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Abstract
Laser Cooling and Magneto-Optical Trapping of Diatomic Metal Hydrides and Deuterides

Jinyu Dai

Laser cooling plays an important role in modern atomic, molecular, and optical physics.
Since its first demonstration, it has initiated a variety of research directions in quantum science
and technology. The first Bose-Einstein condensate, multiple platforms for quantum simulation
and computation, ultracold quantum chemistry, and high-precision measurements of fundamental
constants, all rely on the ability to cool atoms to temperatures near absolute zero. However, laser
cooling has long been limited to atoms, and molecular laser cooling techniques have only been
developed in the past decade. In this thesis, I describe the extension of these techniques to a new
class of molecules: diatomic metal hydrides. We demonstrate one-dimensional laser cooling of
calcium monohydride (CaH) molecules and characterize their unique predissociative loss
channels. With an optimal laser cooling scheme, efficient laser slowing is realized and a
three-dimensional magneto-optical trap (MOT) of CaH is created. Future improvements of the
MOT and prospects for cooling to ultracold temperatures are discussed. With a proposed coherent
dissociation pathway, ultracold atomic hydrogen could be produced with even colder
temperatures than the parent CaH molecules, potentially enabling optical trapping of hydrogen
for precision spectroscopy. Additionally, given its relatively low number of electrons, CaH is one
of the first molecules that could be treated fully quantum mechanically in computational quantum
chemistry. Ultracold CaH is a powerful platform to benchmark such theoretical frameworks.
Finally, I describe how a similar approach can be implemented for its fermionic isotopologue,
calcium monodeuteride (CaD). One-dimensional laser cooling of the fermionic CaD is

demonstrated for the first time.
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(a) Schematic of the cryogenic buffer gas cell for the production of a CaH molecu-
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molecular beam extraction; (2) a small window for the probe laser; (3) a snorkel to

hold the window for the ablation laser; and (4) the gas fill line. . . . ... ... ..
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(a) LIF on the 4s4p 'P, « 4s5% 1S, transition of Ca at different velocities detected
on a PMT, measured with 17.6 SCCM He flow rate and 12 mJ YAG ablation energy.
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to the eye. (b) Normalized time-integrated LIF as a function of velocity at different
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Image of the design. (1) the target holder; (2) a small window for the probe laser;

(3) the second-stage cell; and (4) the window for the ablation laser. . . . . . . . ..

Velocity performance with two-stage cell. With increasing He flow rate, very min-
imal peak velocity change is observed, signaling the output molecular beam in the
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laser ablation of a solid Ca target and subsequently react to form CaH or CaD.
Additionally, He flows in at ~6 K for efficient buffer gas cooling. The Ca atoms

and the product molecules are probed through laser absorption. . . . . . .. .. ..

Chemical reaction in the buffer gas cell. Time-averaged CaH densities measured
within 0—1 ms after ablation, plotted against Ca density for 10 SCCM of H, (red
circles) and 20 SCCM of H, (blue squares), both under 2.2 SCCM of He. The
lines denote theoretical results at the same conditions at a collision temperature of
2400 K, showing qualitative agreement. The inset shows the reaction efficiency,
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ciency is observed experimentally at higher Ca densities, whereas the theoretical
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(a) QCT calculated temperature-dependent state-to-state vibrational rate constants
for Hp (k3_> ,)» where the subscripts denote the initial and final vibrational states,
and formation of CaH (k7,), where the subscript denotes the initial vibrational state
of Hy. (b) Sample solution to the reaction model at 2400 K showing the change in
number density over time relative to the initial densities. The Ca and CaH densities
are scaled up by a factor of 500 for visualization. (c) Kinetic temperature of Ca
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(a) Ca absorption spectra at different ablation energies. The data is fitted with the
Gaussian function. (b) The Ca plume temperature versus ablation energy (error
bars not visible at this scale). The gray shaded area represents the theoretical tem-
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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. Dashed lines indi-
cate the detection limits, defined as the lowest density detectable with SNR > 2,
below which measurements are statistically consistent with zero. Relative errors
are larger when signals are close to the detection limit. Here the measured densi-

ties of CaH and CaD are those in the X22+(v =0, N=1,J=1/2, —) states. . . .

(a) A Ca density trace as a function of time after the ablation pulse (average of 30
shots). The blue curve is the original data, the orange line highlights the data used
for fitting, and the green dashed line indicates the fitted single exponential decay
result. This data is obtained with 8.8 SCCM He flow. (b) Measured collisional

cross sections of He, Hp, HD, and D, withCaand CaH. . . . . . ... .. ... ..

CaHj;-based and chemically produced source detected in cell and in beam. (a) CaH
density measured with laser absorption in cell. Chemically produced CaH shows a

faster extraction. (b) In-beam LIF measured ~1 m downstream from the cell. . . . .

(a) Schematic for the 1D cooling experiment. CaH molecules 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 before the molecular beam enters the interaction re-
gion 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. Pho-
tons are collected for 7 ms during imaging. Arrow indicates the direction of the

molecularbeam. . . . . . . .. e
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4.2 Measurement of the VBRs for CaH molecules. (a) An example of PMT traces used

4.3

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.
The cell was performing suboptimally during this data taking, the molecular beam
velocity is faster at ~400 m/s, leading to an earlier arrival time. The inset denotes
how the ratio of integrated signals, Rp, 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. (4.3), 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 SNR due to the low probability of decaying to these excited states.

Error bars are statistical standard errors. . . . . . . . . . . ... ...

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! forthe blue curve. . . . . . . . . . .
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4.4 Magnetically assisted Sisyphus effect in CaH. (a) Molecular beam profiles obtained

5.1

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 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. . . . . . . . . . ... ... L L.

(a) PES for the 4 lowest electronic states of CaH: X22*, A%I1, B®X*, and D*X*.
Spin-orbit interaction is omitted. 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 (vy,). Superimposed
are the wavefunctions (bottom to top) for the X (v” = 0) absolute ground state,
X(v" = 15) least-bound state, and B(v' = 4) excited state. (b) Experimental
layout for predissociation measurement. The CaH molecular beam encounters 4
spatially separated regions: state preparation (S), interaction (I), cleanup (C), and
detection (D). Each region includes multipassed lasers described in the text. The
diagram is not aligned to scale. (c) Relevant VBRs (squiggly arrows) calculated
for the BZ* state. The hyperfine structure of the excited states is unresolved.
Measured predissociation probabilities for B(v' = 0) and B(v' = 1) are denoted

bydashedlines. . . . . . . . . . ... ..
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5.2 Tllustration of the ratio extraction process for the BZX* (v/ = 0) predissociation
measurement. We run the stages sequentially with an interlaced reference stage,
and collect LIF with an EMCCD. We integrate the images along both axes to obtain
the signals, which we then used to calculate ratios. By repeating the entire sequence
N times, we collect N sets of five ratios. Here we first show examples of one-shot
camera images. We then present the integrated signal along one axis, using colored
traces for science stages and black for reference stages (horizontal lines are the
baselines). Finally we show the histograms of the five ratios. Vertical dashed lines
represent the means of theratios. . . . . . . . ... ... ... ... ... .. ... 64

5.3 CaH predissociation. Red squares are theoretical results for nonradiative decay
rates of different vibrational states of B>X*. Blue circles are experimental results,
where error bars represent the 95% confidence interval. . . . . . . . ... ... .. 65

6.1 Slowing lasers modulated by different EOMs detected on a FPC. (a) The (v = 0)
cycling laser modulated by a 947.1 MHz spin-rotation EOM and a 50.83 MHz
hyperfine EOM. Periodic structure arises from the 1.5 GHz FSR of the FPC. (b)

The (v = 0) cycling laser modulated by a white-light (WL) EOM operating at
4.335 MHz and a 50.83 MHz hyperfine EOM. . . . . . ... ... ... ...... 77

6.2 Optical path layout for slowing lasers. Different EOMs are used to generate the
frequency sidebands for spin-rotation splitting, hyperfine splitting, and WL. This
figure is reproduced from Ref. [137], with corrected frequencies and order of the
acousto-optic modulator (AOM). . . . . . . . . . ..o 79

6.3 Pictures of the MOT chamber. (a) In-vacuum MOT coils after painted. Molecules
travel through the middle of the two plates, which are spaced by 1 inch. The spiral
in the middle of the plate is the coil, and the elliptical holes are for optical access
of the small windows on the chamber. The MOT coils are thermally connected to
outside the vacuum through the holding structure. (b) Kimball Physics chamber.
(c) During assembly, a picture from a different angle of the MOT coil for a better
visionof the structure. . . . . . . . . . ... 80

