground of
the measurement.

Here we briefly introduce the idea of stages in method I of BZX* (v = 1) rate measurement.

» Unperturbed. We always monitor the X (v” = 0) population in the downstream, this serves

as a signal calibration.

* Cleanup. With Ag_l laser, we can pump the natural population in the X (v = 1) to X (v = 0)

state. This is to check cleanup efficiency

* State Prep. With Ag_l laser, we can pump the natural population in X(v” =0) to X(v" = 1)
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state. This is to check state preparation efficiency. Only by pumping molecules to X (v = 1)
state efficiently, can we perform high SNR photon cycling on X(v/ = 1) — B(V' = 1)

transition. Otherwise, the loss due to predissociation will be too low to be measured

* State Prep + Cleanup. We first populate X (v = 1) state with Af_o laser, then move the
X(v” = 1) population back to X(v” = 0) state. Signal should be comparable to the un-
perturbed case. This step is to solve for k, a and n, which are cleanup efficiency, state

preparation efficiency and X (v” = 1) natural population

* State Prep + X-B 1-1 Cycling. With most molecules in X(v” = 1) state, we can perform
optical cycling via B(v' = 1) state. We should see signal increment compared to State Prep
due to photon cycling and a distribution of population based on VBR and predissociation

probability

* State Prep + X-B 1-1 Cycling + Cleanup. By cleaning up the population left in X (v = 1)
state, we know exactly how many molecules are left in X (v = 1) state after photon cycling.
Combined with previous stages, this provides us with five equations and five variables, and

we can solve for the variables including P 4.

The idea behind the design of method II is as follows. We first perform state preparation to
populate X (v = 1) state for the same reason as method I. By repumping the population that leaks
to X(v" = 0) and X(v” = 2) states individually, we can have a measure of unwanted loss. This
also serves as a direct comparison of A%, /2 state and B2+ state in terms of the loss distribution.
Useful information of the ten stages can be found in Table 5.6. The fact that method II accounts
for the loss to X (v = 0) and X (v” = 2) states has both pros and cons. On the one hand, method
IT provides additional level of sanity checks with more equations than variables. Our approach of
solving the over-constrained equation sets can be found in Appendix ??. On the other hand, it
relies on detection on the X (v”” = 1) state, which means that the signal will be lower than detection
on X (v = 0) state, and more sensitive to drifts in the system. Hence the eventual SNR of outcome

from method II is not significantly better than method I.
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It is worthwhile to note that measuring the predissociation probability for BX* (v = 2) and
higher vibrational levels would require pumping the population to X+ (v” = 2) state and higher
and performing optical cycling there, with repump light recovering the population, and monitoring
unexplained loss. However, due to limitations in available space and number of lasers, as well as
the increased complexity of the required stages, we have decided not to pursue these measurements

at this time.

5.5.3 Bootstrap Method in Data Analysis

Bootstrapping is a statistical technique that involves generating multiple samples from a dataset
by sampling with replacement [130]. It is a useful tool for constructing confidence intervals for a
population parameter, and in our case, it is the expectation values of predissociation probabilities.

One of the main benefits of bootstrapping is that it allows one to make inferences about a
population based on a sample, without making any assumptions about the underlying distribution
of the population. Given the complexity of the functional form of predissociation probability with
respect to experimentally measured ratios, utilizing bootstrapping method can avoid making any
assumptions of normal distribution when determining the confidence interval of predissociation
probabilities.

One way to bootstrap a set of data d with size n is to use this array of d datapoints to generate n
"bootstrapped" samples by sampling with replacement. We can then compute a statistic of interest,
such as the mean, from n "bootstrapped" samples, and save that to a new array. We repeatedly gen-
erate n "bootstrapped” samples, calculate the mean and save it to the storage array. The resulting
distribution of the statistic can then be used to make inferences about the population. In our case,
this method needs more attention regarding the dataset to be resampled.

Let’s take the B(v" = 0) predissociation probability as an example. The experimental procedure
to acquire ratios is shown in Fig. 5.2 and explained in Sec. ??. All the ratios (ry, 73,73, 74,75) are
expressed using the variables given in Table 5.4, including n, x, Fpos, d4 and dp. Five equations

can be explicitly written as:
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r1 = 1+n1«Fpoo/FB,

ro=dy
r3=da+ [(1 —da)Fao1/Fa, +n1lcFpoo/Ts, (5.2)
r4 =dp

rs =dp+ [(1 —dp)Fpo1 /T, + n1]«Fpoo/ Fa,

By solving these five equations and five variables, we are able to express Fpo, as a function
of r i € {1,2,3,4,5}) with known VBRs. Therefore, we have a function fpq, that takes in r;
(i € {1,2,3,4,5}) and outputs predissociation probability Fpo,. Here we describe the procedure
of performing bootstrapping analysis to the data. The data we have are n (= 200) sets of ratios

{ri,ra,r3, 14,15}, with r; (i € {1,2,3,4,5}) being an array of length n.

1. Randomly sample n elements from the original r| array with replacement, which means the
elements from original r| array can appear more than once in the new array r?’. This step
mimics the situation where the same measurement is performed again. We then perform
independent random sampling with replacement to r,, r3, r4 and rs as well, and get rf”

(i €{1,2,3,4,5}) arrays

2. Calculate the mean of the newly generated rf” arrays individually, which can be denoted as

rf”. We can feed these rf”s to the function fpo, and store the output to an array F

3. Repeat step 1 to 2 for, typically, a million times, until the statistical properties such as mean

and standard deviation of the normalized distribution of array F converges

4. Analyze the distribution of F. For the expectation value, we use the mean of array F. To
determine the 95% confidence interval, we take the 2.5% quantile from the distribution of F
as the lower bound, and 97.5% quantile as the upper bound.

A few comments are necessary about the bootstrapping method used here. For step 1, we
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sample n elements many times. One can think of it as that we are trying to mimic the situation
where we perform the same measurement once again. For step 2, we do not need to make any
assumptions of the data array r;s, and this step remains legitimate. For step 3, one needs to monitor
the statistical properties such as mean and std of the distribution as it varies with bootstrapping
times, in order to claim the distribution has reached equilibrium. The data presented here are all
done with one million times of bootstrapping resampling. For step 4, 2.5% quantile means the
value that meets the following criteria: the number of elements that are smaller than it is 2.5% of
the total number of elements in the array.

The data analysis of B(v' = 1) method I is almost identical to that for B(v" = 0). The proce-
dures of doing bootstrapping are the same, so we won’t elaborate here. The analysis code can be
found online!.

The data analysis of B(v' = 1) method II is slightly different from the previous two cases.
We no longer have a deterministic function of Fpj, because we have nine equations and seven
variables. In order to solve this over-constrained system, what we can do is perform a least -
square fit. We first write down these nine equations, move all terms to the right hand side of the
equations, leaving left hand side to be zeros. We define the cost function as the sum of squares of
all the right hand side of the equations, and use Levenberg-Marquardt algorithm to search for the
local minimum with a reasonable initial guess. We do the same set of procedure every time we
receive nine ratios, and treat this as the function that express Fp19 with R;s.

Other analysis methods such as regular error propagation are attempted and they perform sim-
ilarly in terms of mean value and confidence interval. Bootstrapping, however, relies on minimum

number of assumptions to the data, and was chosen to be presented here.

!github.com/QiSun97/CaH_Predissociation/bootstrapping_v6_final_github.ipynb
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Figure 5.2: Graphical illustration of ratio extractions process of B2X* (v/ = 0) predissociation
measurement. We run the group of stages sequentially with a reference stage interlaced between
other stages, and collect LIF with EMCCD. We integrate the images along both axes to obtain
the signals, which we then used to calculate ratios. By repeating the whole sequence N times, we
collect N sets of five ratios. In this figure, we first show an example sequence of one-shot camera
images of the stages. We present the integrated signal along one axis, and use colored traces for
science stages and black traces for reference stages. The horizontal lines represent the baseline
in the plots. Lastly, we show the histograms of the five ratios individually. The vertical dashed
line represents the mean of the ratios. The difference in distribution widths indicates that we are
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Figure 5.3: Predissociation measurement results. Red squares are the theoretical calculation results
from the non-radiative decay rates for different vibrational states of B>X*. The blue circles are the

experimental results, where errorbars represent 95% confidence interval. Figure adopted from Ref.
[89].
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Chapter 6: Laser Cooling and Slowing

6.1 Fun Fact: An Experimentalist Should Be Brave

Before I start to discuss cooling and slowing, I have to mention this at the forefront. This
project might be the one that cost me most time during my PhD, partially because this was during
COVID, but more importantly, I was too junior to dare making decisions about vacuum system.
Looking back, the reason why we got much better sub-Doppler cooling signal with CaD than CaH,
was from removing an inhomogeneous external magnetic field source - an Edwards Active Wide
Range Gauge. This gauge has a permanent magnet inside and is capable of creating thousands of
gauss of B field within 1 cm and a few gauss within 30 cm. It was installed near the differential
pumping region and was ~ 30 cm away from cooling center. We knew it might disturb the B field in
the interaction region so we winded coils to try to compensate for it. In the end, the data with CaH
was not too ideal and we could not improve it with the two sets of compensation coils we had. A
change of vacuum chamber happened during our attempt with laser cooling CaD, and we removed
this gauge and replaced it with a low field gauge. The benefit was obvious. A great lesson that I
learned from it was, to make an experiment work, we should be brave enough to make changes to
those that may potentially harm the experiment. Another important lesson is, our system is not that
sensitive to vacuum quality, BaF can get a MOT with 4E-6torr pressure, we do not need to worry

about it until we hit that level. So be brave, future hydride team!

6.2 Summary of CaH Laser Cooling Experiment

We demonstrate optical cycling and laser cooling of a cryogenic buffer-gas beam of calcium
monohydride (CaH) molecules. We measure vibrational branching ratios for laser cooling transi-

tions for both excited electronic states A and B. Furthermore, we measure that repeated photon
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scattering via the A « X transition is achievable at a rate of ~ 1.6 x 10° photons/s and demon-
strate interaction-time limited scattering of ~ 200 photons by repumping the largest vibrational
decay channel. We also demonstrate a sub-Doppler cooling technique, namely the magnetically
assisted Sisyphus effect, and use it to cool the transverse temperature of a molecular beam of
CaH. Using a standing wave of light, we lower the transverse temperature from 12.2(1.2) mK to
5.7(1.1) mK. We compare these results to a model that uses optical Bloch equations and Monte
Carlo simulations of the molecular beam trajectories. This work establishes a clear pathway for
creating a magneto-optical trap (MOT) of CaH molecules. Such a MOT could serve as a starting

point for production of ultracold hydrogen gas via dissociation of a trapped CaH cloud.

6.2.1 Introduction

The development of robust techniques for laser cooling of atoms [133, 134] has led to major ad-
vancements in the fields of quantum simulation, quantum computation, and frequency metrology,
and has enabled precise tests of fundamental physics [135, 136, 137, 138]. Cooling and trapping of
molecules represents the next level in experimental complexity because of the additional internal
degrees of freedom and the lack of perfect two-level structure that can be used for sustained photon
cycling [139]. In exchange for this increase in complexity, molecules provide enhanced sensitivity
for fundamental precision measurements [140, 141, 142], long coherence times for quantum in-
formation [143, 144, 145], and tunable long-range interactions for quantum simulators [146, 144].
The technique of buffer gas cooling [68, 147] has enabled direct laser cooling of molecules, in-
cluding several diatomic [148, 149, 73, 150, 151], triatomic [79, 142, 152], and symmetric top [80]
species. We add the alkaline-earth-metal monohydride CaH to this growing list.

A cold and trapped cloud of hydrogen atoms promises to be an ideal system for testing quan-
tum electrodynamics (QED) and precise measurements of fundamental constants [153, 154]. More
than two decades ago, a BEC of atomic hydrogen was prepared in a magnetic trap [155]. The mea-
surement of the 1§ — 2§ transition has been performed in a magnetic trap of hydrogen [156] and

antihydrogen [157] and also in a beam [158]. More recently, experiments measured the 1§ — 35
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[159] and the 251> — 8D5/> [160] transitions of hydrogen with unprecedented precision. Further-
more, magnetic slowing of paramagnetic hydrogen has been proposed [161]. While extremely
successful, these experiments are often limited by motional effects. Performing measurements
with dilute ultracold samples of hydrogen tightly trapped in an optical potential could improve the
precision.

A possible pathway to such samples is via fragmentation of hydride molecules [162] and ions
[163]. Diatomic hydride radicals can be efficiently cooled using direct laser cooling techniques.
Additionally, if the controlled fragmentation process does not heat the sample, the resulting hydro-
gen atoms can populate a Boltzmann distribution at a lower temperature than the parent molecules.
This presents barium monohydride as an ideal candidate where the large mass difference between
the barium atom and the hydrogen atom could result in an ultracold cloud of hydrogen atoms after
fragmentation [162]. Although BaH was successfully laser cooled [151], its low recoil momentum
and a relatively weak radiation pressure force make it challenging to load into a magneto-optical
trap.

In this work, we explore an alternative molecule for laser cooling and trapping, calcium mono-
hydride. Due to its diode-laser accessible transitions and short excited state lifetimes, CaH is a
promising candidate for optical cycling. Indeed CaH was among the earliest molecules proposed
for laser cooling [105]. In addition, buffer gas cooling [164], magnetic trapping and evaporative
cooling [165] of CaH have been demonstrated. Here we show direct laser cooling of CaH. In Sec.
6.2.2 we describe the electronic structure and relevant optical transitions for this molecule. We
also characterize our cryogenic buffer gas beam source. In Sec. 6.2.3 we summarize the measure-
ment of the vibrational branching ratios for this molecule and establish a photon budget for laser
cooling. In Sec. 6.2.4 we present the measurement of the photon scattering rate and show that
we can achieve rates over 10° photons/s. In Sec. 6.2.5 we demonstrate an ability to cool a beam
of CaH via a sub-Doppler technique by a factor of ~ 2 in one dimension while only scattering ~
140 photons. Finally, in Sec. 6.2.6 we conclude that these results establish CaH as a promising

candidate for laser cooling and trapping.
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Figure 6.1: Experimental setup and molecular structure. (a) Experiment diagram (not to scale).
CaH molecules and Ca atoms are produced via ablation of a solid target of CaH;. The ejected
molecules thermalize to the ~ 6 K “He buffer gas and are extracted through a 3 mm diameter aper-
ture. An additional 5 mm aperture is placed just before the molecular beam enters the interaction
region to limit the transverse velocity distribution. The cooling chamber consists of 12 cm of opti-
cal access followed by a cleanup region and a detection region. (b) A sample image of molecules
in the beam taken with the EMCCD camera. Photons are collected for 7 ms during imaging. Arrow
indicates the direction of the molecular beam. (c¢) The main cooling line used in this work is the
AL (V' =0, J =1/2) « X?Z*(v” =0, N” = 1) transition at 695 nm. We detect the molecular
beam using the B’X* (v = 0, N’ = 0) « X?X*(v” =0, N” = 1) transition using 2.6 W/cm? of
635 nm light. We employ laser light at 690 nm to repump molecules that decay to the v = 1
vibrational state in X by addressing the B>X*(v' = 0, N’ = 0) « X>2*(v” = 1, N” = 1) tran-
sition. By closing this leak, we create a quasi-closed transition capable of cycling ~ 200 photons
sufficient to exert a measurable Sisyphus force. (d) The 1.86 GHz spin-rotation splitting and the
54 MHz (101 MHz) hyperfine structure of the J = 1/2 (J = 3/2) states in the ground X manifold.
The details of the laser setup can be found in Appendix 6.2.7.

6.2.2 Experimental Setup

The experiment consists of a cryogenic buffer gas beam source operating at ~ 6 K [68, 147,
151]. We employ “He as a buffer gas that is flowed into the cell at a rate of ~ 6 sccm (standard

cubic centimeter per minute) via a capillary on the back of the cell (Fig. 6.1(a)). The target is
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composed of pieces of CaH, (Sigma-Aldrich, 95% purity) held on a copper stub using epoxy. To
ablate the target, we use the fundamental output of an Nd: YAG pulsed laser operating at 1064 nm
and at a 2 Hz repetition rate. We run the ablation laser at a maximum pulse energy of 30 mJ and
focus the beam to a diameter of 1.5 mm . We observe the highest molecular yield when the ablation
energy is deposited over a large target surface area. The CaH radicals produced due to ablation
subsequently thermalize their internal rotational and vibrational degrees of freedom via collisions
with the buffer gas. These molecules are then hydrodynamically entrained in the buffer gas flow
out of the cell. The molecules leaving the cell are predominantly in the lowest two rotational states
(N” =0 and 1) and the ground vibrational state (v” = 0).

After leaving the cryostat, the molecules enter a high vacuum chamber equipped with a beam
aperture of 5 mm diameter to filter out the 1/e? transverse velocity range to ~ +3 m/s (Fig. 6.1(a)).
We keep the aperture in place for all data shown in this work. Subsequently, the molecules enter
an interaction region with rectangular, antireflection coated windows enabling a 12 cm long inter-
action length. Next, the molecules enter a “cleanup” region, where population accumulated in the
X (v” = 1) state is pumped back to the X (v” = 0) state via the B(v' = 0) state, and are then de-
tected in the imaging region by scattering photons on the B(v' = 0) < X (v” = 0) transition. The
scattered photons are simultaneously collected on a photon counting photo-multiplier tube (PMT)
and an electron-multiplying charge-coupled device (EMCCD) camera. An example of the average
camera images collected is shown in Fig. 6.1(b).

The relevant energy level structure for CaH is depicted in Fig. 6.1(c). We start in the ground
electronic manifold (X2X*) and excite to the two lowest excited electronic states (A2l /2 and
B2X*). A rotationally closed optical cycling transition can be guaranteed by selection rules if we
address the N” =1, J” = 1/2,3/2 ground states to the opposite parity J’ = 1/2 excited state in the
A manifold or the N’ = 0 state in the B manifold [166]. The ground X (N = 1) state is split into two
components separated by 1.86 GHz due to the spin-rotation interaction (Fig.6.1(d)). Each sublevel
is further split into two hyperfine sublevels (/ = 1/2, F = 0,1 and J = 3/2, F = 1,2) separated

by 54 MHz and 101 MHz respectively. Each hyperfine sublevel is composed of 2F + 1 mp states
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that remain unresolved for the purpose of this study. The hyperfine splitting of the excited A and
B states of interest (J = 1/2) is not resolved. The primary vibrational decay from both A and B
excited states is to the v = 1 state (~ 1-3%) and subsequently to the v = 2 state (< 0.3%). For
this work, we only repump the population out of the v = 1 state. The details of the laser setup can
be found in Appendix 6.2.7.

We estimate the longitudinal velocity of our molecular beam as follows. Every ablation pulse
produces Ca atoms that get buffer gas cooled and extracted from the cell alongside the CaH
molecules. We measure the longitudinal velocity profile of these Ca atoms within the cleanup
region, 92 cm from the cell aperture, by addressing the 'Sy — ! Py transition in calcium at 423 nm
in a velocity sensitive configuration (laser k is at 70° relative to the beam’s forward velocity vec-
tor). The high density of calcium in the beam allows us to measure the Doppler-shifted atomic
resonance with a high signal-to-noise ratio. We find that the longitudinal velocity is peaked at
~ 250 m/s with a full width at half maximum of ~ 200 m/s. Since the masses of CaH and Ca are
nearly identical and they experience identical buffer-gas cooling, we assign the same longitudinal
velocity profile to both species. We also estimate the molecular beam flux in our system via the
total camera counts and the estimated collection efficiency of the imaging system (see Appendix

6.2.8 for details). We obtain a typical beam flux of ~ 1 x 10'° molecules/steradian/pulse.

6.2.3 Vibrational Branching Ratio Measurement

Although the cycling transition in CaH is rotationally closed, no selection rules prevent vibra-
tional decay. The probability of decay from the excited electronic state to vibrationally excited X
states is quantified by the vibrational branching ratio (VBR).

To reduce the number of repumping lasers required to scatter ~ 10° photons, it is essential
that the off-diagonal VBRs are highly suppressed [105, 166]. The directly laser cooled diatomic
molecules to date, including CaF [149, 73], SrF [167], YbF [168] and YO [150], all possess highly
diagonal transitions. The Franck-Condon factor (FCF) is defined as the square of the wavefunction

overlap for two different vibrational states which is typically obtained from ab initio calculations.
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The conversion between VBRs (denoted as g) and FCFs (denoted as f) can be derived from the

Einstein A coefficient [169] and is given by

3
fv’v” X (L)Vry;/

ZoZo o X @y,

(6.1)

qvl yrr =

where w,,~ is the positive energy difference between the states v” and v”. Alkaline-earth monohy-
drides have been extensively studied and FCFs have been calculated or measured for BeH, MgH,
SrH and BaH [33, 170, 171, 34]. Calculated values for CaH [33, 172, 34] are summarized in Table
6.1. In this section we report our measurement of VBRs for the A(v’ = 0) and B(v’ = 0) states of
CaH, denoted by ¢o,,~ where v is 0, 1 and 2.

We perform the VBR measurement with our molecular beam using a process similar to the
one described in Ref. [173]. A pump laser beam intersects the CaH beam orthogonally in the
imaging region, and resonantly excites the molecules from X?Z*(v” = 0) ground states to the
A (v = 0) or B>2*(v' = 0) excited states. Once excited, two PMTs in photon-counting
mode with different dichroic filters are used to collect the photons simultaneously emitted from the
various decay pathways of the excited state. The narrow bandpass dichroic filters are strategically
chosen to isolate photons with a frequency resonant with vibrational decay to a single excited
vibrational state (A¢,~) while simultaneously detecting the molecules that return to the ground
state (Aop) .

We first compare the time traces of two PMTs when their filters allow transmission at the same
Aoo frequency. The ratio of integrated signals, Ry, can be expressed with systematic parameters

and VBRs as

_ NCIOOQPQTFz,/looQPz,/loo
NCIOOQPl TF1 ,/looQPh/loo

Ro (6.2)

where the subscripts Py /P, stand for two PMTs used in this experimentz, subscripts F/F, stand

'A complete list of filters used in this experiment and their measured transmission efficiencies at certain wave-
lengths can be found in Sec. 6.2.9.
2PMTs used: Hamamatsu R13456 and SensTech P30PC-01.
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Figure 6.2: Measurement of the VBRs for CaH molecules. (a) An example of PMT traces used to
calculate the VBRs. These two time traces correspond to background-subtracted fluorescence from
the decay to X(v” = 0) for PMTs P; (orange, dashed) and P, (blue, solid) while the B>Z*(v' =
0) « X?>X*(v” = 0) transition is excited. Due to a different operating configuration, the molecular
beam velocity is ~ 400 m/s for this data. The inset denotes how the ratio of integrated signals, R,
is computed. We perform a one-parameter fit of the dashed trace to the solid trace. The result of
the fit produces the orange points that can be seen to overlap temporally with the blue trace. (b,c)
The resulting VBRs from the measured ratio R,~, obtained by evaluating Eq. (6.4), for the A and
B states. Each point represents an average of at least 200 shots with background subtraction, while
the higher vibrational decays require ~ 700 shots for an appreciable signal-to-noise ratio due to
the low probability of decaying to these excited states. Error bars are statistical standard errors.
Figure adopted from Ref. [30].

113



o Lifetime | Vibrational Quanta | Transition wavelength | FCF Theory | FCF measured | VBR measured
Transition "
7 (ns) ") (nm) (fov) (fov) (qov)
0 695.13 0.953 0.9572(43) 0.9680(29)
1 761.87 0.0439 0.0386(32) 0.0296(24)
A= X 333 2 840.07 2.74x1073 | 42(3.2)x107° | 2.4(1.8)x1073
3 932.80 2.3x107% - -
0 635.12 0.9856 0.9807(13) 0.9853(11)
1 690.37 0.0132 0.0173(13) 0.0135(11)
B—X 58(2) 2 753.97 1.1x1073 2.0(0.3)x107% | 1.2(0.2)x1073
3 827.84 1x107% - -

Table 6.1: FCFs and VBRs for the measured transitions of CaH. The experimental radiative life-
time for the A state was obtained from Ref. [31] and for the B state from Ref. [32]. The excited
state vibrational quantum number is always v’ = 0. The A(v' = 0) « X (v” = 0) excitation wave-
length at 695.13 nm, the B(v' = 0) « X(v” = 0) excitation wavelength at 635.12 nm, and the
B(v' =0) « X(v” = 1) excitation wavelength at 690.37 nm were determined experimentally. The
other transition wavelengths are derived using measured vibrational energies given in Ref. [27].
The calculated FCFs are obtained from [33] for the A — X decay and from [34] for the B — X
decay. Error bars for the measured FCFs and VBRs are statistical standard errors. Table adopted
from Ref. [30].

for the two bandpass filters used, N is the number of scattering events, g is the diagonal VBR,
Qp 1s the geometrical collection efficiency for a given PMT, TF , is the transmission efficiency for
a given bandpass filter at a wavelength 4, and Qp , is the quantum efficiency for a given PMT at a
wavelength A.

Next, we replace filter > with another filter F3 which blocks transmission at Ao and allows

transmission at Ag,~, where v” is 1 or 2. The ratio of integrated signals, R,~, can then be written as

4
N qov QPQ TF},/IOV// QPz,/IOV//

RV’/ =
N"qoo2p, Tr, .200Q Py .0

(6.3)

An example of the measured signals is shown in Fig. 6.2(a). For each measurement we simul-
taneously collect the time traces from the two PMTs. In order to obtain the ratio R,, we perform
a one-parameter least square fit of all points in one time trace to the other (Fig. 6.2(a) inset). Since
the PMTs are stationary throughout the experiment, any variation in €2 is negligible. By measuring

the transmission efficiency of the filters F»/F3 at oo/ Ao, as well as the quantum efficiency of P,
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at Apo/ Aoy, and combining Egs. (6.2) and (6.3), we estimate the ratio of VBRs as

qov’ Ry Q py, 000 TFy, 000
q00  RoQpy.10, TFs. 00,

(6.4)

We calculate the individual VBRs by assuming that the sum is ZE,,ZO qoy» = 1. This is a
reasonable approximation since the calculated value of fy3 is smaller than the statistical uncertainty
in the measured FCFs for both A and B states (Table 6.1). The resulting VBRs are plotted in Figs.

6.2(b,c). The measured FCFs were calculated using the inverted form of Eq. (6.1).

6.2.4 Scattering Rate Measurement

Efficient cooling and slowing of molecules require rapid scattering of photons while simulta-
neously minimizing the loss to unaddressed vibrationally excited states. From the measured VBRs
for the primary decay pathways for CaH as described in Sec. 6.2.3, we obtain the average number
of photons per molecule, (Npp), that we expect to scatter while addressing N, vibrational channels

before only 1/e of the ground state population remains available for optical cycling as

1

<Nph> = .
1= %0 qov

(6.5)

Thus we expect to scatter 31(3) photons for A «— X(v” = 0) and 68(5) photons for B «
X (v" = 0) before losing 63% of molecules to the X (v” = 1) state. Next, if the X(v” = 1) state
is repumped, this photon number increases to around 400 for the A state and 800 for the B state
cycling schemes. In order to slow a CaH molecule travelling at 250 m/s to within the capture
velocity of a MOT [73, 151], we would need to scatter ~ 2 x 10% photons. Although the loss
to excited vibrational modes can be minimized by using repumping lasers for higher vibrational
states, it is essential to scatter photons at a high rate so that the slowing distance can be minimized.
The maximum scattering rate for a multilevel system with n, ground states and n, excited states is

given by [174]

1 n,

Rsc,max =leff = —
T e +Ng

(6.6)
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where 7 is the excited state lifetime given in Table 6.1. The rotationally closed transition employed
here is N’ = 0 «~ N” =1, ie., n, = 4 and n, = 12 (see Fig. 6.1(d)). Here we assume that
the repumping lasers couple to different excited states. We obtain the maximum scattering rate
~ 7.6 x 10° s~! for the A state and ~ 4.3 x 10° s~! for the B state. In practice, however, it is
difficult to achieve these maximum values and most experiments with diatomic, triatomic, and

polyatomic molecules to date achieve scattering rates up to ~ 2 x 106 s71.
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Figure 6.3: Scattering rate measurement. The fraction of molecules remaining in the X (v” = 0)
state when cycling on the A(v' = 0) « X(v” = 0) transition (orange circles) and the fraction
remaining in X(v” = 0) + X(v” = 1) states when cycling simultaneously on the A(v' = 0) «
X(v” =0) and the B(v' = 0) « X(v” = 1) transitions (blue squares) are measured as a function
of the interaction time. Lines are fits to exponential decay curves with finite offsets. The offset is
due to detected molecules that are only weakly addressed in the interaction region. The exponential
decay time constant 7 from the fit is 5.5(3) x 10* s~! for the orange curve and 3.92(13) x 103 57!
for the blue curve. Figure adopted from Ref. [30].

In order to determine the maximum scattering rate achievable in our setup, we measure the

fraction of molecules that are pumped to dark vibrationally excited states as a function of interac-
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tion time. First, we apply only the A « X (v” = 0) linearly polarized, resonant light (~ 80 mW per
spin-rotation component) in the interaction region in a multi-pass configuration (Fig.6.1(a)). Each
pass of the laser beam is spatially resolved so that the effective interaction length can be varied and
quantified by counting the number of passes. We detect the population remaining in X (v” = 0),
and we convert the interaction length to time by measuring the laser beam waist (1/e? radius of
0.55 mm in the direction parallel to the molecular beam and 0.84 mm in the orthogonal direction)
and estimating the average velocity weighted by the relative population within the velocity dis-
tribution (251 m/s). We also apply a 3 G magnetic field in the interaction region to destabilize
the dark magnetic sublevels that become populated during optical cycling. Magnetic field strength
and laser polarization angle with respect to the magnetic field are scanned to maximize the scat-
tering rate. The angle between the magnetic field and the polarization of the laser that addresses
A « X|J =3/2, F =2) was ultimately chosen to be ~ 13°.

As the molecules propagate through the interaction region and scatter photons, some of the
excited state molecules decay to unaddressed higher vibrational states at a rate given by the sum

of addressed state VBRSs as

v Np(1)
_ Nmol(t) _ -
frem(t) = =052 = (ZO qw) (6.7)

where fim is the fraction of molecules that remain in all the addressed states combined. The
number of scattered photons is N, () = Ry, and v, is the highest addressed vibrational level. The
experimental data is shown in Fig. 6.3 (orange circles). We fit the decay in fi.y, to an exponential
decay with a finite offset. We note that in the limit of infinite interaction time, frem, — 0. However,
in our setup we have a small fraction of the molecules that only weakly interact with the laser
beam but are still detected in the imaging region. These molecules are accounted for by adding a

constant offset to frem. From the exponential decay constant 7,;, we can obtain the scattering rate

Ry =~ . (6.8)



Using our measured values of the VBRs and 7, from the orange curve of Fig. 6.3, we estimate
an average scattering rate of 1.67(15) x 10° s~!. Here we make a simplifying assumption that the
local variation in light intensity does not affect our estimate. We justify this assumption by noting
that the laser intensity far exceeds the predicted saturation intensity (/s ~ 1.9 mW/ cm?) after
accounting for the Gaussian laser beam profile, beam propagation, and power loss per pass.

Next, we measure Ry after adding ~ 110 mW of repumping light addressing the B(v' =
0) « X(v” = 1) transition, co-propagating with the main cooling light. In this case, we also add
~ 40 mW of the same repumping light to the cleanup region. Within this multi-pass cleanup region,
we are able to transfer the X (v = 1) population to X (v = 0) with > 90% efficiency. The resulting
data is plotted in Fig. 6.3 (blue squares). In this case the decay time is much longer, since it takes
33 photons for a 1/e decay in ground state population when only the A(v' = 0) «— X (v = 0)
is addressed, while it takes ~ 400 photons when the repump is added. However, the precision of
this experiment is limited by the measured VBR values from Sec. 6.2.3. From the decay constant
of the exponential fit, we obtain an average scattering rate 1.6(1.2) x 10° s=!. The uncertainty
mostly comes from the VBR value g(,. Nevertheless, the two independent measurements provide
an order-of-magnitude estimate of the scattering rate. The relatively high values of Ry indicate

that we can achieve sufficiently high scattering rates for CaH molecules. Finally, at the longest

00

interaction time, we estimate that 170i§0

photons per molecule are scattered.

6.2.5 Magnetically Assisted Sisyphus Cooling

The techniques of radiative slowing and magneto-optical trapping rely on the Doppler mecha-
nism, where the scattering rate is optimized when the laser detuning matches the Doppler shift of
the molecular transition (6 = k- v). However, Doppler cooling is fundamentally limited by the
excited state lifetime to a temperature of Tp = 71/(2kp7), which is known as the Doppler temper-
ature. For CaH cooled on the A < X transition, we estimate 7p = 116 uK. Hence in order to
achieve temperatures below this limit, sub-Doppler cooling techniques must be implemented [149,

175, 176, 177]. Here we demonstrate the ability to perform a type of sub-Doppler cooling known
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as magnetically assisted Sisyphus cooling in one dimension.

The technique of Sisyphus cooling was first demonstrated with atoms [178, 179]. It was subse-
quently demonstrated with diatomic [148, 168], triatomic [79], and symmetric top [80] molecules.
Alternative methods such as optoelectric Sisyphus cooling [102] and Zeeman-Sisyphus deceler-
ation [104] of polyatomic molecules have also been demonstrated. Briefly, in a Type-II cycling
scheme with more ground than excited sublevels, dark states exist. Molecules travelling at a ve-
locity v through a standing wave formed by counter-propagating, near-resonant laser beams lose
kinetic energy as they travel up potential hills that arise from spatially varying AC Stark shifts. At
the top of the hill where the intensity is highest, molecules absorb the near-resonant photons and
rapidly decay to a dark state, finding themselves at the bottom of the hill. If the magnetic field
induced remixing rate is matched to the propagation time along the standing wave, 1/(4v), the
molecules return to the bright state and can climb up the potential hill again. This process repeats
multiple times, leading to cooling. The opposite effect of Sisyphus heating can be generated by
using a red-detuned laser (see Fig. 6.5 in the Appendix and Ref. [180] for details).

We perform Sisyphus cooling and heating by allowing the laser beam in a multi-pass configu-
ration to overlap between adjacent passes. In order to achieve higher intensities, we keep the laser
beam waist relatively small. This leads to substantial beam expansion as the beam propagates. We
rely on this expansion after ~ 16 passes to create sufficient overlap for a standing wave. We esti-
mate a peak intensity of ~ 200 mW/cm? for one beam within a 5 cm long interaction region (see
Appendix 6.2.10). We apply a magnetic field B perpendicular to both the molecular beam and the
laser wave vector l;, and tune the linear laser polarization to maximize Rs.. When optimized, we
observe Sisyphus cooling at a detuning of +20 MHz as a visible compression of the width of the
molecular distribution and also a slight enhancement in the on-axis molecule number (Fig. 6.4(a)).
When the detuning is switched to -20 MHz, we instead see an increase in the molecular width and
the emergence of bimodality near the center, a tell-tale sign of Sisyphus heating. We fit each trace
to a 1D Gaussian function to obtain the 1/e cloud radius o (see Appendix 6.2.10).

We perform optical Bloch equation (OBE) simulations of the internal states of the molecule
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in order to estimate the Sisyphus force. Details of the simulation can be found in Refs. [180,
181] and in Appendix 6.2.10. Briefly, we account for 12 ground states and 4 excited states. We
let these molecular states evolve under the OBEs. The force is calculated once the excited state
population has reached steady state. Next, we perform Monte Carlo (MC) simulations of individual
trajectories as the molecules travel through the interaction region and arrive in the detection region.
The spatial distribution from the MC simulation can be compared to the measured camera images.
In addition, the associated velocity distribution gives us access to the beam transverse temperature.
Furthermore, we consider the full possible range of the standing wave intensity which determines
the magnitude of the Sisyphus effect, and use this range to estimate the simulation uncertainty.
We characterize the Sisyphus effect in our experiment as a function of three parameters: detun-
ing J, intensity /, and magnetic field strength B (Figs. 6.4(b-d)). To quantify the cooling effect, we
plot the change in cloud radius, Ao, measured in mm. To minimize systematic effects, we take one
molecule image with the Sisyphus laser beams on in one ablation pulse, followed by one molecule
image with them off in the subsequent ablation pulse. This allows us to account for drifts in the
ablation yield and beam velocity. We repeat this process for 200 shots to obtain the signal-to-noise
ratio depicted in Fig. 6.4. We observe the expected Sisyphus behavior with detuning that is oppo-
site of the Doppler effect: red-detuned heating and blue-detuned cooling. We additionally observe
that the Sisyphus effect persists for detunings up to 50 MHz (Fig. 6.4(b)). We next measure the
dependence on the laser intensity by varying the laser power while keeping the detuning fixed at
0 = +20 MHz. We note that we do not reach saturation of Sisyphus cooling at our maximum avail-
able laser intensity, although we expect to be in the saturated regime for photon scattering. This
is due to the fact that the depth of the potential hill that quantifies the energy loss per cycle during
Sisyphus cooling has a stronger dependence on the degree of overlap between adjacent beams than
on the peak laser intensity. From the simulations, we predict that saturation can be expected for in-
tensities above 600 mW/cm? (Fig. 6.4(c)). At the intensity where we see the largest cooling effect,
we estimate that the transverse temperature of the molecular beam is reduced from 12.2(1.2) mK

to 5.7(1.1) mK while scattering 1401%0 photons. Lastly, we measure the dependence on magnetic
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field strength at a fixed detuning (§ =+20 MHz) and intensity (200 mW /cm?). The magnetically
assisted Sisyphus effect should operate at non-zero magnetic fields, and at our low laser intensities
the peak is expected at ~ 1 G as corroborated by simulations (Fig. 6.4(d)). Since the Earth’s field
is not cancelled in the experiment, we do not detect a clear dip around B = 0. Nevertheless, we
can be certain that Sisyphus cooling is observed here, since maximum photon scattering occurs at

B ~3G.