6.4 In-vacuum lens for higher photon collection efficiency. Top is a rough drawing of
how the lens is mounted. The coil and lens holder designs are modified slightly
for the final version used in the experiment. Bottom is a picture after the lens was
installed. . . . . . .. 81
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6.5 Two-photon BGF velocity measurement. (a) Measurement scheme. The molecules
are excited with two lasers, with the first addressing an A <« X transition, and
the second addressing an E <« A transition. The LIF of the decay from the
E state back to X state at ~490 nm is detected on a PMT. (b) Spectrum of the
E2H1/2(v’ =0,J'=3/2, —) « A2H1/2(v =0, J = 3/2, +) transition. Hyperfine
structure remains unresolved at this precision. (¢) A sample velocity measurement
of the chemically produced CaH molecular beam, with the E <« A laser applied
in a velocity sensitive configuration (45°with respect to the molecular beam in this
measurement). LIF from the E — X decay detected on a PMT. x-axis is the time of
arrival on the PMT, while y-axis is the velocity group selected with detuning from
the £ « A transition. Solid white line is a guide to eye of a ballistic propagation
from the cell to the detectionregion. . . . . . . . ... ... ... ... ... .. 83

6.6 Beam velocity with double ablation. (a) Measured forward velocity of the CaH
molecular beam with single and double ablation. The prefire time for double abla-
tion is 20 ms. An improvement of molecule number in the 100-200 m/s velocity
group is observed with double ablation. (b) Arrival time of the molecules detected
through LIF on the slowing lasers. Later arrival time with double ablation also
indicates a slower velocity. . . . . . . . . ... .. 85

6.7 Laser slowing with full (free-space) and 60% (fiber coupled) of power. (a) Differ-
ential LIF (unperturbed molecular beam subtracted from slowed molecular beam)
with free-space slowing lasers. With laser slowing, a substantial molecule popula-
tion is observed with low velocities (red region). (b) Differential LIF with fiber
coupled slowing lasers. (c) Time-integrated LIF at different velocities for the
two configurations. (d) Differential (unperturbed subtracted from slowed) time-
integrated LIF for the two configurations. . . . . . . . ... ... .. ....... 88

6.8 Laser slowing measured in the MOT region. (a) Differential LIF obtained by sub-
tracting the unperturbed molecular beam from the slowed molecular beam. Decent
slowing effect is observed. (b) Time-integrated LIF at different velocities. With
laser slowing, molecules near zero velocity are observed, as in the inset. . . . . . . 89

7.1 Optical path layout for MOT lasers. We use a 650 MHz AOM, a double-passed
342 MHz AOM, and a double-passed 272 MHz AOM to cover the spin-rotation
splitting. The 82 MHz and 53.2 MHz AOMs are for the hyperfine splittings. This
figure is reproduced from Ref. [137], with corrected frequencies and AOM orders. . 91
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7.2 (a) Schematic of the MOT experiment. CaH molecules are generated with a CBGB
source at ~6 K, and they are subsequently laser slowed and reach the MOT region
to be trapped. (b) Laser configuration for the MOT. At a certain magnetic field
gradient, the polarization for the (/ = 1/2) and (J = 3/2) states are orthogonal
because of the opposite g-factors. The ATl ;2(v =0, J =1/2, +) state has a
hyperfine splitting 64 =~ 18 MHz. (c) Radio-frequency MOT configuration. Trap-
ping and anti-trapping can be achieved by tuning the relative phase between the
magnetic field gradient and the polarization of the MOT lasers. . . . . . ... ...

7.3  Measurement of the A%TI; (v =0, J =1/2, +) hyperfine splitting. (a) Spec-
troscopy with laser at around the A’Ilj (v = 0, J' = 1/2, +) « X?*T¥(v =
0, N =1, J = 1/2, —) transition. (b) Spectroscopy with laser at around the
AML (v =0, 7 =1/2, 4) « X?£*(v =0, N = 1, J = 3/2, —) transition. Ac-
cording to the fit, the A*IT;2(v =0, J = 1/2, +) hyperfine splitting 64 ~ 18 MHz.

7.4 MOT compression on the molecular beam. The orange and green trace show the
LIF of the MOT lasers in the MOT and antiMOT configurations. A change in LIF
is observed, indicating a MOT compression force on the molecular beam. . . . . .

7.5 “2D MOT” effect as a function of (a) MOT laser detuning and (b) relative phase
between the Pockels cell and the magnetic field gradient. . . . . . . ... ... ..

7.6  MOT LIF measured on PMT and EMCCD camera. The PMT data are taken in
three configurations: slowing only (gray), MOT (red), and antiMOT (blue). The
existence of molecules after the molecular beam flying by demonstrate a success-
ful magneto-optical trapping. Insets show the camera images of the MOT and
antiMOT, integrating from 25 to 55 ms after ablation. The images are smoothed
with a Gaussian filter of 0.6 mm standard deviation. . . . . . . . ... ... ....

7.7 MOT lifetime measurement. (a) LIF of the antiMOT configuration subtracted from
that of the MOT configuration. The tail of the resulting time trace can be fitted to
an exponential day, from which 1/e MOT lifetime can be extracted. (b) 1/e MOT
lifetime as a function of MOT laser power. Lifetime of ~30 ms is achieved with a
few milliwatts of MOT laser power perbeam. . . . . . .. .. ... .. ......

7.8  MOT trapping and cooling force measurement. The MOT is pushed by the slowing
laser for 0.5 ms after thermalized. The resulting oscillation of MOT position is
measured. (i1)—(v) are sample camera images of the MOT at 3.5, 9, 13, and 16 ms
after the push, while (i) represents the unperturbed MOT position. The images
are smoothed with a Gaussian filter of 0.6 mm standard deviation and normalized
to the same scale for better visualization. Error bars represent 1-o- uncertainties.
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7.9

7.10

8.1

8.2

MOT size and temperature measurements. Geometric mean MOT size is mea-
sured as a function of MOT laser power. An increase in the MOT size at higher
laser power due to a stronger sub-Doppler heating is observed. The temperature of
the MOT is measured at two characteristic powers using the release-and-recapture
method. . . . . ..

Schematic of the AOM-based polarization switching setup. With an appropriate
AOM control sequence, the design shown here is compatible for both rf MOT and
dc blue-detuned conveyor-belt MOT. . . . . . . ... ... ... ..........

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 fromCatoCaD,. . . . . . . . . . . . ...

(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 mm x 5.4 mm) 1/e? diameter and retroreflected 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 A%TI, PV =0,J=1/2, +) «
X?2*(v” =0, N” = 1, —). The hyperfine splittings are adapted from Ref. [186].
(c) In-beam spectroscopy of the transition. The inset shows signal enhancement
with rotational closure. . . . . . . .. ... Lo
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8.3

8.4

8.5

9.1

Molecular-beam profile with Sisyphus cooling and heating. (a)-(c) Beam im-
ages under 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 heat-
ing expels molecules away from the center (red). Unperturbed beam is shown as

gray. Solid lines show the fits to the beam profile. . . . . . .. ... ... .. ...

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 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. . . . . . .. . ..

Doppler cooling and heating as a function of laser detuning, A change in the
molecular-beam width demonstrates Doppler cooling (negative) and heating (pos-

itive). Error bars represent the 95% confidence intervals. . . . . . ... ... ...

Suggested controlled dissociation pathway for CaH molecules. Line strengths
(Sy7y~) in atomic units for dipole allowed transitions: (a) X232t (v') —ARI /2
(v') and (b) X?T* (v") —B?X* (v'). The A state potential is more harmonic
as is reflected by the diagonal S,.,~. The B state, however, significantly deviates
from the diagonal starting around v’ = 4 because of the second potential minimum
at ~6 ag [Fig. 5.1(a)]. Note that B(v' = 4) has comparable line strengths between
X(v” =0)and X(v” = 15). (c) Intensity-normalized Rabi rate (Q/ VI =S, /h)
for dipole transitions X (v = 0) — B(v’) (red squares) and B(v') — X (v = 15)
(blue circles). Around v’ = 4 (shaded points), the Rabi rates are comparable. (d)
Wavelengths in nanometers for optical transitions X (v” = 0) — B(v’) (blue cir-
cles) and B(v") — X (continuum) (red squares). The theoretical energy differences
were adjusted by a common offset of 240 cm™! to match experimental data for
X(v" =0) - B(v' =0, 1, 2) transitions [108]. The wavelengths corresponding

to v/ = 4 (shaded points) are 512.7 nm and 1744.7nm. . . . . .. ... ... ...
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5.2 Experimental stages for B(v' = 0) state predissociation measurement. In the sec-
ond column, M f,_y,, denotes the laser information. M is A or B, representing the
electronic excited state. R is the region S, I, or C (see text). The third column con-
tains the normalized ground-state populations using unknown variables and cal-
culated VBRs. The five variables n;, «, Fpo,, da and dp represent X(v” = 1)
state natural population, cleanup efficiency of laser Bf_o, B(v' = 0) state predis-
sociation probability, depletion efficiency of laser A(I)_0 and depletion efficiency
of laser B(I)_O. We denote the VBR normalization factors as Fa, = 2.0 Faoi
FB, = Fpoa + 21 Fpoi» and Fp, = Fpou + ;20 Fpoi- Additional information
isinSec. 5.2.4. . . L