6.2.6 CaH Laser Cooling Experiment Conclusion

In conclusion, we have characterized the dynamics of a cryogenic beam of CaH and experi-
mentally measured the vibrational branching ratios to the first three vibrational levels. We estimate
that repumping the v” = 1 and 2 vibrational states should allow us to scatter the ~ 2 x 10* photons
needed to slow the molecular beam to within the MOT capture velocity. We have demonstrated
an ability to scatter ~ 200 photos at a rate of ~ 1.6 x 10° photons/s on the A « X transition
while repumping the first excited vibrational state through the B « X (v” = 1) transition. This
scattering rate implies that, with an additional v = 2 repumping laser, we should be capable of
slowing the molecular beam to within the MOT capture range in ~ 20 ms. Finally we have demon-
strated a sub-Doppler cooling mechanism on a CaH beam, reducing the transverse temperature
from 12.2(1.2) mK to 5.7(1.1) mK while only scattering 140 photons via the magnetically as-
sisted Sisyphus effect. Thus we have established that CaH molecules are amenable to further laser
cooling. Once these molecules are cooled and trapped in a MOT, they could be used as a precur-
sor for producing dilute ultracold hydrogen via photodissociation, for high-precision fundamental

measurements.

6.2.7 Laser Configuration

For the A « X(v” = 0) transition at 695 nm, we use two home-built external cavity diode
lasers (ECDLs) separated by ~ 2 GHz to address the J = 1/2 and J = 3/2 manifolds. Each ECDL

is then passed through an acousto-optic modulator to generate two frequencies separated by the hy-
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perfine splitting of the corresponding J-manifold (54 MHz for J = 1/2 and 101 MHz for J = 3/2,
Fig. 6.1(d)). The resulting four frequencies are used to individually seed four injection-locked am-
plifiers (ILAs). Laser beams from the ILAs corresponding to a single J-manifold are first combined
with orthogonal linear polarizations on a polarizing beam splitter, and then the two J-manifolds
are combined on a 50:50 beam splitter. Hence a single A/2-waveplate is sufficient to determine the
polarization of each frequency component. The combined beam is spatially overlapped with light
addressing the B <« X (v” = 1) repump transition at 690 nm using a narrow-band dichroic filter
(FF01-690/8-25). Each repump transition is addressed with light produced by two ECDLs, each
seeding one ILA and addressing a J-manifold. The hyperfine sidebands are added to the seed light
via electro-optic modulators (EOMs), resonant at ~ 50 MHz and using different order Bessel func-
tions. In total, this laser setup is capable of providing 150 mW of A < X (v” = 0) cooling light
and 110 mW of B « X (v” = 1) repumping light propagating from the same fiber. To achieve the
maximum intensity for Sisyphus experiments, an additional 150 mW of cooling light was added
to the system though a separate fiber. This additional cooling light is derived from the same laser
source and results from the combination of different frequency components using beam splitters
(Fig. 6.5(c)). After cooling we repump any leftover v/ = 1 population to v/ = 0 using 40 mW of
repump light in the cleanup region. Detection is performed on the B «— X (v” = 0) transition by
using two ECDLs at 635 nm addressing the two J-manifolds, with the hyperfine sidebands added
via EOMs. Since 60 mW of light with 1.2 mm 1/e? radius is sufficient for detection, no ILAs are
used. EMCCD in the detection region is triggered at 0.5 ms after ablation, and exposure time is set

to 7 ms.

6.2.8 Molecular Beam Flux Estimation

Here we discuss the estimation of the molecular beam flux. In the experiment, we detect the
molecules using the B(v' = 0) « X (v” = 0) transition at 635 nm and collect the scattered photons

with an EMCCD camera (Andor iXon Ultra 888). We use the following equation to convert the
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camera counts to the total energy of the collected photons per manufacturer:

Cts S
Epp=— x> x3.65eV (6.9)
g 0

where Cts, g, S and Q denote total camera counts, EM gain, CCD sensitivity and quantum effi-

ciency, respectively. We can then estimate the molecule number as

n X Ryt

mol =

(6.10)

The collection efficiency of our imaging system 7 is around 1% and constitutes the highest source
of uncertainty due to our inability to directly measure it. The interaction time 7 is determined using
the laser beam waist and a ~ 250 m/s peak velocity.

Molecular beam flux is defined as the number of molecules detected per unit solid angle with
respect to the cell aperture. With an estimation of the solid angle given the molecular beam size on
the camera and the distance from the cell, we estimate our molecular beam flux to be ~ 1 x 10'°

molecules/steradian/pulse.

6.2.9 VBR Measurement

Here we present the details that factor into the calculation of A and B state VBRs (Sec. 6.2.3).
In general, R,~, where v = 0, 1,2, is the fitted ratio of two PMT time traces. The fitting time
window is from 1 ms to 7 ms, and we use the data between 35 ms and 90 ms for background
subtraction. We use the same fitting protocol for all R,» measurements. The ratio R, is stable
during data collection and only varies if the position of either PMT is altered.

The quantum efficiencies of PMTs are either experimentally measured or obtained from factory

calibration results. We use the following expression to measure the quantum efficiency:

Cts

0= P 6.11)
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where Cts is the total number of PMT counts per second, P is the laser power incident into the
PMT, and Aw is the photon energy. Each PMT is placed into a black box, and an optical fiber
carrying light directly points at the PMT active surface. To prevent saturation of the PMT, we
insert calibrated neutral-density filters between the fiber and the PMT head. We measure Q at
several different laser powers and fit to a line to obtain the PMT linear response. Eventually
we measured Q at 635 nm, 690 nm and 695 nm, and find that our measured Q is within 5%
of the manufacturer’s specifications. However, due to the lack of available laser sources at the
other fluorescence wavelengths, we employ the factory calibrated values for Q provided by the
manufacturer, and assign a 5% error to them. We also directly measure the transmission efficiencies
of all dichroic filters used for the experiment if a laser source is available, otherwise we use the
manufacturer’s specifications.

Table 6.2 shows all the measured values that are used in calculating VBRs and their errors, and

Table 6.3 lists the dichroic filters used for the measurement of VBRs.

A% 2 qo1 value | error A2 qo value error
Ro 1.575 | 0.013 Ry 1.363 0.015

R 0.0410 | 0.0017 R> 0.0007 | 0.0005
QPz,/l()] /QPQ,/lOO 0.73 0.04 QPQ,/IOQ/QPZ,/IOO 0.167 0.008
Tron /T, | 117 | 0.06 T/ T, | 115 | 0.06
do/q00 | 0.0306 | 0.0025 402/ 900 0.0025 | 0.0019
B’ qo1 value | error B*I" qo» value | error
Ro 5.83 0.05 Ry 5.83 0.03

R 0.0696 | 0.0021 R> 0.0040 | 0.0005
0Py201/OPrag | 0.86 | 0.05 01102/ OPrage | 0.56 0.03
Tron /T | 101 | 0.04 Trong /T, | 100 | 0.05

qo1 /qO() 0.0137 | 0.0011 qoz/qoo 0.00125 | 0.00019

Table 6.2: Measured parameter values that are used to calculate VBRs and FCFs for CaH given in
Sec. 6.2.3. Table adopted from Ref. [30].
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F 2 Fs
AT ), qo1 | FFO1-692/40-25 | FF02-684/24-25 | FFO1-760/12-25
ATy, qoo | FRO1-692/40-25 | FF02-684/24-25 | FF01-840/12-25
B2Z* qo1 FL635-10 FF01-630/20-25 | FF01-690/8-25
B>X* g0 FL635-10 FF01-630/20-25 | FF01-760/12-25

Table 6.3: List of all dichroic filters used in the VBR and FCF measurements for CaH given in
Sec. 6.2.3. All filters are purchased from Semrock, except FLL635-10 which is purchased from
Thorlabs. Table adopted from Ref. [30].

6.2.10 OBE and MC Simulations

We developed the optical Bloch equation solver [180, 181, 182, 183] using Python and Julia
(via PyJulia). The source code can be found online®. We include 12 ground states of |X*X*, v” =
0, N” = 1) in Hund’s case (b) and 4 excited states of |A2H1/2, v/ =0, J' =1/2) in Hund’s case
(a). We ignore another 12 states in the |X?2*, v’ =1, N” = 1) level, because the population in
the vibrationally excited state is not significant in our experiment. The transition dipole moments
are calculated with the help of a Matlab package* where a Hund’s case (b) basis is projected onto
a case (a) basis. We perform Monte-Carlo simulation of the classical trajectories of the cryogenic
molecular beam’. We initialize 10* molecules at the exit of the 5 mm beam aperture described
in Sec. 6.2.2, and propagate them through the interaction region where they experience Sisyphus
forces as described in Sec. 6.2.5.

We combine the OBE and MC simulations as follows: at a given laser polarization and other
experimental parameters, we perform a two-dimensional parameter sweep of velocity and laser
intensity using the OBE simulation of the optical force. Then within the MC simulation, for each
particle with a position and velocity, we perform a 2D interpolation to obtain the instantaneous
force on the particle. In order to accurately model the spatial variation of intensity, we assume

Gaussian beam propagation along with loss per pass due to imperfections. We measure the beam

width before it enters the interaction region, and use the number of passes to estimate the traveling

3github.com/QiSun97/OBE-Solver
4 github.com/QiSun97/Rabi_Matrix_Elements_Calculator
3 github.com/QiSun97/Cryogenic_Beam_Sisyphus_MC_Simulation
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distance and calculate the laser beam waist. The beam waist w(z) at a distance z is calculated as

w(z) = w(0)V1 + (z/zr)? (6.12)

where zg = 7w(0)%n/A is the Rayleigh range. We measure the spacing of the laser beams to con-
vert from the spatial coordinate to the number of passes. We also observe a moderate power loss
every time a laser beam passes through the chamber (~ 1.8%). Together, these provide us with a
conversion from spatial position to local laser intensity. Molecules propagate through the interac-
tion region and eventually exit to reach the detection region. We then plot the spatial distribution
of molecules and perform a one-dimensional Gaussian fit to extract the width information. The fit

function used for all experimental data as well as simulations is

¥() = y(0) + Aexp{ (~( = r0)*/ (209} (6.13)
where o is the 1/e radius of the cloud (Fig. 6.4(a)).

Assignment of Simulation Uncertainty

The main source of uncertainty in the simulations stems from our inability to measure the po-
sition and amplitude of the standing wave that gives rise to the Sisyphus effect. Although the
multi-pass laser beams are distinguishable initially (i.e. do not overlap), after 16 passes they over-
lap significantly. This overlap region, where the standing wave is formed and Sisyphus forces act,
covers ~ 5 cm of the interaction length (Fig. 6.5(b)). In addition, it is challenging to estimate
the beam waist within this region. We quantify this uncertainty by considering two situations: (1)
the laser beams are tightly spaced and the effective overlap is long, and (2) the beams are loosely
spaced and their overlap is small. For example, in Fig. 6.4(c), the simulation band ranges from a
5 cm overlap with 1 mm beam spacing, or a 4 cm overlap with 2 mm beam spacing. The same

strategy is used in generating the simulation bands in Figs. 6.4(b,d) as well.

126



Laser Intensity Estimation

The intensity of a Gaussian laser beam is defined as I = 2P/(nw?) where I is the peak intensity,
P is the total power, and w is the 1/e? waist. We measure the laser beam power and waist before it
enters the interaction region. The beam focus lies outside the interaction region. Then we estimate
the peak intensity after the beam undergoes N passes using Eq. 6.12. Furthermore, since the beam
overlap that can lead to a Sisyphus effect is between the beam aperture and ~ 5 cm downstream,
we denote the average intensity between 7 cm and 12 cm from the first pass of the laser beam that
is coupled from the downstream side of the 12 cm long interaction region (Fig. 6.1(a)). This is
how the x-axis of the experimental data in Fig. 6.4(c) is generated.

For the MC simulation, we define the average intensity from the local intensities experienced
by each molecule as the molecular beam traverses the interaction region. We tabulate the local in-
tensities experienced by all detected particles at the end of the simulation and calculate the median

of the distribution to obtain the average intensity.

Transverse Temperature Estimation

We estimate the transverse temperature of the molecular beam as follows. Within the MC
simulation, the only free parameter that allows us to match the detected spatial distribution is
the transverse temperature that governs the transverse velocity distribution. The spatial distribu-
tion is assumed to be uniform at the 5 mm aperture, and the forward velocity is experimentally
determined. Thus, we obtain a one-to-one correspondence of the molecular beam width to the
transverse temperature of the beam. The unperturbed beam has a width of 3.11(14) mm, which
corresponds to 12.2(1.2) mK, and the coldest beam has a width of 2.34(13) mm, which corresponds

to 5.7(1.1) mK.

6.3 Summary of CaD Laser Cooling Experiment

If I dream about having ultracold hydrogen, why not include deuterium in the dream as well?
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Fun fact is, only bosonic molecular species have been directly laser cooled to date, primar-
ily due to an abundance of bosonic isotopes in nature and to their simpler hyperfine structure.
Fermionic molecules provide new opportunities for ultracold chemistry, quantum simulation, and
precision measurements. This section I will describe direct laser cooling of a fermionic molecular
isotopologue, calcium monodeuteride (CaD). With a nuclear spin I = 1, only 5 hyperfine states
need to be addressed for rotational closure in optical cycling. These hyperfine states are unresolved
for typical experimental linewidths. We present a method for efficiently producing alkaline-earth
metal hydrides and deuterides. We demonstrate rotational closure and show magnetically assisted
Sisyphus cooling in one dimension for a beam of CaD molecules. Our results indicate that the
experimental complexity for laser cooling CaD is similar to that of calcium monohydride (CaH).
Laser cooling of CaD is a promising first step for production of ultracold and trapped atomic deu-

terium. This section will be mainly based on our publication [88].

6.3.1 Introduction

Recent achievements in quantum-state control of molecules have demonstrated their poten-
tial for ultracold chemistry [64, 184], quantum simulation [185, 186], quantum computation [187,
188], and precision measurements [140, 189, 190]. While fermionic molecules have been assem-
bled from ultracold atoms [191, 192, 193], to date all directly laser cooled molecules have been
exclusively bosonic. This stems partly from the fact that most abundant isotopes of neutral atoms
in nature that constitute these molecules are bosonic, with the notable exceptions of beryllium and
nitrogen. Additionally, a guiding principle for laser cooling candidate molecules is the simplicity
of the hyperfine structure [148]. Most laser cooled molecules are of the type M X, where M is an
optical cycling center with nuclear spin Iy; = 0 and X is an electronegative ligand with Ix = 1/2.
The resulting hyperfine structure consists of only four states that need to be optically addressed
for rotational closure of the optical cycling process [190]. I); # O for a fermionic species can
significantly complicate the laser cooling scheme [194].

Fermionic molecules possess many favorable properties for quantum science applications. Be-
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ing less prone to collisional loss than their bosonic counterparts due to the p-wave barrier [195],
fermionic molecules are an important ingredient in ultracold chemistry experiments. The combi-
nation of Fermi-Dirac statistics and long-range interactions of polar molecules can enable the real-
ization of topological superfluid phases [196] and lattice-spin models [197]. A fermionic cycling
center M can be employed for precision measurements of nuclear-spin-dependent parity violation
(NSD-PV) [198, 199] and axion-like dark matter searches [138]. This has motivated recent studies
with fermionic 3’BaF [194] and '""!73YbOH [200], with the demonstration of rotational closure
for the latter. In order to overcome the hyperfine complexity that plagues the molecules listed
above, we turn our attention to calcium monodeuteride (CaD) - the easiest fermionic molecule to
laser-cool in the near term.

Cold CaH and CaD isotopologues have astrophysical significance as they have been observed
in stellar and interstellar media [201, 202, 203]. Studying their ultracold chemical reactions in the
laboratory would improve our understanding of fundamental chemical processes [204]. Moreover,
CaD is a promising precursor for producing ultracold atomic deuterium, in analogy to the proposals
for CaH dissociation [162, 89]. High-precision measurements with hydrogen and deuterium allow
testing quantum electrodynamics [205], determining fundamental constants such as the proton
charge radius [206, 207], and probing new physical forces and particles [208]. In addition, a
degenerate Fermi gas of ultracold deuterium atoms would enable a new paradigm in quantum
simulation with the simplest Fermi liquid [209]. Even without dissociation, the fermionic nature
of CaD could allow it to reach lower temperatures and achieve better shielding from collisional
losses in a conservative trap, creating a promising playground for quantum simulation experiments.
The existence of an electron spin in the ground state of CaD provides an additional degree of
freedom compared to bi-alkali molecules. The relative simplicity and extensive applications make
CaD an interesting laser cooling candidate. In this work, we demonstrate the production and one-
dimensional (1D) laser cooling of CaD, which, to our knowledge, is the only fermionic molecule

to have been directly cooled.
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6.3.2 Methods
6.3.3 Experimental setup

In this work, we demonstrate the production and one-dimensional (1D) laser cooling of CaD,
which, to our knowledge, is the only fermionic molecule to have been directly cooled. Fig. 6.6(a)
illustrates the experimental setup. The experiment starts with a cryogenic buffer gas beam (CBGB)
source. An Nd:YAG pulsed laser at 1064 nm is used to ablate a solid rock sample of CaD;, cre-
ating a hot cloud of CaD radicals. The molecules are buffer gas cooled to ~6 K using “He and
then ejected from the cell. This creates a CaD molecular beam pulse with peak forward velocity
of ~250 m/s. The molecules are collimated with a 2.5-mm diameter aperture to 16(1) mK trans-
verse temperature (Appendix 6.3.10) before entering the interaction region where we perform laser
cooling. The molecules then enter the clean-up region and are detected through laser induced fluo-
rescence (LIF) with an electron-multiplying charge-coupled device (EMCCD) camera. The setup
has been described in detail in the context of CaH experiments [106, 89] with some modifications.
Our ultrahigh-vacuum chamber is set up in a 3D radio-frequency magneto-optical trap (RF-MOT)
configuration, with the MOT chamber here serving as the interaction region. We apply magnetic
field using the in-vacuum MOT coils in the Helmholtz configuration.

Although some deuterated compounds are commercially available, CaD; is not. We produce
the molecules by following a procedure outlined in Ref. [210] and detailed in Appendix 6.3.6.
The flux of the CaD molecules in the X22+(v” =0, N” =1, —) state out of the CBGB source
is ~ 10'" molecules/steradian/pulse. Compared to CaH, we find an overall ~ 5x higher yield
under a full range of experimental parameters such as helium flow rate, ablation laser energy, and
ablation laser beam waist. This could be attributed to differences in collisional cross section with

“He and in crystalline chemistry between the species (Appendix 6.3.7).
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Relevant Level Structure for Laser Cooling

Fig. 6.6(b) shows the level structure of the main cycling transition A%II; pOv =0,J =
1/2, +) « X>2*(v" =0, N” = 1, —) used for laser cooling. We are able to locate the transition
in Fig. 6.6(c) within ~200 MHz of available spectroscopic data [202, 203]. The hyperfine splittings
of the J/ = 1/2 and J = 3/2 states are adapted from Ref. [201], which we are unable to resolve
due to Doppler broadening of the beam. This is of particular advantage compared to CaH where
the spacings are ~50-100 MHz [106]. We show our ability to rotationally close the transition by
adding the two spin-rotation components J = 1/2 and J = 3/2 in the inset of Fig. 6.6(c). The
LIF is normalized to that of J = 3/2 only and we observe a ~ 15X higher fluorescence when both
components are present. This also confirms that the A%II; (v =0, J =1/2, +) excited state
hyperfine levels are unresolved.

A key requirement to directly laser cool a molecule is the ability to continuously scatter photons
at a relatively fast rate (~10° s~!). The vibrational branching ratios (VBRs) of the molecule should
be diagonal so that a practical number of lasers can mitigate loss to higher vibrational states.
The VBRs for CaD have been calculated [203] and are shown in Table 6.4 of Appendix 6.3.8.
Since the electronic potential energy surface does not depend on the mass of the nuclei, we do not
expect large isotope shifts in the VBRs. However, the mass change leads to a significant shift of
fundamental vibrational frequencies, from 37 THz in CaH to 27 THz in CaD. Overall, we assume
the VBRs for CaD to be the same as our measured VBRs for CaH in order to calculate the number
of scattered photons.

We perform laser cooling on the A*I1;p(V =0, J' = 1/2, +) « X°Z*(y" =0, N" =1, -)
transition, together with a (v = 1) repump laser addressing the AIT, PV =0,J =1/2, +) «
X23*(v"” =1, N” = 1, —) transition. This allows us to scatter ~ 1/(1—-VBR,—, 1) ~ 400 photons
before populating higher vibrational states. We add frequency sidebands for the ground state spin-
rotation and hyperfine splittings using electro-optic modulators (EOMs) (see Appendix 6.3.9 for
details). The main cooling laser and the repump laser are combined with a polarizing beam splitter

and coupled to a single-mode polarization-maintaining optical fiber. They are expanded to (2w X
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2w5)=(10.8 mmx5.4 mm) 1/e? diameter and retro-reflected in the interaction region to form a
standing wave. The polarization of the main cooling laser (v = 0) is set to 45° with respect to the
applied magnetic field along the y-axis for efficient dark state remixing. In the clean-up region,
only the (v = 1) repump laser is applied in a multipass configuration. Finally we detect the
molecules that remain in the (v = 0) state using the main cycling transition. The total power of
the lasers shown in the schematic are 475 mW, 180 mW, 180 mW, and 45 mW, corresponding to
the main cooling laser, (v = 1) repump laser in the interaction region, (v = 1) repump laser in the

clean-up region, and the detection laser, respectively.

6.3.4 Results

We demonstrate 1D cooling in a beam of CaD molecules using the magnetically assisted Sisy-
phus effect [178]. This technique has served as a barometer for the feasibility of laser cooling for
molecules such as StF [148],YbF [168], STOH [79], YbOH [78], and CaOCHj3 [80]. Fig. 6.7(a-c)
shows the molecular beam profile detected on the EMCCD camera, with a magnetic field |I§ | =
1.7 G applied along the y-axis in the interaction region. The image in Fig. 6.7(a) is taken when the
main cooling laser is absent, representing the unperturbed molecular beam profile in the (v =0, 1)
states. The fluorescence along the x-axis indicates the size of the molecular beam in the detection
region, while the z-axis width is determined by the detection laser beam. In Fig. 6.7(b) the main
cooling laser is applied at +40 MHz detuning from resonance and we observe an accumulation of
molecules near the center of the beam due to Sisyphus cooling. In Fig. 6.7(c) the laser is detuned
by -40 MHz and we observe an expulsion of molecules from the center due to Sisyphus heating.
We integrate the images along the z-axis and obtain the 1D profile shown in Fig. 6.7(d). We note
that because of the limited interaction time of ~ 40 us, we only deplete the population to 93(3)%
even when the main cooling laser is set on resonance. This corresponds to 30(13) photons scattered
at a rate of 0.7(3) x 10% s~!. This number further decreases in Sisyphus cooling and heating con-
figurations due to the laser detuning. With the limited number of scattered photons, the integrated

LIF signals under Sisyphus cooling and heating configurations are essentially unchanged from an
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unperturbed beam, as in Fig. 6.7(d). We note that the estimated scattering rate is roughly half of
the maximum scattering rate due to the fact that both (v = 0) and (v = 1) lasers address the same

excited state A2H1/2(V’ =0, J' =1/2, +).

Fitting Protocol

We fit the 1D profile with a phenomenological model capable of describing both Sisyphus
cooling and heating. The model combines a Gaussian and a second derivative of a Gaussian, the

latter serving as a modulation of the amplitude. The function is given by
f(‘x) = A X gX0,0'O(x) X (1 - Ah X g)’C’o,O’s('x))9 (6'14)

Where g, (1) = exp(—(x = x0)2/(202) ) and g, (x) = ((x=x0)* /3= 1)xexp(~(x = x0)*/ (202) .
The parameters A, x¢, and oy represent the amplitude, center position, and width of an unperturbed
beam, while Ak and o represent the fractional peak height change and the width of the region
where Sisyphus cooling or heating is effective. The shape of the second derivative of a Gaussian
qualitatively reproduces how Sisyphus cooling or heating affects the central part of the molecular
beam. The fits are shown as solid lines in Fig. 6.7(d).

The characteristic feature of the Sisyphus effect arises from the finite capture velocity v, of the
Sisyphus force. In the Sisyphus cooling configuration, only molecules with v < v, can experience
the Sisyphus force and get cooled. The molecules are cooled from 16(1) mK to 2.7(2) mK, which
we infer from the width of the peak. The Sisyphus cooled molecules reach a transverse temperature
of 2.7(2) mK. In the Sisyphus heating configuration, on the contrary, slower molecules are heated
and pushed away from the center. From the position of the two peaks in the Sisyphus heating

profile, we determine a capture velocity of ~1 m/s.

Characterization of the Sisyphus Effect

The Sisyphus mechanism in a Type-II system with more ground states than excited states relies
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on dark state remixing. In the cooling configuration, for example, molecules lose kinetic energy
as they climb to the intensity maxima of the standing wave produced by the retro-reflected laser
beam. At the maxima they are optically pumped into dark states at a lower energy [178]. Dark state
remixing allows the molecules to return to a bright state and repeat the cycle, thus reducing the
beam temperature. We characterize the Sisyphus effect for the following experimental parameters:
laser detuning, intensity, and magnetic field. The Sisyphus effect as a function of laser detuning is
shown in Fig. 6.8(a), taken at |I§|=1.7 G. Here we use peak height change, Ak in Eq. (6.14), as a
proxy for the strength, its sign representing cooling (positive) or heating (negative). The Sisyphus
effect is antisymmetric around zero detuning, and the optimal detuning for cooling and heating are
found to be at ~ +40 MHz, respectively, which corresponds to ~ +10I". Here I'" ~(27)x3.8 MHz
represents the natural linewidth of the main cycling transition and is estimated from Ref. [203].
The relatively large optimal detunings primarily result from the small hyperfine splittings, since at
small detunings all the sidebands introduced to address the hyperfine structure of the ground state
compete with each other. Fig. 6.8(b) shows the laser intensity dependence of Sisyphus cooling
(blue circles) and heating (red squares). Laser intensity here is defined as the mean intensity of
the Gaussian beam in a 1/e>-diameter area (P /7wiw2), with only the effective laser sidebands
accounted (Appendix 6.3.9). We are not able to saturate the Sisyphus effect primarily due to the
limited interaction time, and the scattering rate increases linearly with laser intensity in this regime.

The Sisyphus mechanism in a Type-II system with more ground states than excited states relies
on dark state remixing. In the cooling configuration, for example, molecules lose kinetic energy
as they climb to the intensity maxima of the standing wave produced by the retro-reflected laser
beam. At the maxima they are optically pumped into dark states at a lower energy [178]. Dark
state remixing allows the molecules to return to a bright state and repeat the cycle, thus reducing
the beam temperature. This is achieved through Larmor precession in the hyperfine sublevels in
the presence of an external magnetic field. Fig. 6.8(c) shows the magnetic field response of the
Sisyphus effect, taken at maximum laser intensity and +40 MHz detuning for cooling (blue circles)

and heating (red squares). We observe a sharp decrease of strength in both cooling and heating at
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|l§| ~ 0, when dark state remixing is the least efficient. At higher magnetic fields, Sisyphus effect
is again suppressed due to large Zeeman shifts. We also note that the Sisyphus effect cannot be
completely eliminated by tuning the magnetic field in the standing wave configuration for two
reasons. First, the magnetic field cannot be perfectly cancelled throughout the entire interaction
region due to the presence of the Earth’s magnetic field. Second, polarization gradient cooling

could occur due to imperfect linear polarizations.

6.3.5 Conclusion of CaD Laser Cooling Experiment

In conclusion, we have demonstrated laser cooling of a fermionic molecule, CaD. The com-
plexity introduced by the larger nuclear spin Ip = 1 is comparable to that of other bosonic
molecules that have been laser cooled and trapped. This is a key first step towards a MOT of a
fermionic molecule, opening the door to a variety of quantum science applications such as the
realization of the dipolar Fermi-Hubbard model [211] and topological superfluids [196]. With a
fermionic molecule added to the list of directly laser-coolable molecular species, qudit platforms
with high-fidelity readout become possible [145]. Due to a small isotope shift between CaD and
CaH, we expect the deuterated isotopologue to suffer from similar rates of predissociation for the
A and B excited states as CaH [89]. However, the same predissociative nature can be leveraged
to engineer dissociation pathways for the generation of ultracold and trapped atomic deuterium
[162]. This will enable a novel precision measurement platform with trapped hydrogen and deu-
terium [208]. Finally, the efficient hydrogenation and deuteration method described in this work
can be extended to produce chiral molecular isomers such as the chiral methyl group [212] in order

to study parity violation effects predicted to be the source of biomolecular homochirality [213].

6.3.6 Synthesis of CaD,

We produce CaD; samples by following a procedure outlined in Ref. [210] for the production
of CaH,. We build a high pressure, high temperature reactor using readily available components

(Fig. 6.9(a)). The body of the reactor is composed of a standard CF 2.75" stainless steel nipple.
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The bottom of the nipple is blanked off using a nickel gasket and constitutes the main reaction area
wrapped with an electrical heating coil and a thermocouple connected to a temperature controller.
The top is a CF to 1/4" VCR adapter and the subsequent connections are all made with standard
stainless steel VCR connectors. Such connections are rated for pressures > 5, 000 psi and temper-
atures > 500 °C. However, CF flanges are only rated for pressures below atmospheric pressure and
temperatures up to 450 °C.

Once assembled, we stress test the reactor using inert helium gas. We confirm that the system
is leak-tight first at atmospheric pressure and 450 °C, then up to 80 psi at room temperature,
and finally up to 80 psi at 450 °C. With no leaks appearing at any point during these tests, we
deem our reactor safe for operation with deuterium gas. We use calcium pieces of >99% purity
from Millipore Sigma (327387-25G) and 99.8% pure deuterium gas from Cambridge Isotope Labs
(DLM-408-100).

We charge our reactor with 3 g of Ca metal pieces measuring a few millimeters in size. Pow-
derizing the Ca target is expected to improve reaction yield due to larger surface area but this is
avoided since it would require pressing to form a target. The reactor is charged and sealed in
an inert nitrogen environment to avoid contamination. Then we gradually heat the sample under
vacuum to 450 °C over 2 hours. Care is taken to avoid large thermal gradients in the system that
could lead to a formation of leaks. Since Ca melts at 840 °C, this temperature only enhances the
rate of deuterating the Ca pieces. We then charge the hot reactor instantly with D, gas to 88 psi.
With the D; reservoir valved off, the pressure in the reactor starts decreasing immediately, signal-
ing that the reaction is underway. The pressure decreases to 62 psi after 40 min and the rate of
change stagnates. This implies that the first phase of the reaction, surface deuteration, is complete
(Fig. 6.9(b)). The measured reaction rate is k = 0.11 min~'. We leave the reactor charged and
hot overnight, and after 9 hours the pressure decreases to ~50 psi. During this time, D, molecules
diffuse through the Ca surface and penetrate into the bulk.

Once the system has cooled down to room temperature, we open the reactor in a nitrogen

environment. Since the temperature is not high enough to melt calcium, the pieces do not change
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their shape or size. However, they turn from a dark silvery gray to a light powdery gray. We
perform a powder X-ray diffraction (PXRD) analysis of the sample and find that it predominantly
consists of CaD, (Fig. 6.9(c)). This confirms our assumption that D, molecules can easily diffuse

through the metal surface and cause deuteration in the bulk of the Ca pieces with high efficiency.

6.3.7 Characterization of Molecular Yield

We employ a CBGB source described in detail in Ref. [106]. The steady-state in-cell density
of the He buffer gas is given by Eq. (6.15), where fy. is the flow rate of the buffer gas and vy is

its average thermal velocity at 6 K [68]:

4f He

_— (6.15)
AapertureVHe

NHe =

For the measurements taken in this work a buffer gas flow rate of ~20 standard cubic centimeters

3 similar to

per minute (sccm) is used, giving a steady-state buffer gas density of 1.4x10'6 cm™
other buffer gas experiments. Although the higher He flow rate leads to higher beam velocities, we
obtain a higher molecular yield and signal-to-noise ratio (SNR). Interestingly, we measure a ~ 5X
higher CaD yield both inside the buffer gas cell and also in the extracted beam compared to CaH
measured under identical conditions.

This difference in production of the two isotopologues can give insight into the dynamics of
our CBGB source, allowing for further improvements in molecule production and molecular beam
flux. Differences in thermalization resulting from different collisional cross sections is one possible
explanation for our observations. As the hot molecules diffuse away from the target, they collide
with the cold buffer gas. The rate of these collisions affects the time it takes the molecules to
diffuse through the cell. Assuming the molecular species instantly freezes (or is "lost") once it
reaches the cell walls, and the molecules are much lower density than the buffer gas, the decay

in absorption is a good representation of the time it takes for the molecules to diffuse out. This

characteristic time 7 can be found by fitting a simple exponential to the tails of absorption traces.
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Vibrational CaH VBR CaH VBR | CaD VBR
Transition Quanta Measured Calculated | Calculated
(V”) (CIOV”) (QOV”) (qOV”)
0 0.9680(29) 0.9820 0.9758
A X 1 0.0296(24) 0.0175 0.0235
2 2.4(1.8)x1073 | 4.61x107* | 7.18x107*
3 - 2.0x107 | 3.2x107
0 0.9853(11) 0.9790 0.9688
B X 1 0.0135(11) 0.0202 0.0295
2 1.2(0.2)x1073 | 7.5x107* | 1.5x1073
3 - 6.7x10™> | 1.5x107~*

Table 6.4: Measured CaH VBRs [106] and calculated CaH and CaD VBRs [203]. The calculated
VBRs for CaH are in good agreement with our own calculations [89]. Table adopted from Ref.
[88].

Then, using the method employed in Ref. [68], the collisional cross section can be calculated via

the expression
OTVHe

T, (6.16)
16AcellnHe

OHe-m =

where A is the cross-sectional area of the cell, ny is the steady-state density from Eq. (6.15),
and vy, is the thermal velocity of the buffer gas. We find the cross sections to be e cap = 2.0(8) X
10~ cm? and oHe.cap = 3.0(3) x 107'* cm?. These calculated cross sections are consistent with
previous work [214]. However, given the large errors of these values and their relative closeness,
we cannot definitively attribute the difference in the production between the two species to He

thermalization. We also cannot rule out other factors such as crystalline chemistry of the substrates.

6.3.8 Vibrational Branching Ratios

The VBRs for CaD calculated from Ref. [203] are shown in Table 6.4. We also show the cal-
culated CaH VBRs and find a small isotope shift between CaH and CaD. We make the assumption

that the VBRs for CaD are approximately the same as those for CaH.
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6.3.9 Laser Configuration

The frequencies of the lasers used in this work are presented in Table 6.5. The spectroscopy of
the AZHI/Q(V, =0, J ' =1/2, +) « X?>T*(v" =0, N” = 1, —) main cycling transition is done in
a quasi-rotationally-closed configuration. We scan the frequency of one spin-rotation component
while holding the other on resonance. This provides higher SNR because of the enhancement in
LIF due to optical cycling. With the hyperfine levels unresolved (Fig. 6.6(c)), we fit the spectra to
Gaussians with fixed spacing and relative amplitude, according to the hyperfine splittings obtained
from Ref. [201] and state degeneracies. However, there are no previously measured hyperfine
splittings for the X>X*(v” = 1, N” = 1, —) state. We instead fit the (v = 1) repump transition
with a single Gaussian for each spin-rotation component. All the frequencies are measured using

a HighFinesse WS7-60 wavemeter, which is calibrated using the 1Sy —3 P, transition in Sr.