5.3 Method I of B>Z* (v/ = 1) predissociation measurement. Notation is similar
to Table 5.2. In the third column, the variables include a, ny, x, Fpi, and dp,
representing state preparation (from X (v” = 0) to X(v” = 1)) efficiency, X (v =
1) natural population, cleanup efficiency of laser Ag_ » B(v' = 1) predissociation

probability and depletion efficiency of laser B{_l. The VBR normalization factors

are Fa, = i1 Faoi, Fa, = 2.iz0 Fa1i, and B, = Fp1a + izt Fpiie « o o o oo

5.4 Method II of B%x* (v = 1) predissociation measurement. In the third column,
the 7 variables include a, ny, k1, k2, Fp14, d4 and dp, representing state prepa-
ration [from X (v” = 0) to X(v” = 1)] efficiency, X (v” = 1) natural population,
cleanup efficiency of laser A1C—o’ cleanup efficiency of laser Alc_z, B(v' = 1) predis-

sociation probability, depletion efficiency of laser A{_l and depletion efficiency of

laser B{_l. The VBR normalization factors are Fa, = 3,0 Fati» Fa; = 21 Fatis

ﬂ4 = 2#2 F41:, and ?};2 = Fpia + Z#I Fpiio o o o o

5.5 Spin-orbit matrices accounting for vibrational mixing of the A and B states. The
IL; and II, basis states split under SOC to produce II; > and Il3/, states. The top
matrix is for A’IT (v’ = 0) and B>Z* (v = 0), while the bottom one is for A%I1
(v = 1), B22* (v/ = 1) and B>2* (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 unperturbed states. All values are in cm™!.

6.1 Center frequencies of the slowing lasers, measured on a HighFinesse WS7-60
WAVEIMEIET. . . . . . o o e e e e e e e e e e

8.1 Measured CaH VBRs and calculated CaH and CaD VBRs [188]. The calculated
VBRs for CaH are in good agreement with our own calculations in Chapter 5 and
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8.2 CaD transition frequencies. The uncertainties are ~10 MHz statistical and ~60 MHz
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Chapter 1: Introduction

Laser cooling of atoms [1] has been a cornerstone of modern atomic, molecular, and optical
(AMO) physics. The ability to laser cool, trap, and manipulate atoms at ultracold temperatures
has greatly advanced precision measurements and metrology, enabling searches for physics be-
yond the Standard Model with tabletop experiments [2] and improving optical atomic clocks [3].
It has also enabled new platforms for quantum computation [4] and simulation [S]. With years of
development, the field of ultracold atoms has progressed remarkably and remains one of the most
promising candidates for quantum science applications. By contrast, efforts to control more com-
plex quantum systems, such as molecules in the ultracold regime, have only emerged in the past
few decades. While their richer internal structures make them more challenging to manipulate,

they offer new opportunities.

1.1 Why Cold Molecules

Molecules make up most of the things we see everyday. There have been growing efforts de-
voted to understanding and controlling their properties. Thanks to the new techniques in modern
AMO physics, it has become possible to cool, trap, and manipulate molecules at the quantum level.
These advances have enabled a wide range of new research directions that were previously inac-
cessible, including new opportunities for precision measurements, cold and ultracold chemistry,

and quantum simulation and computation.

1.1.1 Precision Measurements

The first natural improvement once molecules are at cold or even ultracold temperatures would

be the precision to measure anything with them. Measurements of the permanent electric dipole



moments (EDMs) of electrons and nucleons are a notable example [6, 7, 8, 9]. In the current
Standard Model of physics, the EDM is predicted to be extremely small, yet some new physics
predicts larger values (depending on specific models). It has always been an interest of AMO
physicists to measure the EDM to higher precision, which could in the end correspond to larger
energy scale that may not be reachable at the Large Hadron Collider at CERN [10, 11]. The EDM
was initially measured with atoms [12, 13, 14] where the targeted signal is proportional to the
externally applied electric field achievable in the laboratory. Using molecules can greatly improve
the sensitivity because of the strong internal electric field in molecules. Such measurements have
been performed with cold molecular beams [6, 7] and trapped molecular ions [8, 9], and future
experiments are expected to achieve order-of-magnitude higher precision.

The additional internal structures of molecules also give rise to enhanced sensitivities for pre-
cision measurements of fundamental constants. For example, vibrational and rotational transitions
in molecular spectra scale with the electron-to-proton mass ratio u, while electronic transitions do
not. Nearly degenerate vibrational levels in certain diatomic and polyatomic molecules could be
significantly shifted if there exists a temporal variation of u [15, 16]. Such temporal variation has
been proposed to originate from ultralight dark matter particles like axions and axionlike parti-
cles [17]. Measurements of the relevant energy levels in molecules could put constraints on these
dark matter models.

Similar to atomic systems, molecular transitions can also be engineered for precise quantum
clocks. In fact, the very first quantum clock was based on ammonia molecules [18]. Atomic
clocks have advanced significantly because of the new techniques to cool and trap them in optical
lattices [3]. Recently, a molecular lattice clock was demonstrated in the neighboring laboratory
in our group [19], achieving the highest precision reported for molecule-based quantum clocks.
Though not comparable to atomic clocks yet, the additional internal structures already promise
interesting physics to explore, such as the temporal variation of y and isotope shift measurements
for searches of the fifth force [20]. Further exploration of these systems will be valuable and will

benefit from the continued development of new techniques in the field.



1.1.2 Cold and Ultracold Chemistry

With molecules cooled to cold and ultracold temperatures, chemical processes in this new
regime can be studied [21]. Unlike traditional chemical systems, where reactions occur over a
broad distribution of collision energies and internal states, ultracold chemical systems allow one to
prepare them in well-defined quantum states and study interactions governed by quantum statistics.
One notable observation in this regime is the existence of long-lived complexes, formed by the so-
called “sticky collisions” [22]. A thorough investigation of such processes is valuable as it not
only gives us better understanding of how these processes occur, but also provides insights toward
achieving quantum control of chemical reactions, and it has been an active research area for the
past decades. Recent progress shows that coherence can be preserved during chemical reaction in
the ultracold regime [23, 24]. Precise tuning of chemical reactions with external fields would also
be valuable in order to perform sympathetic cooling with atoms to further cool the molecules [25,
26]. On the other hand, further investigations could shed light to fundamental chemical processes

occurring in stellar and interstellar media, given their similar conditions.

1.1.3 Quantum Simulation and Computation

The tunable dipolar interactions in molecules offer a unique opportunity to simulate complex
quantum system such as those in many-body physics [27]. These long-range interactions could
be harnessed to realize a variety of Hamiltonians including those for lattice spin models [28],
topological ordered states [29], and extended Hubbard models [30]. This list continues to grow.
The additional internal structures in molecules could also be used to encode quantum information.
At present, quantum computation with neutral atom arrays is limited by gate fidelities that remain
below the threshold required for quantum error correction to achieve fault tolerance. The long
lifetimes of molecules promise a robust qubit compared to atoms [31, 32]. Two-qubit gates have
been demonstrated in various molecular systems recently [33, 34, 35, 36]. Future improvements,
in part, require advances in cooling techniques [37, 38]. Once these challenges are addressed,

molecules offer a promising platform for the future of quantum computation.



1.2 Production of Cold and Ultracold Molecules

The rich internal structures of molecules make their production tricky. Take diatomic molecules
as an example, the characteristic energy scales of the rotational and vibrational excitations are on
the order of a few kelvin and a few tens of kelvin, respectively. If one starts with a room tem-
perature sample, the molecules could populate all possible states that are energetically accessible.
However, all applications discussed in the previous section require addressability at the level of
individual quantum states. To solve this problem, there are currently two main methods for pro-

ducing cold and ultracold molecules: indirect and direct methods.

1.2.1 Indirect Methods

The indirect method involves first cooling the constituent atoms and then assembling them
into ultracold molecules. This method does not require direct cooling of molecules, however, the
molecular species are limited since the constituent atoms need to be laser-coolable in the first
place. Despite this limitation, this method has been highly successful. There are generally two
methods of assembling molecules: magnetoassociation and photoassociation. Magnetoassociation
refers to assembling molecules through tuning a magnetic field to a Feshbach resonance. Weakly
bond (at high vibrational levels) molecules could be created this way. These molecules can be
transferred to the absolute ground (electronic, vibrational, and rotational) state through stimulated
Raman adiabatic passage (STIRAP). A number of ultracold ground-state molecules are created this
way, including KRb [39], RbCs [40], NaK [41], NaRb [42], NaLi [43], NaCs [44], and LiK [45].
Recent advances have enabled the realization of quantum degenerate gases some of some of these
molecules [46, 47, 48]. Quantum simulation with these ultracold molecules may be possible in the
near future [49]. Photoassociation, on the other hand, does not rely on the existence of Feshbach
resonances. Instead, this method excites two atoms to a molecular bond state then part of them can
decay back to a ground molecular bond state. The molecules can in principle decay to all dipole

allowed rovibrational states, thus the efficiency would greatly rely on the branching ratios. The first



molecular lattice clock discussed in the previous section is based on this method, with ground-state
Srp molecules created [50]. Other indirect methods exist but are very limited to specific molecular

species with their unique properties, such as the mergoassociation of RbCs molecules [51].

1.2.2 Direct Methods

If starting from a hot sample of molecules, one would need direct cooling methods to bring
them to the ultracold regime. Most of the chemists’ molecules, bigger molecules, or organic
molecules need to be treated this way (we call most of molecules created with the indirect methods
physicists’ molecules since they only exist in physics laboratories). One of the most general cool-
ing methods is buffer gas cooling [52]. This method relies on elastic collisions with buffer gases
such as He or Ne at cryogenic temperatures. The external and internal temperatures of molecules
can be cooled to the buffer gas temperatures efficiently. Cryogenic buffer gas beams of molecules
ranging from big organic molecules to laser ablated radicals can be created this way. Although
the lowest temperature achievable with this method is limited by the buffer gas properties, it pro-
vides a great starting point for further cooling with temperatures down to a few kelvin, where most
molecules would only occupy a few quantum states.

To achieve ultracold temperatures, further cooling is required. One could take advantage of the
dipolar nature of molecules and use electric field to slow and cool the molecules. With proper elec-
tric field configuration, molecules can made to be always experiencing potential hills, the transla-
tional energies can thus be removed by the electric field potentials [53, 54]. One can also make use
of the Zeeman shifts under magnetic fields, slowing forces can also be engineered [55]. Zeeman-
Sisyphus deceleration has also been demonstrated with molecules [56, 57]. Other methods include
mechanical deceleration using centrifuges [58, 59] and optoelectrical cooling [60]. However, all
these methods remain proof-of-principle demonstrations, and further experiments are limited be-
cause of the large field required. Laser cooling, though less general as these methods and requiring
favorable Franck-Condon factors to establish a quasi-closed photon-cycling scheme, has led to

many advances in the field and will be the main focus of this thesis.



Since the first demonstration of molecular laser cooling with SrF molecules [61], the field has
expanded greatly. 2D magneto-optical compression of YO [62], 1D magneto-optical compression
of CaF [63], 1D sub-Doppler cooling of YbF [64], 1D sub-Doppler cooling of BaH, CaH, and
CaD [65, 66, 67], 1D Doppler and sub-Doppler cooling of BaF [68, 69], and the same technique
has been demonstrated for polyatomic molecules [70, 71, 72, 73]. 3D magneto-optical trapping of
molecules have also been demonstrated with SrF [74], CaF [75], YO [76], CaOH [77], BaF [78],
SrOH [79], and AIF [80], opening the door for optical trapping and quantum control of molecules
in the ultracold regime. In this thesis, I describe the extension of these techniques to a new class of
molecules, diatomic metal hydrides. We demonstrate the first 3D magneto-optical trap (MOT) of

CaH molecules [81].

1.3 Ultracold Molecules for Exotic Ultracold Atoms

Despite the tremendous success of atomic laser cooling, only a small fraction of the periodic
table is amenable to this technique [82]. Many atomic species are excluded because of their deep
ultraviolet (UV) transition wavelengths. One notable example is hydrogen atoms. It is technically
challenging to obtain high power for laser cooling at ~122 nm for hydrogen, and thus this technique
has remained elusive. Recent experiments have focused on proof-of-principle demonstrations of
the technique [83, 84], but cooling to the ultracold regime is still a distant goal. Laser-cooled
molecules offer a possible pathway toward producing ultracold samples of otherwise inaccessible

atomic species like hydrogen.

1.3.1 Hydrogen Spectroscopy

Hydrogen, as the simplest two-body system, has always been at the forefront of quantum re-
lated research. From Bohr’s first quantum theory of atomic physics [85], Lamb shift and the
birth of quantum electrodynamics [86], to nowadays’ precision tests of the Standard Model [87],
all rely on measuring the hydrogen spectroscopy to higher and higher precision. Over the past

few decades, hydrogen spectroscopy has advanced remarkably. The narrow 1S-2S transition was



measured down to Hz-level precision [88, 89]. Other broader transitions were also measured
to unprecedented precision [90, 91, 92, 93]. However, these measurements are still limited by
velocity-dependent broadening arising from the finite temperature of the atomic beam. Further
improvements would require the production of a trapped, dilute, and ultracold sample of hydro-
gen atoms. Additionally, there has been a decade-long “proton radius puzzle”, where the proton
charge radius extracted from electronic and muonic hydrogen spectroscopy are discrepant [87].
Recent measurements may suggest that the puzzle may originate from underestimated systematic
uncertainties in earlier hydrogen atomic beam measurements [94, 95], further motivating the need
for trapped hydrogen measurements. It is worth noting that a Bose-Einstein condensate of atomic
hydrogen has been produced with magnetic traps [96], but the high-field environment makes it im-
perfect for high-precision spectroscopy. To circumvent these challenges, we propose an approach
based on the dissociation of laser-cooled metal hydride molecules, such as CaH. The resulting
hydrogen atoms can then be loaded into optical dipole traps, which provide an ideal platform for

precision spectroscopy.

1.3.2  Ultracold CaH for Ultracold Hydrogen

Figure 1.1 shows a schematic of the proposed approach. We utilize the established molecu-
lar laser cooling technique to first cool and trap CaH molecules at submillikelvin to microkelvin
temperatures, then apply a near-threshold dissociation to get the hydrogen atoms. At first glance,
two key questions arise for this approach: first, whether CaH molecules can be laser cooled and
trapped; and second, whether a suitable dissociation pathway can be identified, and if so, whether
the resulting hydrogen atoms can remain cold.

In this thesis, we answer both questions. First, yes, CaH can be laser cooled and trapped at
ultracold temperatures. CaH is not the most ideal laser-cooling candidate due to its weaker molec-
ular bond. As a result, every time we scatter a photon, there is a finite chance that the molecule
gest dissociated, called predissociation [97]. Additionally, CaH molecular beams are an order-

of-magnitude weaker than other laser-cooled molecules for various reasons [98]. We show how
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Figure 1.1: Proposed approach for producing ultracold hydrogen. CaH molecules are first laser
cooled and trapped, followed by near-threshold dissociation to produce hydrogen atoms at ultra-
cold temperatures.

we solve these problems and create a 3D MOT of CaH. Second, we show that predissociation, in
turn, can facilitate controlled dissociation and identify a potential dissociation pathway that are
readily accessible with existing laser technologies. Now the last question is, whether the resulting
hydrogen atoms can remain cold, and the answer is also yes. Ultracold molecules created with
the indirect methods have already paved the way for us. For either magnetoassociation and pho-
toassociation, because of the lack of cycling transitions in those molecules, one has to dissociate
the molecules and image the constituent atoms to gain information about the molecules. These
processes typically only introduce negligible amount of energy from the noise of magnetic fields
or lasers, or photon recoils. We do not expect dissociation of CaH being fundamentally different
from other molecules, but if anything, the large mass imbalance could help on achieving colder
temperatures. Assuming that the dissociated hydrogen atoms have comparable velocity distribu-
tion as the parent CaH molecules, the temperature of hydrogen could be even colder [99]. These
demonstrations and considerations make this approach promising for producing hydrogen atoms

at ultracold temperatures for high-precision spectroscopy in the near term.



1.4 This Thesis

This thesis is organized as follows. Chapter 2 introduces the basics for molecular laser cooling,
relevant CaH properties are also provided. Chapter 3 discusses our molecular beam source and how
we manage to improve it. Chapter 4 and Chapter 5 present our early demonstration of 1D laser
cooling of CaH and studies of predissociation. Chapter 6 and 7 present our demonstration of white-
light laser slowing and a 3D radio-frequency (rf) MOT of CaH. Chapter 8 presents the extension

of the technique to the fermionic CaD. Finally, Chapter 9 provides a summary and outlook.