Ground | v | N” | J” F” Excited | v/ | N’ | J' | Frequency (THz)

572 431.140421

3/2 3/2 431.140441

X 0] 1 172 A 0| - |12 431.140453
2 3/2 431.141437

12 431.141425

3/2 | 5/2,3/2,1/2 403.852444

X Y e s A0 12 s 85343

Table 6.5: CaD transition frequencies used in this work. The uncertainties are ~10 MHz statistical
and ~60 MHz systematic from the wavemeter. Table adopted from Ref. [88].

In order to generate the sidebands for the ground-state spin-rotation and hyperfine splittings
of the main cycling transition, we use two EOMs operating at 980 MHz and 11 MHz in series.
Specifically, we use the -1%' and 0™ order of the 980 MHz EOM for the J = 3/2 and J = 1/2
spin-rotation components, respectively, and the 0, +1%, +2"d orders of the 11 MHz EOM for the
hyperfine levels. We note that the +1% order of the 980 MHz EOM is unused in the cooling exper-
iment because it is far-off-resonant, resulting in a ~30% decrease in the effective laser intensity.
For the (v = 1) repump, we use a 978 MHz EOM and a high-Q 4.185 MHz EOM. The 4.185 MHz
EOM generates an array of sidebands (+5 orders) to cover the hyperfine levels in the (v = 1)

manifold.
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6.3.10 Beam Temperature Estimation

We estimate the transverse temperature of the molecular beam using Monte-Carlo beam prop-
agation. We generate a uniform spatial distribution of 10° particles at the location of the aperture
with a Boltzmann-distributed forward velocity of 250 m/s with 40 m/s as standard deviation and a
transverse velocity v,. We vary v, and calculate the molecular beam width at the position of the
detector. Matching this value to our measured unperturbed beam width (o0 = 5.4 mm) gives us an
estimate of 7, ~ 16(1) mK. Next, we perform the same computation but now compare the calcu-
lated beam width to the measured width of the central peak of the Sisyphus cooled profile (Fig.
6.7(d)), o = 2.3 mm. This provides a rough estimate of the Sisyphus-cooled beam temperature of
2.7(2) mK. We note that this temperature estimate is approximate and only serves as an indicator

of cooling efficiency.

6.3.11 Doppler Cooling

In addition to sub-Doppler Sisyphus cooling, we also perform 1D Doppler cooling of the CaD
molecular beam. The measured Doppler cooling and heating curve as a function of laser detuning
is shown in Fig. 6.10. Because of the large capture velocity of the Doppler force, cooling and
heating manifest as a change in Gaussian width (Ac) of the molecular beam. We can switch
from a Sisyphus to a Doppler configuration by multipassing the interaction laser and ensuring little

overlap between neighboring passes.

6.4 Recent Progress with Laser Slowing CaH

Chemical production of CaH results in a ~ 5X greater yield and ~ 20x better stability (signal
decay time constant) than the traditional ablation method [83, 30]. These improvements directly
lead to a better signal-to-noise ratio (SNR) and make possible the detection of laser slowing. Figure
6.11(a) shows our background-free detection scheme of the CaH beam’s forward velocity. The

A « X laser at 695 nm is applied transversely to the molecular beam, while the £ « A laser
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is applied at 45° with respect to the molecular beam as the velocity-sensitive probe. The decay
light from E to X at 490 nm is background-free and can be detected with a photomultiplier tube
(PMT). Figure 6.11(b) shows the spectral line of the E*I1; 5(J’ = 3/2, =) « A1y 2(J =3/2, +)
transition used for the detection. The velocity-sensitive detection method combined with a 1-watt
1668 nm laser source (with determining the line, we obtain a VECSEL system from VEXLUM that
could deliver a Watt of laser power at 1668 nm) improves the SNR and enables a robust velocity
detection of CaH with a reasonable amount of averaging. A sample measurement is shown in Fig.
6.11(c).

We perform white-light (WL) laser slowing on CaH, and successfully slow the molecules below
the MOT capture velocity of ~10 m/s. Figure 6.12(a) shows the slowing result. By varying the
velocity-dependent E «<— A laser frequency, we measure the molecular signal as a function of time
with and without slowing light. The subtracted signal shows an accumulation of lower velocities
(highlighted red region). The time-integrated signal in Fig. 6.12(b) demonstrates the appearance
of molecules at ~ 0-10 m/s velocities with laser slowing.

We estimate up to a few hundred molecules in this lowest velocity range. This number will be
further improved with finer adjustments of the slowing parameters and laser spectral properties,
slowing time, and additional repump lasers (currently we repump only the v = 1, 2 vibrational
levels). In parallel, we are implementing several improvements to the SNR, to help accelerate the
optimization process. We are also set up to directly probe molecule capture into a 3D MOT, which

is the ultimate goal of this part of the effort.
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Figure 6.4: Magnetically assisted Sisyphus effect in CaH. (a) Molecular beam profiles obtained
for an unperturbed beam (green), Sisyphus cooled beam (purple) at 6 = +20 MHz, and Sisyphus
heated beam (blue) at 6 = -20 MHz. The y-axis is normalized to the unperturbed beam maximum
and no other scale factors are used. Lines are fits to a 1D Gaussian function to obtain the 1/e cloud
radius o. The increase in on-axis molecule number seen in the cooling configuration is a clear
signature of Sisyphus cooling. Statistical error for each point is represented by the bar on top right
and is depicted separately for clarity. (b) Change in o as a function of detuning, where Ao > 0
implies heating and vice versa. The detuning is applied globally to each spin-rotation and hyperfine
addressing lasers. The data was taken at an intensity of 200 mW/cm?. The band represents the
result of OBE and MC simulations for our experimental system. (c) Change in beam size Ao
as a function of laser intensity. Detuning has been fixed at 6 = +20 MHz. We do not saturate
the Sisyphus cooling effect even at the largest available laser intensity (~ 300 mW/cm?). The
simulations shown as a band suggest that an intensity of >600 mW/cm? is required for saturation.
(d) Change in beam size Ao as a function of magnetic field strength. Detuning is 6 = +20 MHz
and intensity is 200 mW/cm?. Maximum cooling is seen for B ~ 1 G. Note that the scattering
rate is maximized at B = 3 G. The Sisyphus effect is expected to be nulled at B = 0, but due to
the presence of the Earth’s magnetic field and the low laser intensity we do not resolve the dip.
The simulation shows the same behavior. The bands shown in simulations encompass the spatial
variation in laser intensity we expect in the experiment. Each point is a result of 200 repetitions
of the experiment, and the experimental error bars are standard errors of Gaussian fitting. Figure
adopted from Ref. [30].

142



(a) (b) :
/' B ()

F'=0 F'=1 Interaction region

1l

Y

[>~ -- Fiber Launcher with PM fiber

Band-pass filter

I < 1=1/2RP
T ECDL

- ,,,, 1=3/2RP
ECDL

Repump lasers

(©)
B 4' N
44-?

Cooling lasers

C1eanup fiber

Figure 6.5: Laser configuration for Sisyphus cooling. (a) schematic of the Sisyphus cooling pro-
cess in the F” = 0 « F” =1 configuration. The standing wave formed by the overlap of the blue
detuned, linearly polarized laser beam leads to a Stark-shifted potential hill. As a molecule (blue
sphere) travels up this potential hill, it loses energy and is optically pumped to the excited state at
the top of the hill. The spontaneous decay brings the molecule back to the dark ground state. Pre-
cession around an external magnetic field (E) mixes the ground sublevels and brings the molecule
back into the bright state to continue the process. (b) schematic of the interaction region. Blue
arrow denotes molecular beam direction. Two separate laser beams are used to form independent
standing waves. The first laser beam (1) containing both A <« X(v/ = 0) and B « X(v" = 1)
frequencies enters the interaction region near the end and is retroreflected such that the spacing
between adjacent passes gradually decreases. After 16 passes, the adjacent passes have sufficient
overlap to form a standing wave. The second laser beam (2) only addresses A «— X (v” = 0) and
can be added to obtain higher average intensities. (c) arrangement of ECDLs and ILAs used to
generate the cooling and repump light and their combination. Some components such as mirrors
and waveplates are omitted for simplicity. Note that the method of combination leads to an equal
split of the cooling light into two fibers (1) and (2). Figure adopted from Ref. [30].
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Figure 6.6: (a) Schematic of the experiment viewed from above. CaD molecules are generated
in a ~6 K CBGB source. The molecular beam is collimated by a 2.5-mm diameter aperture and
enters the interaction region where it is addressed by the main cooling laser, copropagating with
the (v = 1) repump laser. The laser beam is expanded to (10.8 mmx5.4 mm) 1/e* diameter and
retro-reflected to form a standing wave. The molecules then enter the clean-up region where only
the (v = 1) repump laser is applied in a multipass configuration and are finally detected in the
(v = 0) state. (b) Level structure of the main cycling transition AIT, PO =0,J"=1/2, +) «
X?Z*(v” =0, N” = 1, —). The hyperfine splittings are adapted from Ref. [201]. (c) In-beam
spectroscopy of the transition. The inset shows signal enhancement with rotational closure. Figure
adopted from Ref. [88].
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Figure 6.7: Molecular beam profile with Sisyphus cooling and heating. (a-c) Beam images un-
der unperturbed, Sisyphus cooling at +40 MHz, and Sisyphus heating at -40 MHz configurations,
respectively. (d) Integrated 1D profile. Sisyphus cooling narrows the width of the center of the
molecular beam (blue), while Sisyphus heating expels molecules away from the center (red). Un-
perturbed beam is shown as gray. Solid lines show the fits to the beam profile. Figure adopted
from Ref. [88].
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Figure 6.8: Parameter scans of the Sisyphus effect. (a) Peak height change as a function of the
main laser detuning, taken with magnetic field |§ | = 1.7 G and at 45° with respect to laser polar-
ization. (b) Sisyphus cooling (blue circles) and heating (red squares) as a function of the main laser
intensity, taken at +40 MHz detuning and the same magnetic field configuration as in (a). Satura-
tion is not observed. The gray lines are guides to the eye for the unperturbed scenario (horizontal)
and zero detuning (vertical in (a)). (c) Sisyphus cooling (blue circles) and heating (red squares) as
a function of applied magnetic field, taken at +40 MHz detuning and maximum laser intensity. A
sharp decrease in the strength of Sisyphus effect is observed when |§ | ~ 0. Error bars represent
the 95% confidence intervals. Figure adopted from Ref. [88].
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Figure 6.9: Synthesis of CaD;. (a) [llustration of the home-built setup used for the synthesis. The
main reactor is a standard CF 2.75", 5" long 304 stainless steel nipple. The base is wrapped with
heating tape connected to a variac via a temperature controller (Extech 48VFL). A standard J-type
thermocouple attached to the base is used for temperature stabilization. A high-pressure gauge
(MG1-100-A-9V-R) is placed close to the top of the reactor. All connections henceforth are VCR
type. The reactor connects to a scroll pump and a Convectron gauge (MKS 275) via a tee. The
other end of the tee connects to a D, cylinder using a long flexible hose. The regulator on the
cylinder allows for control of the charging pressure, while the valves shown are used to direct the
flow. (b) Pressure measured on the high-pressure gauge as a function of time at 450 °C. The reactor
contains 3 g of Ca pieces. From an exponential fit, we obtain a reaction rate of k = 0.11 min~'.
(c) Powder X-ray diffraction study of the resulting sample. Red lines are the known CaD, peaks.
Almost all measured peaks match with the known CaD, values except for the peak at 26 = 37°.
This peak could be attributed to CaO or Ca(OH);, possibly resulting from short contact with air.

The results suggest very high conversion efficiency from Ca to CaD,. Figure adopted from Ref.
[88].
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Figure 6.11: Two-photon background-free velocity detection of CaH. (a) Relevant level structure.
CaH molecules are excited on the A « X transition at 695 nm and subsequently the £ «— A
transition at 1668 nm. The photons emitted from E to X thus provide background-free detection
at 490 nm. (b) Background-free spectroscopy of the E2H1/2(J’ =3/2, —) « A2H1/2(J =3/2, +)
transition. (c) Sample CaH velocity measurement. The A < X is applied transversely while the
E « A laser is applied 45° relative to the molecular beam as a velocity sensitive probe. A PMT
collects the 490 nm photons with temporal information. The white line marks the earliest possible
arrival time for each velocity class.
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Figure 6.12: White-light slowing of CaH molecules. (a) PMT signal of slowed molecules sub-
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tion of molecular velocity. Excess molecules below a typical MOT capture velocity (~10 m/s) are
observed.
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Chapter 7: Optical Bloch Equation (OBE) Solver

7.1 Why Solve OBE

While experiments demonstrate the ability to laser cool molecules, it is equally important to
develop a theoretical understanding and compare it with measurements. This is typically done
by solving the time evolution of the density matrix, which captures quantum state dynamics, and
coupling it with molecular beam simulations. In this section, I focus on the first part: solving
optical Bloch equations (OBE). This chapter outlines the basic theoretical framework, illustrates it
with simple toy models, extends it to CaH, and briefly introduces how these results are connected
to Monte Carlo (MC) simulations of molecular beams.

A few key terms are introduced here to assist readers unfamiliar with this topic. The Hamil-
tonian describes energy in the system: internal energy of the molecule and its interaction with
external fields, such as light. The quantum states are usually chosen as eigenstates of the internal
(unperturbed) Hamiltonian. The density matrix is an nXn matrix, where n is the number of states in
the model. Diagonal terms represent population in a given state, and off-diagonal terms represent
quantum coherence (superpositions) between states. For example, to calculate the optical force on
a molecule from a resonant laser, one can extract the population in the excited state (from relevant

diagonal terms of the density matrix) and multiply it by the spontaneous decay rate.

7.2 OBE Theory

The Liouville—von Neumann equation in Lindblad form describes the time evolution of the

density matrix. We start from its basic form and explain the reasoning behind each term.
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7.2.1 Liouville-von Neumann Master Equation

The Liouville equation for a closed quantum system can be derived from the Schrodinger equa-
tion. For a pure state |/ (7)) evolving under a time-dependent Hamiltonian H(¢), the time evolution

is given by a unitary operator U(¢, #;) such that:
(¥ () = U, 1:)|¥ (1)),

where U satisfies the equation:
dU(t,t;)

e H(HU(t,t;).

i
An ensemble of states is described using the density matrix:
p(t) = > ekl PP (D),

k

and its time evolution becomes:

p(t) =U(t, t)p(t)U'(t,1,).

Taking a time derivative yields the Liouville-von Neumann equation:

dp(t) _
L= = —i[H(D),p(1)]. (7.1)

To include dissipation and decoherence, we generalize this equation into the Lindblad master

equation:
N2-1 1

Lp=-ilt.pl+ 3, % (GG - 5(6]Gip) 12
i=1

dp(1) _
dt

where G; are quantum jump operators that describe dissipative processes such as spontaneous
emission, and y; are the corresponding rates.

The key difference between the unitary Liouville equation (7.1) and the full master equation
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(7.2) lies in the second term, the so-called dissipator. This term captures the effects of system-

environment interactions that are not included in the Hamiltonian.

7.2.2 Dissipator

The dissipator accounts for non-unitary effects in the system and typically consists of two
main components. One includes all dephasing processes, such as collisional broadening and laser
linewidth. In typical molecular beam or MOT conditions, these effects are small and often ne-
glected. The second and more important component is spontaneous emission, which we now
examine in detail.

The quantum jump operator for spontaneous decay from state |i) to state |j) is given by

Gij = \Lij 17)4il,

where I';; is the decay rate from |i) to |j). Plugging this into Eq. 7.2 and summing over all decay
channels gives a complete description of spontaneous decay. In most practical cases, we set y; = 1
and directly use the physical decay rates I';;.

To illustrate this, consider a toy model system with three ground states and one excited state,
often referred to as a 3 + 1 system. This simple model captures essential features of more complex
systems like CaH (which involves 12+4 states). Label the ground states as |1),]2),|3) and the
excited state as |4). Suppose |4) decays to each ground state with equal probability, i.e., each
decay channel has rate I'/3.

Then the jump operators are

1
Gaj=3T 1N forj=1,23.

Substituting these into the Lindblad master equation, the resulting dissipator matrix 9 be-
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comes:

[iCpu® 0 0 -iTpu)

o 0 1T pas(t) 0 —1Tp24(1)
0 0 1Tpas(t) —1Tpas(t)

_—%Fpm (1) —3Tpar(t) —3Tpaz(t)  —Tpas(t) ]

The diagonal terms represent population gain into ground states and loss from the excited state.

The off-diagonal terms capture coherence loss between excited and ground states.

7.2.3 Hamiltonian

We now discuss how to construct the Hamiltonian. For molecules, a complete hamiltonian
should include the kinetic energy, intramolecular interaction, intermolecular interaction and inter-
action between particle and environment electromagnetic field. All of these contributions must be

considered when constructing the Hamiltonian.

1. To simplify things, we use the eigenstates of kinetic energy plus intramolecular interaction
as basis of the density matrix. The energies of those states are therefore well defined, some

may be found in Chapter 2 of the thesis in Table 2.2.

2. The intermolecular interaction is weak for CaH due to the relatively low density, so it is not

considered here.

3. For the interaction between particle and environment electromagnetic field, one should con-

sider the following situations.

* A static magnetic field can introduce Zeeman effect. In the low field limit, if the states
of study are all My states, and we choose the quantization axis to be along the B field
direction, the Zeeman effect Hamiltonian is just a diagonal matrix, with the correspond-
ing energy E, = gupBmp, where g is Lande g factor, up is Bohr magneton, B is the
magnitude of magnetic field, and mf is the projection of the total angular momentum

F to the quantization axis.
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* An electromagnetic wave (light or microwave) can introduce electric dipole interaction.
Higher-order interactions are not considered in this discussion. The Hamiltonian typi-
cally is written as H; = —eE (7,1) - 7. If one uses plane wave traveling in the positive
z direction, the electric field operator can be written as E (F,t) = Ep€cos(kz — wyt).

This will be discussed in more detail later.

The first term is straightforward and will be demonstrated in a later example. The second term
will be neglected. The Zeeman term is also trivial if one uses the B field as the quantization axis
(The choice of quantization axis is based on personal preference; here, it is chosen to aid clarity
of understanding). The electric dipole interaction term is non-trivial and we should discuss more

about it.