Chapter 2: The Molecular Laser Cooling Technique

Compared to atoms, molecules posses additional energy levels originating from vibration and
rotation. In order to perform laser cooling, these additional energy levels need to be carefully
addressed. This chapter provides the basics of the structure of diatomic molecules, and how we
can engineer a quasi-closed transition to continuously scatter photon for laser cooling. I also list

the relevant spectroscopy data for laser cooling of CaH.

2.1 Diatomic Molecular Structure

Fortunately, vibrational and rotational degrees of freedom in diatomic molecules are typically
well separated in energy. Vibrational energies are on the order of tens of THz, while rotational
energies are in the GHz range. As a result, they can be treated independently, or in other words,
can be treated with Born-Oppenheimer approximation. The Hamiltonian for a diatomic molecule

can thus be written as

H = He+Hvib+HSO +Hr0t+HSR+HHFS +HAd- (21)

Here, H., Hiy, Hso, Hot, Hsr, Hurs, and Hpgq denote the electronic, vibrational, spin-orbit,
rotational, spin-rotation, hyperfine, and A-doubling components of the Hamiltonian, respectively.
The components are listed in a descending order of energy scale for clarity, with A doubling as an

exception, as its magnitude can vary significantly in different electronic states.

2.1.1 Electronic Energy Levels

The largest energy scale in the Hamiltonian [Eq. (2.1)] is the electronic level H.. The split-

tings in different electronic levels are on the order of several hundred THz. Electronic transitions
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Table 2.1: State notations for atoms and molecules, reproduced from Ref. [104].

Atoms Molecules
Symbol Values Symbol Values
Electronic spin S 0,1/2,1, ... x 0,1/2,1, ...
Orbital angular momentum L s, p,d, ... A N A, ..
Total angular momentum J 0,1/2,1, ... Q 0,+1/2, %1, ...

can thus be addressed with laser sources in the visible and near-infrared range. Some molecules
like AIF [100], AICI [101], and MgF [102, 103] even require lasers in the UV range. The “prin-
cipal quantum number” of electronic levels in molecules are labeled by capital letters X, A, B,
C, ... Here, X is used for ground states, while letters starting from A are used for electronically
excited states. For historical reasons, the ordering does not strictly follow the energy levels, but
instead reflects the order of discovery. Similar to atoms, molecules also have electronic spin S,
orbital angular momentum L, and their resulting total angular momentum J. The difference is that,
atoms posses spherical symmetry, while diatomic molecules posses axial symmetry upon their
internuclear axis. For S, L, and J in atoms, their molecular counterparts are X, A, and €2, respec-
tively. Table 2.1 summarizes the differences and connection between these notations in atoms and
molecules.

With these notations, electronic energy levels in molecules can be labeled with the molecular
term symbol:

28+1 A +/-
+ AQ . 2.2)

The additional +/— denotes the reflection symmetry of the corresponding electronic state. To show
an example of how this term symbol works, the ground electronic state of CaH is a spin doublet
since it contains an uncoupled electron, the orbital angular momentum is zero for the ground state,
thus A = X (or 0), as a result, the ground electronic state of CaH is denoted as X>X*. Other

relevant electronic states will be discussed in more details later.
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2.1.2  Vibrational Energy Levels

The next energy scale after electronic levels comes from vibrational energy levels. At a given
electronic energy level, the vibrational energy levels can be described using a power series as in

Refs. [104, 105]:

GvV) =we(v+1/2) = wexe(v + 1/2)2 + weye (v + 1/2)3 +ee, 2.3)

where v is the vibrational quantum number, w, is the vibrational constant, and w.x, and w,y,
are constants for higher-order corrections. As one can tell from the notations, these constants are

different for different electronic energy levels.

2.1.3 Rotational Energy Levels

The smallest energy scale in a diatomic molecule comes from rotational energy levels. For a
given vibrational energy level v, the rotational energy levels can be expressed as in Refs. [104,
105]:

F,())=B,JUJ+1) =D, J*(J+ 1> +H,JP(J+ 1>+, (2.4)

where J is the rotational quantum number, B, is the rotational constant, and similar to vibrational
energy levels, D, and H, are the higher-order correction terms. Detailed expressions of these
constants can be found in Refs. [104, 105]. For the purpose of this thesis, we do not need to go into
details on how these constants are derived or obtained with spectroscopic data. Again, interested
readers are referred to Refs. [104, 105].

Most of the molecules of interest have been studied for decades and there have been extensive
measured lines, although not measured to the precision that we need. In practice, we take the
lines of interest and measure them ourselves, and they are typically within several hundred MHz.
However, we do need to understand how the states are labeled after those with comparable energy

scales couple to each other so we can read these spectroscopic data; this is discussed next.
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2.1.4  Fine Structure, Spin-Rotation Coupling, and Hyperfine Structure

Similar to atoms, molecules with unpaired electronic spins also have additional splittings due
to for example spin-orbit coupling. Since molecular rotation is also at a comparable energy scale,
there is also spin-rotation coupling. And if there exist a nuclear spin, there would also be hyperfine
splitting. For our molecule CaH, Ca has a unpaired electron, S = 1/2, though it does not have a
nuclear spin, H has a nuclear spin of 7 = 1/2.

For the electronic ground state of CaH, X 23+ orbital angular momentum L = 0 and A = 0,

the spin-orbit coupling is thus zero. The next term in the Hamiltonian is the spin-rotation coupling

Hgr = yynS - N. (2.5)

Here, rotation is denoted with N, because with an electronic spin, bare rotation R no longer rep-
resents a good quantum number, and N is the total angular momentum excluding spin. y,y is the
spin-rotation constant. The result from this coupling is J, or the total angular momentum. Lastly,
with nuclear spin I, we obtain the grand total angular momentum F = J + I through the hyperfine
interaction. In this case, N, J, and F are the good quantum numbers, meaning these quantities are
conserved under the discussed interactions, and this is described by the so-called Hund’s case (b),
as shown on the right of Fig. 2.1. In Hund’s case (b), L is strongly coupled to the internuclear axis,
then the resulting A couples with R to form N, and N couples with S and forms J. Note that since
L does not couple with S first,  is poorly defined, which is the reason why we do not show the Q
number in the ground electronic state of CaH, X?>X*. Another electronic state that is also described
by Hund’s case (b) and is discussed extensively in this thesis is the BZZ* state.

The lowest excited state of CaH is A%IT, /2, and is described by Hund’s case (a). In Hund’s case
(a), as shown on the left of Fig. 2.1, L couples to S first, then they couple to rotation R to form J.

For this electronic state, Q = A —X = 1—1/2 = 1/2, so it is written as AZHI/Z. The nonzero A

13



Hund’s case (a) Hund’s case (b)

\ 4

L

Figure 2.1: Relevant Hund’s cases in this thesis. The lowest excited A1, /2 state of CaH is de-
scribed by Hund’s case (a) as shown on the left, and the ground electronic state is described by
Hund’s case (b) on the right. The second excited B2X* state is also described by Hund’s case (b).

here gives rise to the spin-coupling term
Hso = AL - S, (2.6)

and A here is the spin-orbit coupling constant. This term, if present, is typically much larger than
the rotational and hyperfine levels. For AII states, spin-orbit coupling results in two multiplets
of ATl and A*I15;,. We address transitions more on the A?Il; ), states in the context of laser
cooling.

For anonzero A, there is another effect originating from the different directions of the electron’s
circulation around the internuclear axis, and is called A doubling. This will cause degeneracy if
the resulting €2 is also nonzero and can be a positive or a negative value. The rotational degree of
freedom lifts this degeneracy by adding the additional Hpq term in the Hamiltonian. The resulting
states are noted with parity +/—. For X states, parities are paired with N since they are split
through the interaction with rotation, while for 21T, /2 states where N is not a good quantum number,

parities are important to be presented in order to distinguish these doublet states.
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2.2 Laser Cooling Scheme

Laser cooling relies on the ability to continuously scatter photons. For atoms, it is easy to find
a “closed” or a “cycling” transition where the atoms always fall back to the same ground state after
being excited by a laser. For molecules, as one can tell from the more complex level structure

discussed in the previous subsection, it becomes a little tricky.

2.2.1 Vibrational Branching

Following the same order as when we introduce the energy levels, we first consider the vi-
brational levels. When excited, molecules can decay back to all the vibrational states that are
electric-dipole allowed. The branching ratios to different vibrational states are proportional to the

Franck-Condon factors (FCFs) defined as the wavefunction overlap:

Gvvr = | W) |2, 2.7)

where |¢,~) and |y,/) denote the vibrational eigenstates of the ground and excited states (in this
thesis, we use ” to denote the ground states and ’ to denote the excited states). In order to achieve a
quasi-closed transition with a practical number of lasers, one would require the FCFs to be highly
diagonal, meaning strong coupling only happens when v’ = v”, and decays to other vibrational
states are highly suppressed. CaH, including all other laser-cooled molecules, is of this type. The
naive picture is that, if the wavefunction of the unpaired electron is sufficiently far away from the
molecular bond, exciting that unpaired electron would not affect the bond significantly.

FCFs can be extracted from the potential energy curves [PECs, energy as a function of inter-
nuclear distance, or potential energy surfaces (PESs) if multidimensional] obtained with ab initio

calculations [97]. Branching ratios to different vibrational states can be expressed as

3
Vlv’/
, (2.8)
3
2he0 dvk X Wy

qylvll X W

VBR,, =
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where w,,~ is the energy difference between the corresponding ground and excited vibrational
states. VBRs can be experimentally measured through the relative decay rate to different ground
vibrational states. Table 2.2 summarizes the measured and calculated VBRs and FCFs of CaH with
v/ = 0 for both A — X and B — X transitions. To perform laser cooling, we excite CaH from
the electronic and vibrational ground state X (v = 0) to either A(v' = 0) or B(v' = 0). Because
of the highly diagonal FCFs (goo > 95%), the molecules decay back to X (v” = 0) most of the
time. However, to trap the molecules, one would need to scatter at least ~10% photons to slow a
fast molecular beam at ~150 m/s down to near zero velocity. If only addressing a single transition,
only 1/e of the total population could survive after scattering just 1/(1-VBRgy) ~ 50 photons. For
molecules with diagonal FCFs, adding two to three repump lasers is typically enough to bridge this
gap. Figure 2.2 shows the laser cooling scheme for CaH as an example, featuring a vibrationally

quasi-closed scheme.

X %zt

Figure 2.2: A vibrationally quasi-closed scheme in CaH. For molecules with diagonal FCFs like
CaH, branching to higher vibrational states are suppressed exponentially. Two to three vibrational
repump lasers are typically enough to achieve a photon budget of ~10%*~10°.

2.2.2 Rotational Branching

The next aspect to consider is the rotational energy levels. Compared to vibrational branching,
rotational branching follows parity and angular momentum selection rules strictly for electric-
dipole transitions. The parities of the start and final states must be opposite, or if both in the 2%+

manifold, AN = +1. Similar to atoms, molecules also have selection rules AJ = 0, =1, AF =
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0, =1, and Amr = 0, =1. Rotational closure can be achieved if we start from X22+(N =1, -)
manifold. Figure 2.3 shows the two schemes for CaH that are used in this thesis. If exciting
X?E*(N =1, =) to AM1y;2(J" = 1/2, +) as in (a), it can only find its way back to X>Z*(N =
1, —) because of the parity requirement [((N = 0) and (N = 2) states are + parity]. If exciting

X?2*(N =1, -) to B2X*(N = 0, +) as in (b), it can only go back to X?>X*(N = 1, —) as well

since AN = =+1.
() A%y, =1/2,+) (b) BZ2*N'=04)
F'=1 F'=1
yy e F' =0 ry p—<_F' =0
695 nm 64 = 18 MHz 635 nm 0p undetermined
T T
Il j101 MHzF Il J101 MHzF
Z _ 1859 MHz S _ 1859 MHz
+ J=1/2 ] Feo + J=1/2 v Foo
& f53MHz , — | & $532 Mz . — ]
> v=0 > v=0

Figure 2.3: Rotational closure for the A2H1/2(v’ = 0) « X’Z*(v = 0) and B>Z* (V' = 0) «
X2%*(v = 0) transitions, shown as examples. Note that the spin-rotation and hyperfine splittings
are slightly different for different vibrational states and need to be treated carefully. Hyperfine
splittings for the excited states are expected to be unresolved within the MHz level. However, we
do measure an 18 MHz splitting in the AT, (v =0, J"=1/2, +) state. This is very important
in the context of a MOT and is discussed in more detail in the corresponding chapter.

However, this scheme poses an additional challenge: dark states. For transitions with F' > F’,
a certain laser polarization can only address a subset of the magnetic sublevels in the ground state.
To show an example, if F = 1 and F’ = 0 and the laser is linearly polarized, states with mp = +1
become dark and cannot be addressed by the laser. Fortunately, this is a solvable problem and
there have been various approaches to remix these dark states to make them appear bright again,

including magnetic-field remixing and polarization switching.
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2.3 Reference Tables for CaH Laser Cooling

Now that we have determined a photon-cycling scheme for laser cooling, here I summarize
relevant information for CaH, including FCFs (Table 2.2) and transition frequencies (Table 2.3 and
Table 2.4) used in this thesis. All data shown in these tables are experimentally measured in our

laboratory, measurement schemes and key takeaways are provided when necessary.

Table 2.2: FCFs and VBRs with excited state vibrational quantum number v = 0. The ex-
perimental radiative lifetime 7 for the A state was obtained from Ref. [106] and for the B
state from Ref. [107]. In this table, the transition wavelengths of A(v' = 0) <« X(v = 0),
B(v' =0) « X(v =0), and B(v' = 0) « X(v = 1) are determined experimentally. The other
transition wavelengths are derived using measured vibrational energies given in Ref. [108]. The
calculated FCFs are obtained from Ref. [109] for the A — X decay and from Ref. [110] for the
B — X decay. Error bars for the measured FCFs and VBRSs represent 1-0- uncertainties. This table
is reproduced from Ref. [66].

Transition 7 (ns) v” Wavelength (nm) go,~ theory  ¢q,~ measured VBR,» measured
A—>X 333) 0 695.13 0.953 0.9572(43) 0.9680(29)
1 761.87 0.0439 0.0386(32) 0.0296(24)
2 840.07 2.74x1073 4.2(3.2)x1073  2.4(1.8) x 1073
3 932.80 2.3x1074 - -
B— X 58(2) 0 635.12 0.9856 0.9807(13) 0.9853(11)
1 690.37 0.0132 0.0173(13) 0.0135(11)
2 753.97 1.1x1073  2.03)x 1073 1.2(2) x 1073
3 827.84 1x10™4 - -

18



Table 2.3: Diagonal (v' = v) transition frequencies of relevance to laser cooling. The frequen-
cies are measured with a HighFinesse WS7-60 wavemeter, which has a systematic uncertainty of
~60 MHz. Statistical uncertainties from the measurements are at the ~10 MHz level.

Ground v N J F  vparity Excited vV N J' F’ parity Frequency (THz)
AN (V' =0, ' =1/2, +) « X?Z*(v =0, N = 1, -) cycling

X O 1 1/2 0 - A o - 1/2 1 + 431.276550
X 0o 1 1/2 1 — A o - 1/2 1 + 431.276603
X 0O 1 3/2 1 - A 0O - 1/2 0 + 431.274672
X 0o 1 3/2 2 - A 0o - 1/2 1 + 431.274590
B?X*(v' =0, N =0, +) « X*Z*(v =0, N = 1, —) cycling
X 0O 1 1/2 0 - B 0 0 1/2 0,1 + 472.028639
X 0O 1 1/2 1 - B 0 0 1/2 0,1 + 472.028692
X 0O 1 3/2 1 - B 0O 0 1/2 0,1 + 472.026780
X 0o 1 32 2 - B 0O 0 1/2 0,1 + 472.026679
AN (V' =1, 0 =1/2, +) « X*Z*(v =1, N =1, —) cycling
X 1 1 1/2 0 - A 1 - 1/2 0,1 + 432.343902
X 1 1 12 1 - A 1 - 1/2 0,1 + 432.343958
X 1 1 3/2 1 - A 1 - 1/2 0,1 + 432.342120
X 1 1 3/2 2 - A 1 - 1/2 0,1 + 432.342011
B?X*(v' =1, N =0, +) « X*Z*(v=1, N =1, -) cycling
X 1 1 1/2 0 - B 1 0 1/2 0,1 + 471.558969
X 1 1 1/2 1 - B 1 0 1/2 0,1 + 471.559025
X 1 1 3/2 1 - B 1 0 1/2 0,1 + 471.557178
X 1 1 3/2 2 - B 1 0 1/2 0,1 + 471.557078
AL p(V =0, I =3/2, +) « X?Z*(v =0, N = 1&3, —) cycling
X 0O 1 1/2 0 - A 0o - 3/2 1,2 + 431.604611
X 0o 1 1/2 1 - A 0o - 3/2 1,2 + 431.604664
X 0o 1 3/2 1 - A 0o - 3/2 1,2 + 431.602751
X 0O 1 3/2 2 - A 0o - 3/2 1,2 + 431.602651
X 0 3 512 2 - A 0o - 3/2 1,2 + 430.338953
X 0 3 5/2 3 - A 0o - 3/2 1,2 + 430.339023
EZHI/Z(V’ =0,J =3/2, -) « A2H1/2(v =0, J =3/2, +) single-photon process
A 0o - 3/2 1,2 + E 0o - 3/2 1,2 - 179.685381
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Table 2.4: Off-diagonal (v' # v) transition frequencies of relevance to laser cooling. The frequen-
cies are measured with a HighFinesse WS7-60 wavemeter, which has a systematic uncertainty of
~60 MHz. Statistical uncertainties from the measurements are at the ~10 MHz level.