7.2.4 Rabi Rate

Rabi rate comes from Rabi cycling, it describes the strength of dipole interaction. Knowing
Rabi rate can lead us to the right way of writing the interaction Hamiltonian. As we said the
Hamiltonian is H = —¢E - 7, in the matrix form it is Hir = (f| - ¢E - 7|i) = —hQg. The Rabi rate

for a transition from state |/) to | f) is defined as:

el . .
Qg = 7<f|€"’|l>
where € is the light polarization vector, E is the electric field amplitude, e - 7 is the transition
dipole moment, usually written as d.
Spherical Basis

To solve for {f|€ - F|i) in 3D space in a way that is consistent with all the quantum numbers of
the states, it is important to use the spherical basis as it closely relates to the description of angular
momentum in quantum mechanics. The conversion from Cartesian basis to spherical basis is as

follows:
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1 i
€] = ———e— —e
+ \/zx \/Ey

+1 i
e_| =+—ex— —e

V2o V2T

e=e,

So if we know the mathematical form of the electric field in Cartesian basis, we can project
it into spherical basis with the corresponding amplitude E,, where p = 0, —1, +1 representing the
index. We also use a rank 1 spherical tensor T; (d) to represent the cross product, so the Rabi rate

can be written as:

E_
Q= ) CD=HIT@])=A R-E
p=0,—1,+1

From the basic hydrogen model in quantum mechanics, we can guess that (f |TI} (d)]é) can be
separated into two components: a radial part and an angular part: an angular part and a radial
part. The angular part (A)can be calculated by knowing the quantum numbers of the |i) and | f)
states. For molecules, the detailed calculation involves evaluating Wigner 3-j, 6-j, and 9-j symbols,
we will not prioritize the calculation here, one can find the packages to calculate them'. While
the radial part (or called electronic part, R) is determined by the wavefunction overlap, and can
be evaluated from other properties of the molecules. Here we can use transition-dipole-moment
results from well-established theoretical modeling of the molecules of interest, For example, there

are many useful resources related to CaH [215, 216, 217]

Radial Part

Although useful references exist, we can approximate the radial components by another method:
experimentally measured decay rate. Because Fermi’s golden rule tells us that the decay rate from

state |i) to state | f) is:

Ihttps://github.com/QiSun97/Rabi_Matrix_Elements_Calculator
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if N\ 12

d 7.3
Trepas (1D (1.3)

Fiep =

We typically can learn the lifetime of certain excited state (for example, the AIl v = 0O state has
a lifetime of 33ns, BX v = 0 state is 56ns), which can be converted into decay rate (1/7). Therefore,
we can sum over the ground states in Eq. 7.3. And a property of the angular components is their

squared summation equals 1. This leads to the final expression for the radial part R:

3nehc?

e2w3

R* = |(e|r|g)|* = r

It should be noted that this equation is not complete because molecules have much more com-
plex internal structures, but in our case it’s close to what is predicted by Ref [215]. For CaH, the

A « X transition has a radial component of 2.24a( (ag is the Bohr radius).

Electric Field Strength

We are now close to completing the Hamiltonian construction. The electric field projection
to the spherical basis is the only thing left to be calculated. We should first try to write it in the

Cartesian basis. There are two cases that are interesting to us.

1. B field is in Z direction (the quantization axis). The light is traveling in X direction. And
the linear laser polarization is in the Y-Z plane, having an angle of 6 with respect to Z axis.

Assume the field strength is Ey, so the field can written as:

E = (cos 67 + sin 6%) Ege "
N L . _ (7.4)
= (cos fey — — sinfe ] — — sinfe_j)Ege "
V2 V2
Without further terms, this interaction Hamiltonian has a rotation symmetry (around Z axis),

which means laser can propagate at any direction in the X-Y plane, as long as we keep 6

unchanged, then the OBE state population evolution should be the same even though the

155



Hamiltonian looks different after projection to spherical basis. This can serve as a good
sanity check of the system, and user’s understanding to writing the hamiltonian. Another
way to put it is, the physics is unchanged no matter how we define the basis, which can be

used as sanity checks.

2. In the case of two counter-propagating beams that can form a standing wave (used to cal-
culate type II system Sisyphus cooling and MOTing experiment), assume B field is in Z
direction, both laser travels along X direction. They have the same polarization direction,
which is in the Y-Z plane, having an angle 8 with respect to Z axis. The laser field can be

written as:

E = (cos 67 + sin %)2E cos kx
I L . (7.5)
= (cos ey — — sinfe,| — @ sinfe_1)2Eq cos kx

V2

The time dependence is eliminated with formation of standing wave. Same as case 1, this

system also has rotation symmetry around Z axis.

And to acquire Ep from experimental values, which is intensity / (or power P with beam

diameter d). The electric field strength at given experimental parameters can be calculated by

21 8P
Eoy=+/— = 5
cepy ncepd

7.2.5 Unitary Transformation

When introducing high frequency EM wave (laser, typically ~ S00THz) into the Hamiltonian,
if we do it without further modification, the minimum time step for calculation becomes too short
(<Ifs) and it consumes computation efficiency. We can remove this high frequency components
by applying a unitary transformation to the quantities. This is also called "rotating frame transfor-

mation", or "dressed state picture" in atomic physics classes.
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7.2.6 Example: 3+1 System

With the "3+1" system example provided in Dissipator section 7.2.2, we can add more con-
straints to the system to be more specific. We define the ground states as F”’ = 1, and excited state
as F’ = 0 system, and assume the radial part is R = ag for simplicity. There is only one laser to
address all transitions from ground states to excited state, and it has a linear polarization.

We should proceed as follows:

1. Define the basis - the four states used to write the density matrix and Hamiltonian ez. al..

For example, |¢q), |¥1), [¥2), [¥3) = |1,-1),]1,0),|1,+1), |0, 0) (first number is F, second

number is mp)
2. Write down Hamiltonian.

(a) Assign eigenstate energies. Don’t forget the Zeeman term, it’s simplest to use B field

as quantization axis. Now the hamiltonian looks like

-—B-g+E0 0 0 O-
0 Ey 0 0
0 0 B-g+Ey O
0 0 0 E,|

(b) Then add light-atom interaction into the picture. The transition strength between the
excited state and different ground states in spherical basis (eq, e+, e_1) can be acquired
from the code online or from Metcalf book?. The Rabi rates for each possible tran-
sitions is decorated by a pre-factor, which is based on the polarization of the laser as

discussed previously. We use the symbol € to represent the overall Rabi rate. Then the

?Laser cooling and trapping, Harold J. Metcalf. Appendix D.
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Hamiltonian now will become:

-B-g+E 0 0 —ﬁgei‘”’ sin @
0 E 0 1Qe'“! cos @
0 0 B-g+E %ﬁgel’w sin @
1 —iwt 1 —iwt 1 —iwt
i 6\596 sinf  £Qe cos 0 6\596 sin @ E,

Till this step, the hamiltonian in the normal basis is done.

3. Perform unitary transformation to the hamiltonian to eliminate the high frequency compo-
nents and go to the dressed state picture. One thing to notice is, this step does not change
the meaning the diagonal terms in the density matrix, which is the state population. The off-
diagonal terms will mean differently. But it’s critical to remember, unitary transformation is

just a transformation, the physics is the same. Eventually the transformed hamiltonian will

look like this: ]
_B. —1 O
B-g 0 0 6\59 sin 6
0 0 0 1Qcoso
. 1 0y
0 0 B-g 6\59 sin 0
—_1 O 1 1 0O
i 6\/§Qsm9 cQcos 0 6\/§Qsm9 A

where A is the laser detuning with respect to the transition frequency. Note that the Hamil-

tonian can be always written in frequency unit, such as GHz or 2w - GHz

4. Write down the Dissipator. Since the only dissipation term we want to introduce to our
system is spontaneous decay, all we need to know is the branching ratios, and it can be
calculated from the Rabi matrix. As discussed before, we can write down the dissipator as

following (I is the transition linewidth):
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1T p33(1) 0 0 —5Tpo3(1)
0 1Tp3(t) 0 —1Tp13(1)
0 0 iTp3(t) 3T pas(1)

—3Tp30(1) —3Tp31(t) —3Tpx(r)  ~Tpss(0) |

5. Assemble the Bloch Equations from Hamiltonian and Dissipator. In this case, one can ac-

quire 16 equations (4x4) to solve for.

6. Assign numerical values to the symbols, and evolve it with finite range of time. For Rabi

/2]
Q:R~E:a0 —
c€

One may ask why there is only the radial part. The answer is the angular components are

rate Q, it can be written as:

already implemented in the Hamiltonian.

7. Special care needs to be taken with units. People might have different preferences with
natural units or atomic units. I highly recommend a thorough / complete use of SI units for
the eventual calculations to avoid any ambiguity. For instant, I started with using 27M Hz as
time units, but I found it extremely easy to forget correcting for some constants. Eventually

I decided to switch everything to SI units, and it became much cleaner.

8. Choice of programming language. It is actually a non-trivial question about what program-
ming language to use for the OBE solver. If you wanna start fresh, there is no doubt that you
will benefit a lot from writing it with the language you are good at. But I would strongly rec-
ommend using Julia 3. It supports symbolic language, it can run in parallel, and it is super
fast at solving ordinary differential equations. With similar amount of coding, it is almost
300-1000 times faster than Matlab when calculating the same system and evolving for same
length of time. As I checked the time cost, in my Matlab code a significant amount of time

is used when replacing actual values to symbolic values using its symbolic toolbox. So one

Shttps://julialang.org/
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can argue Matlab can be faster. But there is no doubt that Julia can still solve the same ODE

system faster even without use of symbolic language.

7.3 Dark States in Toy Models

7.3.1 Whatis a Dark State

To me, the best paper that talks about dark states is Ref. [218] (despite its typo in Table II).
For a complete picture, I would guide the interested readers to it. Here I will only talk about my
understanding and how it applies to our research.

Naively speaking, a dark state is a pure state that does not allow photon scattering in presence of
light. Formally, a dark state originates from a superposition of the ground states, |d) = X,,C,,|m).
This state will be "dark" if it can satisfy (d|rE|e) = O for every excited state |e) at a given laser
field. Mathematically one can use this equation to acquire the expressions of C,,s by projecting
the electric field (to spherical basis) and align them. The solutions should then be written to some
orthogonal basis.

Regarding how many dark states can exist in a toy model (ground state F”, excited state F’, a

monochromatic light is present without polarization alternation), it can be understood as follows:

1. when there are more states in excited states than ground states, there is no dark state

2. when the excited state degeneracy is same as ground states (F* = F”), there is one dark state

3. when there are more ground states than excited states, there are more than one dark state

basis. For example, if F’=F’+1, there will be two dark basis.

7.3.2 Examples of Dark States

For a 3+1 system (3 ground states 1 excited state), the dark state basis should be (7 pol situation

is special and not included in this expression, because the basis will be null):
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C_i -E_, EoE 4
Co|=| 0 [&|-(E? +E2)
Ci E4 —-EoE_

Here, C,, is the coefficient of ground state |m) (unnormalized), E; is the projected light field
to spherical basis. Using previous knowledge of the basis, at 0 degree, two darks states will be
| — 1) and | + 1). at 90 degree, plug in the numbers: E_; = 1,E,; = —1,Ey = 0, so there will
be the well-known dark state |d) = |0), and another dark state basis |[d) = | — 1) + | + 1). One

can normalize the coefficients if necessary. Note that it’s a bit different from what’s written in Ref

[218]. I tend to believe it’s a typo but one might argue it’s equivalent. I would partially agree with

it.
For a 343 system, the dark state basis should be the following:
C_q E_;
Co| = |-Ep
C+1 E+1
For a 5+3 system, the basis is written as:
] [eEE, - 2E§)- — ~V2EoE,| (2E} +3E3 |Eq + E_ | EJ| - EZE2))
C.y VBE_|EoE4 E_E.(E* +6E% E? + E}) - 2E2(E* +EY))
G | = -V6E_ E2, & ~V3Ey( - E* Eq + E3 +2E% (2E? + E}))
Cy 0 -E2 (E* +6E* E? +E%)+4E? E}E? (E_, - 2E,) - 4E* E}
Co E3, V2E_ | Eo(E? (E?| = 2E_1Ey +3E2) + E}E. | (=3E_| +4E,) +2E)
At 0 degree, two darks states will be | — 2) and | + 2). At 90 degree, it will be |d) = | — 2) —
V6|0) + | +2) and |d) = | — 1) + |+ 1). At other angles, the readers can plug in the correct numbers

and acquire the result using above expressions. The population can evolve to a dark state very fast.
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7.3.3 Adding B field to Destabilize Dark States
Why B field Can Destabllize Dark States

When B is non-zero, no matter how small it is, it will always break the degeneracy of the
relevant ground states. The reason is as following.

Assume laser field does not change over time. So at time zero, the dark state of a system is still
|d) = X,,;Cy,i|mi). But actually if you consider time evolution (solution of Schrodinger equations),
it should be written as |d(1)) = ,,;Cpi|lmiYe™" = ™'Y, .C,,i|mi). The prefactor e=*“! was
neglected because it is a group phase here and it won’t change the physical picture. Then, if we
apply a B field to the quantization axis (z axis), energies of states will be shifted if g factor is
none-zero, such that the dark state is now |d(¢)) = X,,;Cpi|miye @mi! = =@y, .C,,:\mi)ye 0mi
effectively |d(t)) = Z,iCpilmi)e™mi' where 6,,; represents the energy shifts due to magnetic
field.

Imagine at t=0 the state is in some dark state |d), where the state coefficients C,,; = C0,,; are
calculated using known laser E field. The next moment (t= ¢;), you will notice that you are no

—10mi0;

longer in dark state, because your state coefficients CO,,; * e is not the solution anymore. The

actual solution could be C,,; = CO,,; % ¢"omi%:

That means even if you start with a dark state, you
will always precess into a bright state the next moment.

One might understand now, as long as the degeneracy of ground states is broken (either with
magnetic field or electric field), dark states are then destablized, enabling continuous optical cy-
cling. There are also other methods to destablize dark states, for example, polarization switching

(easily achievable through the use of a Pockel’s cell), and the expansion of laser linewidth. For

detailed calculations, one can read Ref [218].

Extreme Cases with §,,, and Rabi Rates

It can be noticed that if §,,; is too small, the precession will be slow, so that the photon scattering

rate will be small, excited state population will be low. If Rabi rate is small, even though you
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precess out from a dark state, you won’t be able to scatter any photon, so scattering rate is low.

If 6,,; is too large instead, Zeeman splitting will be too much such that the photon scattering
rate will also drop. If rabi rate is too high compared to B field, that means if you start from a
dark state, you will be able to adiabatically follow the evolution of the dark state, such that the
population will be trapped in a time-evolving dark state the whole time, and the excited population
will cease.

To understand the adiabatically following, one can use this useful picture: rabi rate basically
represents the speed of driving a system from a dark state to a bright state. When the Rabi rate is
too high, every time the system evolves out from a dark state to a bright state, shortly after that
it will be driven back to the nearest dark state. Eventually, your dark state population will be too
high to maintain high excited state population. So a match between ¢,,; and Rabi rate is important

to achieve high scattering rate.

Extreme Cases with Angles

Let’s consider two cases when the angle between laser polarization and B field is varied.

At 0 degree, there will be no dark state remixing. This can be inferred from previous section
(Sec 7.3.2), where we calculated the dark state basis in a given light field at different angle. There
we know that, in the system we are interested, at any non-zero degree angle, all dark states will
be superposition of some (at least two) ground states (in m s basis), which means one state can
always precess between some (at least two) states. But at zero degree, the dark state basis will be
|my = F) and [my = —F), so they do not have another ground state to connect to, or to precess
into.

At 90 degree, for a 3+1 system, there are two dark state basis (when there is no B field), and
one of them is |0), which cannot precess out into any other state (even in presence of B field), and
will remain dark the whole time as a result. For a 543 system, there are two dark states basis, both
of them follow our previous logic about dark state destabilization. So at 90degree, there will not

be a state that remains dark the whole time for a 5+3 system.
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Both cases (0 degree and 90 degree) are, interestingly, observed in CaH system.

1+1 system, 1+3 system, 3+1 system, 3+3 system and 5+3 system are two systems that are
particularly interesting in our experiment. The reason is, the ground states of CaH can be viewed
as a combination of F=0, F=1 and F=2 states, and excited states as F=0 and F=1 states. So before
we march to the complete picture, it’s a good idea to gain insights from these combinations. Some
cases are trivial so we won’t bother to elaborate here. I’ll discuss two cases with dark states: 3+1

model and 5+3 model.

7.4 3+1 Toy Model

As a reminder, 3+1 stands for 3 ground states (F’=1) and 1 excited state (F’=0). Ground states
are degenerate but with different g factors (g_1, go, g+1 = —1, 0, +1). Excited state has spontaneous
decay atrate I = 1, evenly to all three states. Transition matrix (angular part) at different spherical
basis can be calculated using packages online or acquired from textbook (Ref [94] Appendix D).
Assume the laser is resonant with the transition, linear polarized (angle with quantization axis is
#), providing a total Rabi rate Q. Construction of OBE follows the procedure mentioned above,
and here we will discuss the results.

When there is no B field, there will be stable dark states, leading to zero excited state population
at equilibrium. When there is B field, we can sweep 6 and B field strength (in unit of I') together
and plot the excited state population as an indicator of optical cycling rate, as shown in Fig 7.1.

One can observe the following features.

* at 0 and 90 degree, the system will fall into dark states even in presence of B field. This is

predicted in dark state section 7.3.3. |0) will remain dark and cannot precess out.

* it seems maximum excited population usually comes at around 6 ~ 55-65 degree. 1 believe
there is an elegant explanation for this number, and I have a lot of room here. But I'm not a
Mathematician so I'll only provide a physical picture. This angle is roughly where the Rabi

matrix strength are equal to each other with different ground states, as shown in (d) of Fig
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Figure 7.1: Excited state population versus B field, & and Rabi rate in a 3+1 system. Different
figures represent excited state population results at different total Rabi rate (equivalent to laser
intensity). B field and Rabi rate are in unit of I', 6 is in degree.

7.2.

* When stronger light field is applied (higher Q), a stronger B field is required to mix the state

more efficiently, in order to achieve high scattering rate. As explained earlier, if the B field

remain the same, it will cause the system to experience adiabatic following and reduce the

efficiency.

7.5 343 and 5+3 Toy Model

A 343 system and 543 system has the biggest difference with 3+1 system in their dark state

remixing at 90 degree. As mentioned earlier, both 3+3 system and 5+3 system do not have a dark
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Figure 7.2: An example study of dependence on angle 6 in a 3+1 system. This plot is generated
for B=0.45, Q=3. Rabi matrix strength is the sum of total excitation to the ground state reflected
in the hamiltonian. One can notice at 0 degree and 90 degree there is always some states being in
dark, and around 55-65 degree the Rabi matrix is more balanced.

state that cannot be destablized with B field at 90 degree. But at 0 degree, there will always be
some dark state (one should refer to the dark state expression in previous section). As a result, the

excited state population distribution will look a bit different from 3+1 case, as shown in Fig 7.3

and Fig 7.4.
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Figure 7.3: Excited state population versus B field, # and Rabi rate in a 3+3 system. Different
figures represent excited state population results at different total Rabi rate (equivalent to laser
intensity). B field and Rabi rate are in unit of I', 8 is in degree.

7.6 CaH System

The study of CaH system is similar to the toy model, but much more complicated. Here I will
not elaborate on repetitive work that was done with the toy models, but to emphasize the critical
differences with CaH system and the results. 1’d like to share two cases of study, with difference

emphasizes.

7.6.1 Case 1: X-A Dark State Remixing Experiment

The reason why we want to study this is as follows: we hope to get as high optical cycling speed
as possible experimentally, one of the limitation is dark state remixing rate. We know B field and

polarization angle plays an important role in dark state remixing, so we measured it experimentally
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using the techniques metioned in previous section and got results as shown in Fig 7.5. The results
here show some critical behavior within CaH system: CaH system is just a combination of a few
toy models.

1, in Fig 7.5 (a), we saw very high remaining ratio at O degree and 90 degree of the waveplate
angle, which refers to laser polarization parallel with external B field. Ideally this number should
be close to 1 (a high remaining population indicates slow optical cycling, whereas a low popula-
tion indicates fast cycling) because there should be existence of a perfect dark state, but due to the
imperfection of the experimental setup, there is always some leakage of other polarizations, which
enables continous optical cycling. There is also a smaller peak at around 45 degree, which corre-
sponds to laser polarization perpendicular to external B field. This is also observed in 343 system
and 5+3 system. And 20-30 degree, which corresponds to laser at 40-60 degree angle, maximum

photon scattering rate is observed.
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2, in Fig 7.5 (b), we saw low B field would lead to slow optical cycling (high remaining ratio)
and order of 1 Gs of B field is sufficient to improve the optical cycling rate. It is predicted to show
a decrease of optical cycling rate with higher B field applied, but the coils that we added are not

capable of creating that strong of field so we could not see it experimentally.

(a) 2020.09.28 X-A laser polarization dependence  (b) 2021.03.13 B field dependence
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Figure 7.5: CaH optical cycling dependence on laser polarization angle and B field strength. (a)
X axis is the angle of the waveplate that controls the X-A laser polarization angle with respect to
applied B field. A 6 degree change with the waveplate indicates a 26 degree change with the laser
polarization angle. Y axis is the normalized remaining population when we are doing the depletion
experiment (deplete CaH from v=0 state to higher vibrational states through optical cycling in X-
A 0-0 transition). A high remaining population indicates slow optical cycling, whereas a low
population indicates fast cycling. (b) X axis is the strength of applied B field in unit of Gauss.

Initially we were amazed by the results and we wanted to use this as a sanity check of the OBE
code. Eventually due to the imperfection of experiment, it is difficult to completely benchmark the
theory results, so we just show qualitative agreement and proceed.

The definition of density matrix and Hamiltonian, Dissipator etc. are very big, because there is
a total of 12+4 states associated with v=0 state in CaH (1 for |[X,v=0,N =1,/ =1/2,F =0), 3
for | X,v=0,N=1,J=1/2,F =1),3for | X,v=0,N=1,J=3/2,F=1),5for |X,v=0,N =
1,J =3/2,F =2),1for |A,v =0,J =1/2,F =0),3 for |[A,v =0,J = 1/2, F = 1)), making
all matrices to be 16x16 in size. The readers are directed to the following website for detailed

information®.

“https://github.com/QiSun97/OBE-Solver/blob/main/Qi%20CaH%20X-A%20perpendicular%20B %20field%20experiment.ipynb
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States and Symbols

Here we have the 12 + 4 states for X-A scheme. For the 12 ground states, I assign them based
on the quantum number.

States are added in following order:

1-4 - X2+ J=1/2, F=0, m=0; F=1, m=-1,0,1 ;

5-7- X?£*J=3/2, F=1, m=-1,0,1;

8-12 - X*£* J=3/2, F=2, m=-2,-1,0,1,2;

13-16 - B>2* J=1/2, F=0, m=0; F=1, m=-1,0,1

w;s are the laser freugencies. €;s are the transition rabi rates (not taking transition dipole
moments into account). 6 is the polarization angle (we let B field determine quantization axis, z

axis). A; is the transition (laser) detuning.

Hamiltonian

The easy part is the state energies. Other than the Zeeman terms, all state energies will be
replaced by laser detuning after unitary transformation. The diagonal terms for the Hamiltonian
before the unitary transformation and after are shown in Fig.7.6.

In terms of laser coupling, first consider prefactors: a vector (in our case, is E field) that is
at angle 6 relative to z axis should be projected to spherical tensor basis. So there will be 1/V2
prefactor. Minus sign is not important here due to the additional degree of freedom (E field is only
required to be at angle 6, has one extra DOF) but is taken care of by assuming it is in X-Z plane.

The Hamiltonian before and after transformation can be seen in Fig. 7.7.

I imagined four lasers to address different spin-rotation components of CaH X>T* state to
AT, /2 state, all 4 SR components are parallel to each other. their individual rabi rates (propor-

tional to their laser power), denoted as €;(i = 1,2, 3,4) might deserve some more illustration.
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(a) Before transformation

(Ee,
-B*g_x12F1 + E@ - HFS12,
E@ - MFS12,

B*g_x12F1 + E@ -~ HFS12,
-B*g_x32F1 + E@ + SR,
E@ + SR,

B*g_x32F1 + E@ + SR,

-2*B*g_x32F2 + E@ + HFS32 + SR,

-B*g_x32F2 + E® + HFS32 + SR,
E@ + HMFS32 + SR,

B*g_x32F2 + E@ + HFS32 + SR,
2*BYg_x32F2 + E@ + HFS32 + SR,

(b) After transformation

[-1.e*A1,

-B*g_x12F1 - 1.0%A2,
-1.0%42,

B*g x12F1 - 1.8%A2,
-B*g_x32F1 - 1.0%A3,
-1.0743,

B*g_x32F1 - 1.0%43,
-2*B*g_x32F2 - 1.0*0d,
-B*g_x32F2 - 1.0%A4,
-1.0%54,

B*g_x32F2 - 1.0%Md,
2*B*g_x32F2 - 1.0%*Md,

Ee, e,

Ee + HFSB, HFSB,
Ee + HFSB, HFSB,
Ee + HFSB) HFSB]

Figure 7.6: CaH system Hamiltonian diagonal terms in sequence. (a) before unitary transforma-
tion. (b) after transformation.

(a) Before transformation (b) After transformation
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Figure 7.7: CaH system Hamiltonian off-diagonal terms top right corner part, and the bottom left
corner matrix elements are the complex conjugate of the top right corner. There are no coupling
between the ground states so the top left corner is mostly zeros. (a) before unitary transformation.
(b) after transformation.

Rabi Rate Calculation
To calculate Rabi rate, there are two methods I tried. One is a classical method (I learned from

Debayan), and is using saturation intensity.

__2ﬂthn
IKYE

1 [3/131—‘1
Q= —TI = _—
N 21, 412he

The second method is from Konrad’s thesis, equation 2.5.6 (pg 37) and equations in page 107-

N

108, where . ¢ 7 is given theoretically by () = (AIl|r|XX). There might be experimental values
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that can be plugged in.

_ |3n€hc’T
Herf = (2nv)3
21
Elaser = C€0h2

/3/7.3FI
Q= :ueffElaser = m

If we do not use experimental values, then these two methods are equivelent to each other.
We used experimental values, they are still similar to each other. Method one and two results are

shown in Fig. 7.8.
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Figure 7.8: Two methods of calculating Rabi rate from laser power and gaussian beam size.

OBE Result

The simulation conditions are as follows: Laser couplings: two SR components parallel to each
other; laser power 30mW + 40mW; detuning =0. Excited state population average method is, let

the system run for 15us (about 500 X 33ns) and take the average excited state population.

* Asshown in Fig 7.9, we see consistent double peak structure when sweeping B field strength

and polarization angle. The stronger peak always happens around 60degree, and B field
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strength is affected by rabi rate (laser power) and balance. Within 10Gs B field the higher

the better.

* J =3/2 rabi rate (laser power) should be taken more care of, our system is not sensitive to J

= 1/2 leg rabi rate as much as to J = 3/2 (Fig 7.9).

* In order to reach max scattering rate, Rabi rates need to balance, and B field strength needs
to match rabi rate. Either one becomes too high will also decrease the scattering rate. But
the system is not very sensitive to B field change or J = 1/2 laser rabi rate after it reaches a

certain amount. We have not reached that point for the B field, but for J = 1/2 laser we have.
» High laser power plus high B field give best optical cycling speed, as shown in Fig. 7.10.

* In Fig. 7.10 (k-1), detuning is basically disentangled from other parameters in terms of its

effect on optical cycling.

» With current power and coils that we have, a reasonably reachable scattering rate is 0.12
/ 33ns = 3.6MHz. However, this is some scattering rate that neither we, nor anyone in

molecule cooling community, have reached.

Normal: Refi.uce all power by 10 . Increase all power by 10 .
Reduce |=3/2 puwer’b\r 10 Reduce J=1/2 power by 10

i 58 6 ¢
Pt ey b R

:E

Figure 7.9: OBE resultl: sweep B field strength and angle at different laser power conditions.
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Figure 7.10: OBE result2: (a-d) change different B field strength, while varying J=3/2 two hy-
perfine laser power (Rabi rate) and monitor the excited state population. The conditions are: two
SR components parallel to each other, group detuning = 0, 8 = 60 degree (since we know this
is when we have maximum scattering rate), J=1/2 laser power is fixed (30mW, Q =~ 7I" for F=0
and Q = 4I" for F=1). (e-h) change different B field strength, while varying J=1/2 two hyperfine
laser power (Rabi rate) and monitor the excited state population. Here, group detuning = 0, 6§ =
60 degree, J=3/2 laser power is fixed (30mW). (i-j) Set all transitions to have the same Rabi rate,
we can sweep this Rabi rate with B field strength and see the correspondance. (k-1) Study of how
group detuning affects the excited state population with B field and 6.

7.6.2 Case 2: Sisyphus Cooling Experiment

Sisyphus cooling in type-1I systems (where F’ < F) operates differently from the well-established
mechanism in type-I systems. In a typical type-I system (e.g., alkali atoms on the D, transition),
sub-Doppler cooling occurs due to polarization gradients leading to optical pumping between Zee-
man sublevels, where atoms climb potential hills and lose kinetic energy. However, in type-II sys-
tems like CaH, dark states naturally form due to optical pumping. These dark states hinder standard
Doppler and sub-Doppler cooling mechanisms. Instead, an alternative Sisyphus-like mechanism

can occur, which relies on the following process:
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» Non-adiabatic transitions: Atoms or molecules undergo motion-induced transitions between

bright and dark states.

* Optical pumping: The atoms are optically pumped back into the dark state at regions of high

intensity, effectively converting kinetic energy into internal state population changes.

* Intensity gradients: These help maintain the required conditions for non-adiabatic transi-

tions.

Unlike type-I systems, where red-detuned light provides cooling, type-II systems require blue-
detuned light for efficient Sisyphus cooling because atoms must be pumped out of dark states at
the right moments to induce cooling. The readers are directed to Ref. [219] for complete picture
of sub-Doppler cooling in a type-II system.

In the context of showing sub-Doppler cooling force in CaH system, I will only focus on one
situation: linear polarized lasers are retro-reflected without altering the polarization angle while
forming a standing-wave. The reason why I study it is because this is the simplest to achieve
experimentally without the need to use A/4 waveplates to alter the polarizations of the lasers every
run (which we attempted, with a giant 1/4 waveplate, and the polarization actually cannot remain

high purity for more than 20 passes).
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Chapter 8: Future Outlook: 3D MOT, Dissociation, and H Detection

Physicists often discuss the future, because physics is about understanding past and present
phenomena in order to predict future outcomes. This chapter outlines my perspective on the im-
mediate future of the experiment and our ongoing efforts.

To recap, the goal of my PhD was to construct a quantum machine capable of applying optical
forces to CaH molecules. The long-term vision is to trap CaH in a MOT, transfer the molecules
into a conservative trap (optical dipole trap, ODT), dissociate them into atomic hydrogen and
calcium via STIRAP, load the hydrogen atoms into an optical lattice, and perform high-precision

spectroscopy. These components are discussed individually in the following sections.

8.1 3D MOT

To achieve strong MOT forces in a Type II system, where there are more ground states than

excited states, remixing of dark states is essential. There are two main approaches:

RF MOT This is the approach currently pursued in our setup. It resembles an atomic MOT in
many aspects, but the key difference is that the polarization of the MOT beams must be rapidly
flipped at a rate comparable to the optical cycling rate. This ensures that dark states become bright
again to sustain optical cycling. However, simply flipping the polarization without changing the
magnetic field direction leads to alternating trapping and anti-trapping forces, which cancel each

other out. Therefore, the magnetic field direction must also be flipped at the same rate.

DC MOT This method involves adding extra polarizations and relying on molecular motion in
the magnetic field for dark state remixing. It is experimentally simpler, since it does not require

synchronized flipping of polarization or magnetic field. However, according to a calculation by our
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former postdoc Ivan, the DC MOT provides a trapping force about five times weaker than the RF

MOT. Because we want to trap as many molecules as possible, we chose to pursue the RF MOT.

Coil Design and Thermal Management Our current design is based on the CaOH MOT setup
developed by Doyle’s group at Harvard. We have sent the components for manufacturing and tested
the magnetic field gradient in air (not in situ). Simulation and test results are shown in Fig. 8.1.

A major challenge is managing the heat generated by the coils. We expect to flow up to 10 A
peak current, dissipating tens of watts of power. In air, with peak-to-peak 20 A current at 1 MHz,
we observed coil temperatures reaching 70°C. In vacuum, where cooling by air is absent, thermal
management becomes critical. The coils are mounted on AIN plates (which have high thermal
conductivity) and are thermally connected to four copper posts that extend outside the vacuum

chamber. A thermal test of a slightly earlier version of the system is shown in Fig. 8.2.

RF Driving Circuit The RF system is another key component. We acquired two 50 W RF am-
plifiers from eBay. While they deliver the advertised power, they exhibit noticeable noise and the
input impedance is not exactly 50  as specified. Despite this, the system is capable of deliver-
ing 12 A amplitude current to the MOT coils. In practice, we only require about 4 A to generate

sufficient trapping force, so this is no longer a bottleneck.

8.2 Ultracold Chemistry

Ultracold molecules present an exceptional platform for the study of quantum chemistry. Un-
like atom-atom scattering, atom-molecule and molecule-molecule interactions can result in a vari-
ety of complex outcomes. For instance, molecules may form long-lived collision complexes with
other atoms or molecules, leading to effective loss from the trap. Such collisional loss is currently
the principal barrier to reaching lower temperatures and higher densities in molecular systems,
yet the underlying mechanisms remain incompletely understood. Conversely, elastic collisions are

essential for evaporative cooling—a widely used technique to achieve the ultracold regime.
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Figure 8.1: Simulation and calibration done for the RF MOT coil in DC configuration. (a) COM-
SOL simulated B field gradient under 1A of current. (b) the spatial direction of the field. (c)
experimentally calibrated x direction (on plane) gradient to be 2.42Gs / cm / A. (d) calibrated z
direction (on axis) gradient to be 4.83Gs / cm / A.

Ongoing experiments with cold molecules enable us to probe and characterize these scattering
processes in detail. When the loss rate scales quadratically with molecular density, it is typically
indicative of two-body, molecule-molecule collisions. Indeed, nearly all ultracold molecule exper-
iments at sufficient densities—whether involving directly laser-cooled molecules or those formed
via assembly—observe universal loss at short range. This phenomenon is attributed to “sticky”
collisions, wherein molecules form long-lived complexes that are vulnerable to trap loss through
mechanisms such as light-assisted scattering [220]. The probability of complex formation and the
associated loss dynamics are sensitive to the quantum statistics of the system, particularly distinc-
tions between bosonic and fermionic species.

Beyond molecule-molecule interactions, atom-molecule collisions are also of great interest in

the ultracold regime. For example, Ref. [221] reports a rich spectrum of magnetic-field-dependent
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Figure 8.2: Thermal simulation and RF electronic driving circuits. (a) thermo simulation, using
console for the initial version of MOT coil. The final version has similar thermal performance.
(b) bottom view of the painted MOT coils. (c) RF driving circuits design. The tuneup capacitor
is CVUN-1500AC/4-BEAA, and the LC residence circuit is made to be tunable at least 800 kHz
to 1200 kHz. For wider frequencies one needs to replace the static capacitor. The impedance
matching coils is approximately 5 to 30 rounds ratio, and the event for impedes is approximately
50 ohms. However, the RF amplifiers that we used are purchased from the eBay, and they don’t
seem to have 50 ohms impedance, leading to a not very ideal energy transfer. However, with a
realization in (d), we are able to drive maximum at 12 A amplitude at IMHz as shown in (e).

Feshbach resonances in collisions between spin-triplet NaLi molecules and Li atoms. These res-
onances offer a powerful means to control interactions and may enable sympathetic cooling of
molecules using ultracold atomic baths. While most chemically assembled molecules such as

KRb, NaK, NaCs, and RbCs reside in spin-singlet ground states and hence lack magnetic mo-

ments, directly laser-cooled molecules—such as CaF, SrF, CaOH, and CaH—possess magnetic
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dipole moments and thus support magnetically tunable Feshbach resonances. This makes them
promising candidates for detailed studies of atom-molecule and molecule-molecule scattering.

Among these, CaH stands out due to its light mass and hydrogen content, which allow for
relatively precise ab initio quantum chemistry calculations. Furthermore, we have demonstrated
that the fermionic isotopologue CaD is also amenable to laser cooling. Together, CaH and CaD
provide a unique testbed for fundamental studies of ultracold collision processes.

A particularly intriguing system is the CaH + Li reaction, which has been extensively analyzed
in theory [222]. The relatively simple internal structures of both CaH and Li render the interaction
computationally tractable. Feshbach resonances are predicted to exist in this system, opening the
possibility to magnetically tune reaction cross sections. Experimentally, the reactivity of CaH with
Li was examined in a cryogenic buffer gas cell at temperatures around 2 K [223]. Even in this rel-
atively warm regime, the reaction rate could be inferred from CaH loss as a function of Li density.
Although quantum statistical effects are not expected at these higher temperatures, further cooling
would allow us to probe the transition from thermal to quantum-dominated chemical behavior [66].