Ground v N J F vparity Excited vV N J° F' parity Frequency (THz)
AML (v =0, 7 =1/2, 4) « X?Z*(v =1, N = 1, —) repumping

X 1 1 1/2 0 — A 0O - 1/2 0,1 + 393.504614
X 1 1 1/2 1 - A 0O - 1/2 0,1 + 393.504670
X 1 1 3/2 1 - A 0O - 1/2 0,1 + 393.502832
X 1 1 3/2 2 - A 0O - 1/2 0,1 + 393.502723
B?X*(v =0, N =0, +) « X*2*(v =1, N = 1, —) repumping
X 1 1 1/2 0 - B 0O 0 1/2 0,1 + 434.256731
X 1 1 1/2 1 - B 0O 0 1/2 0,1 + 434.256787
X 1 1 3/2 1 - B 0O 0 1/2 0,1 + 434.254949
X 1 1 3/2 2 — B 0O 0 1/2 0,1 + 434.254840
A2H1/2(V’ =1, =1/2, +) « X’2*(v =2, N = 1, —) repumping
X 2 1 1/2 0 - A 1 - 1/2 0,1 + 395.718928
X 2 1 1/2 1 - A 1 - 1/2 0,1 + 395.718978
X 2 1 3/2 1 — A 1 - 1/2 0,1 + 395.717218
X 2 1 3/2 2 - A 1 - 1/2 0,1 + 395.717108
B?Z*(v' =1, N' =0, +) « X’Z*(v =2, N = 1, —) repumping
X 2 1 1/2 0 - B 1 0 1/2 0,1 + 434.933995
X 2 1 1/2 1 - B 1 0 1/2 0,1 + 434.934045
X 2 1 3/2 1 - B 1 0 1/2 0,1 + 434.932285
X 2 1 3/2 2 — B 1 0 1/2 0,1 + 434.932175
AL (v =1, 0 =1/2, +) « X?Z*(v =0, N = 1, —) off-diagonal pumping
X 0O 1 1/2 0 - A 1 - 1/2 0,1 + 470.115819
X 0o 1 1/2 1 — A 1 - 1/2 0,1 + 470.115873
X 0o 1 3/2 1 - A 1 - 1/2 0,1 + 470.113971
X 0O 1 3/2 2 — A 1 - 1/2 0,1 + 470.113870
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Chapter 3: Cryogenic Buffer Gas Beam Source

To perform laser cooling, we need to first prepare the molecules in a single quantum state,
for CaH it is X22+(v =0, N = 1, —). The rotational constant of CaH B, is ~100 GHz, which
corresponds to a temperature of ~10 K. In this case, if starting from a room temperature sample,
many rotational states could be thermally populated. A cold, bright, and slow molecular beam is
required. In this chapter, I describe our cryogenic buffer gas beam (CBGB) source, and how we

managed to improve it to a level that ultimately enabled a MOT of CaH.

3.1 CaH,-Based Beam Source

CBGB sources use buffer gas at cryogenic temperatures, typically at ~4 K if using He and
~15 K if using Ne, to cool the atoms or molecules of interest. For laser cooling and trapping
experiments, people typically choose He for its colder temperature and potentially slower forward
velocity. We use a CRYOMECH PT415 pulse tube refrigerator. There are two cooling stages in
the system. The first goes down to ~40 K, which has a larger heat load capacity and serves as a
radiation shield from the room temperature environment. The second stage goes down to ~3 K
with a smaller heat load capacity. In practice, the coldest temperature that has been reached in
our system is ~4.3 K, which corresponds to ~1 W of heat load on the first stage according to the
capacity curve of the pulse tube. And the buffer gas cell (where the molecules are produced) is
even hotter at ~6 K. Part of the reason is that our cryogenic system was originally designed with an
unnecessarily large size, and it turned out that, no matter how much effort we put into improving
the radiation shielding, we could not cool it below 4 K. Honestly, this has been a long-standing
concern during my PhD, since CBGB sources typically work much better at ~3 K. The concern has

been alleviated by further investigation. First, CaH has a larger rotational constant compared to all
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other laser-cooled molecules, and as a result, the (N = 1) population peaks at a higher temperature
~10 K. We observe that the CaH production increases with higher temperatures (from 6 K to
10 K). Second, the forward velocity scales with VT, and we find that our forward velocity is not
dramatically higher compared to those operating at ~3 K under similar experimental conditions.
Nevertheless, these still do not justify operating at suboptimal conditions. For the next generation
of the experiment, this problem should be solved as it should ultimately lead to the highest possible

molecular beam flux.

3.1.1 Buffer Gas Cell

The CaH molecules are generated in a so-called cryogenic buffer gas cell. For the first attempt
as other laser-cooled molecules, the molecules are generated through laser ablation of the corre-
sponding chemically-stable compounds, in our case it is CaH,. The ablation can break one of
the Ca—H bond and produce CaH radicals. Since this is an explosive process, the resulting CaH
molecules are at very hot temperatures ~10° K. The molecules could then be buffer gas cooled with
the He introduced to the cell at ~6 K. With a hole in the front of the buffer gas cell, the molecules
can be extracted with the buffer gas and form a molecular beam. This is illustrated in Fig. 3.1(a).
Simple as it may seem, there are a considerable number of parameters that needs to be finely tuned
for different types of experiments.

Buffer gas cells are evaluated in several aspects: production, extraction, and forward veloc-
ity. The molecule production in cell can be monitored through laser absorption, and the molec-
ular beam properties can be measured with laser-induced fluorescence (LIF) on either electron-
multiplying charge-coupled device (EMCCD) camera with spatial resolution or on a photomulti-
plier tube (PMT) with temporal resolution. During my PhD, we have tried several different designs
of buffer gas cells for an optimized performance. The first one is an old design from the early time
of this project [111]. Back then, the team was trying to laser cool and trap BaH molecules. How-
ever, due to some unfavorable properties of the molecule, including low molecular production,

small optical force and the existence of metastable states that could potentially reduce the photon
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(a) Probe laser

CaH beam

Figure 3.1: (a) Schematic of the cryogenic buffer gas cell for the production of a CaH molecular
beam. CaH molecules are generated through a pulsed Nd:YAG laser ablation on a CaH, target.
The hot CaH molecules are then buffer gas cooled with He at ~6 K and extracted from the cell to
form a molecular beam. The molecule production in cell can be monitored with laser absorption.
(b) Image of a cell. (1) the aperture for molecular beam extraction; (2) a small window for the
probe laser; (3) a snorkel to hold the window for the ablation laser; and (4) the gas fill line.

budget, the team decided to switch to CaH. There were a few problems with this cell. First, the cell
has not been cleaned for years and is coated with black Ba-containing compounds (Ba or BaH;
oxidized by air). Second, it is not easily extendable, especially given the fact that the gas fill line
is welded permanently to the cell body. There was a good reason to not clean it: some dirtiness in
the cell helps with the overall molecule production. This can be more helpful for hydrides given
the higher temperature needed for a higher (N = 1) population, the dirtiness might lead to a poor
thermalization and thus increases the molecule production in the (N = 1) state. For BaH this is par-
ticularly important because of the already low molecule production. Because of its large mass, the
forward velocity was not affected dramatically, and was peaking at ~150 m/s. However, when we
changed to CaH, due to the smaller mass, the forward velocity is way faster, peaking at ~400 m/s,
and cleaning the cell did decrease the velocity, but at the cost of dramatically lower molecule pro-
duction. On the other hand, relying on an uncontrolled coating without proper cleaning is not a

viable long-term solution. Considering these limitations, we adopted a newer design, similar to

that of the CaF Gen II experiment in the Doyle group at Harvard University [112], and an image
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of it is shown in Fig. 3.1(b). All characterization and optimization below are performed with this

design.