In parallel, we propose extending this line of research to include CaH + K collisions. Potas-
sium offers several experimental advantages: unlike lithium, potassium is significantly easier to
cool and trap, both via magneto-optical and optical dipole trapping methods. This experimental
accessibility could accelerate progress in studying atom-molecule scattering and facilitate the even-
tual integration of sympathetic cooling. Furthermore, K has multiple stable isotopes with different
quantum statistics, offering a tunable platform for studying spin effects in collisions.

On the other hand, lithium remains compelling for theoretical work due to its exceptionally
simple electronic and hyperfine structure, which allows for more accurate quantum chemistry mod-
eling. While the CaH + K system introduces slightly more complexity in ab initio calculations, the
differences are not prohibitive and can be managed with current computational techniques.

Studying both CaH + Li and CaH + K systems in parallel could provide valuable comparative
insights. The Li system enables deep theoretical understanding, while the K system opens doors for

more robust and scalable experimental investigations. Together, these pathways will enhance our

180



ability to control and understand atom-molecule interactions in the ultracold regime, and may pave

the way toward new forms of quantum control and sympathetic cooling for molecular systems.

8.3 Controlled Dissociation Pathways for Ultracold Atom Production

Beyond their role in quantum control and cold chemistry, laser-cooled diatomic molecules such
as CaH offer exciting possibilities as precursors for generating novel ultracold atomic gases. One
particularly compelling application is the controlled dissociation of molecules into fragments that
are not directly accessible through laser cooling, such as atomic hydrogen (H) or deuterium (D).
These light atoms are among the most fundamental and scientifically important species, yet their
lack of closed optical transitions makes direct laser cooling challenging. Harnessing molecules
like CaH and CaD as chemically stable, controllable reservoirs for ultracold H and D is therefore
a promising direction for the next generation of cold atom experiments.

The basic concept involves preparing a cloud of ultracold CaH molecules in the ground elec-
tronic and vibrational state X?X*(v” = 0) and then coherently dissociating them into Ca and H
fragments. If this dissociation process occurs sufficiently close to the zero-energy continuum,
the resulting atomic fragments can inherit the ultralow center-of-mass temperature of the parent
molecule. This offers a pathway to producing dilute, ultracold hydrogen samples—potentially
orders of magnitude colder than what can be achieved via traditional atomic beam or cryogenic
methods.

To realize this vision, we have proposed a two-photon stimulated Raman adiabatic passage
(STIRAP) pathway that connects the X (v”” = 0) molecular state to the near-threshold X (v = vy,)
continuum via an intermediate excited state B>Z*(v' = 4). This vibrational level is particularly
well-suited for such a process due to the double-well structure of the B potential, which supports
spatially extended vibrational states with strong Franck-Condon overlap with both the ground and
continuum states. Our calculations show that B(v" = 4) simultaneously couples strongly to X (v =
0) and to the least-bound vibrational state X (v” = 15), whose energy is only ~500 cm™~! below the

dissociation threshold.
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Figure 8.3: Proposed state-controlled photodissociation of CaH molecules [89]. (a) Calculated
molecular potentials for CaH in its ground (X2X*) and first three excited (A, B and D) states. The
lowest bound state of AII lies above the Ca+H dissociation continuum placed at 0 cm~!. This
implies that a molecule can spontaneously break apart into its constituent atoms when optically
excited. The green curves are wavefunctions in the lowest X(v = 0), threshold X (v = vy,), and
B(v = 4) states. The double-well structure of B>Y suggests a two-photon molecule dissociation
pathway, using laser light at 513 and 1745 nm. (b) Relative transition strengths between B(v’) and
X (v) vibrational levels, highlighting the ‘diagonal’ nature for low v’ and a bifurcation at higher
v'. The latter property suggests strong coupling of v/ ~ 4 to both the absolute ground state of
the molecule and the threshold states near dissociation. (c) Expected Rabi frequencies for the

controlled dissociation process, with the v’ = 4 level highlighted as an optimal choice.

The use of STIRAP ensures coherent and efficient population transfer between the molecular
and atomic continuum states, minimizing losses and avoiding unwanted heating. This scheme
requires two laser wavelengths: the “upleg” transition from X (v” = 0) to B(v' = 4) at 512.7 nm,
and the “downleg” transition from B(v" = 4) to the near-threshold continuum at 1744.7 nm. Both

wavelengths are within reach using current technologies such as frequency-doubled dye lasers,

diode laser systems, or fiber-based sources. The coherent nature of STIRAP also makes the process
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robust against moderate fluctuations in laser intensity and detuning, provided the necessary phase
stability is maintained.

In this dissociation process, the kinetic energy of the resulting H atoms is governed by en-
ergy and momentum conservation. Because the CaH bond energy is on the order of 20, 000 K,
dissociation near the threshold results in fragments with extremely low kinetic energies—Ilimited
primarily by the mass ratio my/mc,y and the initial temperature 7 of the molecule. In principle,
the hydrogen atoms can emerge with a temperature as low as Ty ~ T - my/mcay, which implies
sub-microkelvin temperatures when starting from a buffer-gas-cooled or optically trapped CaH
sample [162].

The scientific implications of such ultracold hydrogen sources are far-reaching. Ultracold H
and D atoms could be used for high-precision spectroscopy of fundamental transitions, such as the
1S-2S line in hydrogen, which plays a central role in tests of quantum electrodynamics and the
determination of fundamental constants. Additionally, access to ultracold H would enable studies
of three-body recombination, quantum degenerate Bose gases with extreme interaction strengths,
and hybrid molecule-atom quantum systems. These applications are difficult to access with other
atomic species, underscoring the transformative potential of molecule-based atomic sources.

This strategy is further strengthened by the flexibility of the CaH molecular system. Its rela-
tively simple electronic structure allows for accurate quantum chemistry calculations, which are
essential for designing effective dissociation pathways. Moreover, the experimental control devel-
oped for optical cycling and slowing of CaH naturally lays the groundwork for precision manipu-
lation of internal states prior to dissociation.

In future work, the development of a laser cooling and trapping system for CaD will provide
access to ultracold deuterium fragments, further extending the range of accessible physical sys-
tems. The availability of both H and D at ultracold temperatures would enable side-by-side studies

of isotopic effects in atomic physics, chemistry, and metrology.
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8.4 Detection of Atomic Fragments after Controlled Dissociation

In order to verify and characterize the coherent dissociation of CaH molecules into ultracold
Ca and H fragments, it is essential to develop robust detection techniques for both species. These
detection methods serve two purposes: (1) confirming the success and efficiency of the STIRAP
transfer to the dissociative continuum, and (2) directly observing and studying the properties of the

atomic fragments, especially hydrogen.

8.4.1 Calcium Detection

A straightforward and effective strategy for initial verification of the dissociation process is
to monitor the appearance of free calcium atoms in the science region. Since Ca atoms are not
present in the system before dissociation, their detection serves as a reliable proxy for successful
molecular breakup. We propose using laser-induced fluorescence (LIF) on a strong atomic transi-
tion of neutral calcium to detect the Ca fragments. The Ca I 452 'Sy — 4s4p ' P| transition near
423 nm is particularly suitable due to its strong dipole moment and favored wavelength for efficient
detection.

By applying resonant light near this transition and imaging the resulting fluorescence with
a PMT or an EMCCD camera, one can achieve high signal-to-noise detection of even modest
Ca populations. This method can be implemented in situ, using the same optical access as the
dissociation lasers. Furthermore, fluorescence intensity can be calibrated against known atom
numbers, enabling a quantitative measure of the STIRAP dissociation efficiency. If no Ca atoms
are observed, one can conclude that either the dissociation did not occur or the process was highly

inefficient, making LIF a valuable diagnostic tool in the early stages of the experiment.

8.4.2 Hydrogen Detection via Photoionization and Ion Imaging

Detecting the hydrogen (or deuterium) atom is substantially more challenging due to its lack

of strong optical transitions and its low mass. Unlike calcium, hydrogen cannot be easily de-
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tected using conventional fluorescence methods. To address this, we propose implementing a
high-sensitivity detection method based on multiphoton ionization followed by ion imaging.

The general idea is to focus a pulsed high-energy laser beam into the region where the ultracold
hydrogen cloud is expected to reside after dissociation. The laser must have sufficient photon en-
ergy and intensity to ionize hydrogen atoms through a stepwise or resonant multiphoton ionization
process. One possible approach is to use a UV optical parametroc oscillator (OPO) laser to drive
the two photon 1S-2P transition near 242 nm (Lyman-alpha is 121 nm), with one more photon it
can reach the ionization threshold of hydrogen (13.6 eV). The laser pulses can be tightly focused
to maximize the intensity and local ionization probability.

Once ionized, the resulting protons (H*) can be extracted and guided toward an ion detector
using a velocity map imaging (VMI) setup. The detector, typically a microchannel plate (MCP)
combined with a phosphor screen and CCD camera, can provide both timing and spatial resolution
of the ions. The timing signal yields information about the arrival time and thus the energy distri-
bution of the H* ions, while the spatial distribution reflects the position and momentum spread of
the original hydrogen cloud.

This detection scheme offers several advantages. First, it provides unambiguous identification
of hydrogen via its charge-to-mass ratio. Second, it allows for energy resolved measurements,

enabling detailed studies of the dissociation dynamics.

8.4.3 Future Outlook and Integration

Developing and integrating both calcium and hydrogen detection into the experimental se-
quence will be a critical step in establishing controlled dissociation as a tool for ultracold hydro-
gen production. The Ca LIF method will likely serve as the primary method during the initial
optimization phase, helping to align beams, tune laser parameters, and confirm the occurrence of
dissociation. Once calcium detection is established, efforts can shift toward the more sophisticated
hydrogen ionization and imaging system.

In the end, we plan to load hydrogen atoms in optical lattice to perform high precision spec-
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troscopy with them. The calculated hydrogen 1S-2S transition magic wavelength is at 514.646 nm
[224]. There is mature laser technology nowadays to create high-power and narrow-linewidth light

at this wavelength, indicating a bright future for this experiment.
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Appendix A: Indirect Measurement of Beam Forward Velocity

For a significant portion of my PhD research (2019-2023), we lacked a crucial experimental
tool, the A-E 1668nm laser, which is necessary to perform direct measurements of the molecu-
lar beam’s forward velocity distribution (FVD). The ability to characterize FVD is of paramount
importance for any experimental setup aiming to decelerate and eventually trap molecular beams
efficiently. Without this key, it was challenging to optimize our beam slowing and trapping tech-
niques, leading to significant experimental difficulties and uncertainties in our results.

In the case of atomic beams, particularly those consisting of alkali or alkaline earth atoms, mea-
suring the FVD is relatively straightforward (shown in Fig A.1). The fundamental requirement is
a laser capable of addressing the primary cycling transition of the atom, which is characterized by
a specific wavelength, denoted as A. The experimental setup typically involves directing this laser
at an angle 8 (commonly around 45 degrees) with respect to the atomic beam propagation axis. A
photon collection system, composed of a lens assembly along with a photodetector such as a photo-
multiplier tube (PMT), is strategically positioned to detect fluorescence signals. The methodology
for extracting the FVD relies on attempting different laser frequencies in different experimental
runs, and record the flux of photons as a function of time. The FVD is assumed to be roughly un-
changed in neighboring runs. Due to the Doppler effect, atoms moving with a forward velocity v ¢
experience a frequency shift proportional to Vfc/l—osg, requiring the laser to be detuned accordingly,
either to the red or blue side, depending on the laser’s propagation direction. By systematically
varying the laser frequency, atoms with different velocity components can be selectively excited,
thereby enabling a precise reconstruction of the FVD. For reference, a velocity variation of 1 m/s
corresponds approximately to a frequency detuning of 1 MHz in typical experimental conditions.

However, when dealing with molecular beams, the situation becomes significantly more com-

plex due to several inherent challenges. The first major complication arises from the inherently
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Figure A.1: Left is calcium 'Sy —! P; transition at 423nm in a beam configuration, right is the
FVD measurement result using methods in the text.

lower molecular beam yield and slower optical cycling rates compared to atomic systems. This
results in the fact that LIF signals are a few orders of magnitude weaker than those observed in
atomic experiments, and sometimes in our system, the LIF signals can be significantly weaker than
variation of detected background light. Consequently, the signal-to-noise ratio (SNR) becomes a
critical limiting factor that requires careful evaluation and optimization. To the best of my knowl-
edge, most diatomic molecule experiments struggle with achieving good SNR via conventional
FVD measurement techniques (simply using cycling lasers). Note that even with meticulous ex-
perimental efforts—such as blackening the vacuum chamber interior, installing light absorbers and
baffles along laser beam paths, and implementing Fourier filtering techniques—the SNR remains
insufficient for fast, reliable experimental diagnostics.

The second major challenge stems from the intricate internal energy level structures of molecules.
Unlike atoms, which typically exhibit simple cycling transitions, molecules like calcium monohy-
dride (CaH) possess complex hyperfine level structures, with energy spacings on the order of 50
MHz to 100 MHz. As a result, even when employing a single-frequency laser to probe molecules
with a forward velocity v ¢, there is a substantial likelihood of unintentionally addressing molecules
with velocities differing by approximately 50-100 m/s. This unintended excitation introduces sig-

nificant ambiguities in data interpretation, as the detected fluorescence signal originates from a

205



broader velocity distribution than intended. While it is theoretically possible to develop sophisti-
cated deconvolution algorithms to mitigate this issue, such solutions introduce additional compu-
tational complexity and are beyond the scope of this discussion.

Given these challenges, the most effective method developed in recent years, two-photon
background-free (BGF) detection, circumvents both of the aforementioned problems by employing
alternative measurement techniques that enhance SNR and mitigate velocity-space ambiguities, as
shown in Fig A.2. The core of BGF is about finding a third state that can be E1 connected to both
states, and in the case of CaH, E2I1, /2 state seems the best option. The idea is as following: we first
use a set of lasers with sidebands to excite the molecules from X?Z*+ N=1 state to A%IT, 2 =312
state (695 nm) in a velocity insensitive way (90 degree with molecular beam), while shooting a
laser to excite the molecules from A2I1, /2 state to E 211, /2 state (1668 nm) in a velocity sensitive
way (45 degree with molecular beam), and use a photon detection system (PMT or EMCCD plus
bandpass filters) to capture the photons when molecules decay from E2IT, /2 state to X 23+ state
(490 nm). Since there is no longer sources of 490 nm photons other than molecules, the SNR is
significantly improved compared to non-background-free scheme by around two orders of magni-
tude for us, allowing us to detect the FVD of molecules.

Accounting for the fact that the transition matrix element (radial part) is expected to be an order
smaller than X2Z* to A%I1; )5, and the A%I1;), to E*I1; ), photon needs to be scattered while the
molecule is at A%TI; /2 state, which lasts only 33 ns, we need a high power laser source, ideally
delivering watts of power. The transition wavelength between A%, /2 and E’TI, /2 state is around
1668 nm, which is in an awkward wavelength range where there is barely any mature fiber tech-
nology. There are diodes from Seminex (TO0-174-161) that delivers 100mW of light, sufficient
for initial studies, but cannot serve the final purpose. We eventually found a Finland company,
Vexlum, whose VALO SF VECSEL lasers can do frequency conversion and produce 1668 nm
with almost 1W power free space.

My understanding of how a VECSEL laser works is as following: a laser chip, made of multiple

quantum wells, generates strong light when excited by a seed laser (or called pump laser). A built-
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in mirror, or Distributed Bragg Reflector (DBR), reflects almost all light back into the laser chip
direction. An external mirror (etalon) is placed at a distance from the chip to form a long cavity
with DBR, which helps amplifying laser power and allows wavelength tuning. Finally, some of the
light escapes through the external mirror, passes through BRF and nonlinear crystals with cavities

for SHG (only if necessary), producing a high-quality laser beam.
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Figure A.2: Left plot is the diagram of CaH two photon background-free detection method. The
ET], /2 to X2%* decay photon is different from all laser sources in this system, leading to high
SNR in the spectrum (middle plot) and FVD measurement (right plot).

The X?T* to A1, /2 laser system, although not emphasized here, actually plays a critical role
here, and has significant impact on the forward velocity detection here, much more than what we
expected. The goal of this system is to move the ground state population from |X,v = 0, N = 1)
to |A,v = 0,J = 3/2). Individual lasers are required to address |X,v = O,N = 1,J = 1/2),
|X,v=0,N=1,J=3/2)and |X,v=0,N =3,J =5/2) (because |A,v = 0,J = 3/2) state can
naturally decay to |X,v = 0, N = 3,J = 5/2) state so the last one is basically a repump). This
system consists of three ILAs, powered by three ECDLSs, each of them passes through an individual

EOM to create sidebands.

A.1 Ghosting Effect in BGF

This term that I proposed, ghosting effect, might mean differently in other contexts, but here it

refers to the senario where LIF from molecules at different velocities get detected, and leading to
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a double-vision type of effect to the FVD measurement. This can be seen clearly in some recent
data we took, as shown in Fig. A.3 (b). This figure shows a standard daily FVD with CaH without
exaggeration. The white curve here represents the expected v-t relation for a bullistic traveling
particle, calculated using v = L/t, where L is measured to be 75cm. Since we know the molecules
are boosted after exit from the cell due to the "zone of freezing" (same temperature CaH is slower
than He, so CaH gets He collisions to push them forward), we expect molecular signal to be on
the right side of the curve. This is always true for Calcium FVD. However, CaH signal sometimes
show weird behavior (Fig. A.3 (b)).

There are typically two causes for this behavior. One possibility is the E*IT; /2 state or AT, /2
state have hyperfine splittings, another possibility is we are driving two photon transition even with
high detuning from the A state. However, the hyperfine splitting of A’II, /2 state is expected to be
very small (less than 2 MHz), similar level of splitting is expected for E2II; /2 state. The reason
is the wavefunction symmetry of a I state indicates a smaller wavefunction overlap with nuclear
spin, and thus a smaller HFS than X state. As a result, the ghosting is probably coming from XX+

state ground state HFS, which are 54MHz and 101MHz.
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Figure A.3: Study of CaH ghosting effect. (a) For the |X,N = 1,J = 3/2) laser, we turn off
EOM and park it at F=2 states, and perform FVD measurement. (b) we turn on EOM and park
it in between F=1 and F=2, which is our regular detection method. (c) 1668 nm laser spectrum
in velocity insensitive fashion when |X, N = 1,J = 3/2) laser is at different configurations. (d)
1668 nm laser spectrum in velocity insensitive fashion when | X, N = 1,J = 3/2) laser EOM is
tuned. The legends 0, 150, 340 is proporional to the EOM modulation depth, where 0 means turned
off, 340 means modulation depth is 1. (e) N=3 laser effect on the 1668 nm laser spectrum. (f) J=3/2
laser spectrum and its dependence on A-E laser.
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