3.1.2 He Flow Dependence

Our cell is similar to those of other well-established CBGB sources [52, 113, 114], with cell
inner diameter and length at 1 inch and 2 inches, cell aperture diameter at 5 mm, He flow rates
at several standard cubic centimeters per minute (SCCM), and YAG ablation energies at ~10 mJ.
CBGB sources typically operate in between the effusive and supersonic regime, or the intermediate
regime. This is because the intermediate regime allows decent buffer gas cooling to bring the hot
molecules close to the buffer gas temperature, while not “boosting” the forward velocity of the
molecular beam much by the collisions with the buffer gas near the cell aperture. In this regime,
the forward velocity increases with the He buffer gas flow rate [52], as shown in Fig. 3.2. We
measure Ca velocity through the LIF on the 4s4p 'P; « 4s* 1Sy transition at 423 nm, with
the laser applied 45°with respect to the molecular beam and ~80 cm downstream from the cell.
The LIF is measured on a PMT with temporal resolution. Figure 3.2(a) shows an example of the

measurement, with He flow rate at 17.6 SCCM and YAG ablation energy at 12 mJ. Normalized
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Figure 3.2: (a) LIF on the 4s4p 'P; « 4s> 1S transition of Ca at different velocities detected on
a PMT, measured with 17.6 SCCM He flow rate and 12 mJ YAG ablation energy. The solid white
line marks ballistic propagation from the cell and serves as a guide to the eye. (b) Normalized
time-integrated LIF as a function of velocity at different He flow rates. An increase in the peak
forward velocity is observed with increasing in He flow rate.
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time-integrated LIF as a function of velocity at different He flow rates is summarized in Fig. 3.2(b).
As expected, the peak forward velocity increases with He flow rate.

However, measurement of CaH velocity is nontrivial. The weak LIF for molecules is typi-
cally buried in the large scattering background in the vacuum chamber, especially if there is any
in-vacuum parts such as in-vacuum magnetic-field coils and in-vacuum lens like in our system.
A two-photon background-free (BGF) detection scheme is preferred for such measurements. Un-
fortunately, at the time when we performed these cell characterizations, we did not have the lasers
necessary for the BGF measurement scheme. Details of this scheme will be discussed in Chapter 6:
Laser Slowing of CaH. For now, we can assume CaH behaves similarly to Ca in terms of velocity
given their similar mass, measuring Ca velocity is still an important benchmark.

In the intermediate regime, there is a zone of freezing, where the forward velocity of the molec-
ular beam is boosted by the collision with the He buffer gas near the cell aperture. The higher the
He flow rate, the longer this zone will be. And since the buffer gas density is very high in this
region, laser cooling or slowing can not be performed as the molecules will be scrambled by the
buffer gas. Ideally, one would want this region to be as short as possible. However, different from
other laser-cooled molecules, CaH molecule production is at least an order-of-magnitude smaller,
and we think this is probably due to the weaker Ca—H molecular bond and it is easy to break both
bonds with ablation and leave only Ca atoms. As a result, we would need to operate at a higher
He flow rate for a higher number of molecules. In practice, we would need to flow ~20 SCCM of
He to have a decent signal-to-noise ratio (SNR) in the CaH beam, and the molecular beam flux is
measured to be ~10'° molecules/steradian/pulse in this case. For 1D laser cooling this high flow
rate is fine since it is performed downstream anyway, but it might be a problem for slowing and
MOT experiments since one would want to start slowing as early as possible. We learned from
the SrF team that the MOT will vanish when the He flow rate exceeds ~10 SCCM [115]. This
might seem hopeless at first glance, but in the end, laser slowing and MOT are performed with the

chemical production method discussed later, let us not worry about it too early.

25



3.1.3 Ablation Protocol

The way we ablate also plays an important role in getting the highest molecular beam flux
possible. To our surprises, tuning the focal point of the ablation laser in a specific way can help the
overall production.

Starting from a new sample, the best molecule production occurs with the ablation laser tightly
focused onto the surface of the sample (beam waist ~50 um). However, we find that, if we keep
ablating with a tightly focused laser in a small region without any He flow for a while, say for half
an hour at a 10 Hz rate, defocusing the ablation laser later on will lead to an even higher number
of molecules. We call this 10 Hz ablation process “surface preparation”. One possible explanation
of why this can work better is, the surface preparation “softens” the surface of the sample, and
less fluence is required to ablate out the same amount of molecules per unit surface area, then the
defocused ablation laser can address a larger area and produce more molecules. We have tried this
for both CaH; and CaD, samples, we will see later that CaD, has a significantly higher production
that could be attributed to the difference in the crystalline structure, but the surface preparation
scheme works for both. We recommend anyone who struggles with molecule production to give it
a try (well, hopefully the reader does not have to deal with this problem in the first place).

We have also tried different forms of CaH, samples, including rock samples and pressed pow-
der samples. Interestingly, for hydrides, the denser rocks always work better, different from most

other molecules that have been laser cooled.

3.1.4 Two-Stage Cell

An important technique that is now widely used in the community is the two-stage cell, where a
second stage with a lower He density is attached to reduce the boosting effect near the cell aperture.
Figure 3.3(a) shows a schematic of the two-stage cell. He density is reduced by the small gap after
the first stage, then the molecules enter the second stage to get further thermalized. There is also
opening on the side of the second stage to further reduce the He density. The extracted molecular

beam from the second stage can then be in the effusive regime, where the boosting from He is

26



(a) ) I_lProbe laser (b)
an,

A

T,
A

Figure 3.3: (a) Schematic of the two-stage cell. Before the second-stage cell, there exists a small
gap to reduce the He density. The molecules then get further thermalized in the second stage and
extracted to form a molecular beam in the effusive regime (b) Image of the design. (1) the target
holder; (2) a small window for the probe laser; (3) the second-stage cell; and (4) the window for
the ablation laser.

(4)

minimized. Figure 3.3(b) shows an image of the design viewed from a different angle compared
to Fig. 3.1(b), and Fig. 3.3(b)(3) is the second-stage cell.

For the two-stage cell, we started with the parameters used in the CaF [116, 117] and CaOH [118]
team in the Doyle group, including the length of the gap, dimensions of the second stage, pore sizes
of the meshes. After several attempts to improve performance, we found that the gains, if any, are
marginal to the level we care about, so we decided to keep the first version of the two-stage cell. In
this configuration, Ca velocity at different He flow rates is measured in Fig. 3.4. The peak forward
velocity is around 120-150 m/s, and it does not increase much with increasing He flow rates as
what we would expect in the effusive regime. However, the two-stage cell cuts the CaH beam down
by nearly an order of magnitude. This is not unexpected, but still, it turned out the SNR becomes

too low in beam, we do not win much with two-stage cell for a CaH,-based beam source.

3.2 Chemical Production

The CaH,-based beam source not only produces a low flux, it is also not very stable. One
spot on the target would not last for more than tens to hundreds of ablations, and the yield decays

exponentially if keep ablating on the same spot. To solve this problem, following the community’s
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Figure 3.4: Velocity performance with two-stage cell. With increasing He flow rate, very minimal
peak velocity change is observed, signaling the output molecular beam in the effusive regime.
consensus, we decided to try the chemical reaction method [119].

Reactions occurring within CBGB sources are generally barrierless or possess small energy
barriers that can be overcome with thermal or optical excitation. For instance, Ca reacts exother-
mically with SF¢ to form CaF [120], while its reaction with H,O to yield CaOH requires promoting
the Ca atom to the metastable 3P state in order to overcome an energy barrier of approximately
1.3 eV [77]. By contrast, if we use H» as a reactant, the reaction would have a considerably higher
barrier of ~2.7 eV. To thermally overcome this barrier, temperatures on the order of 3x10* K would
be needed, which is approaching the limits achievable through laser ablation. Consequently, one
would anticipate the reaction to yield only a small amount of product. We investigate the reac-
tions between Ca atoms and the isotopologues Hj, D>, and HD, under conditions both including
and excluding He as the buffer gas. Counterintuitively, our results show that the reaction proceeds
much more efficiently than a simple thermodynamic estimate would suggest, emphasizing that
reaction dynamics play a critical role compared to purely energetic considerations. Furthermore,
we observe that Hy, but not D, and HD, acts effectively as a buffer gas, enabling the produced
CaH molecules to thermalize into their rovibrational ground state. To interpret these observations,

we developed a model of the reactant dynamics employing rate constants obtained from quasi-
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classical trajectory (QCT) simulations in collaboration with Prof. Jesus Pérez Rios at Stony Brook
University. Our calculations elucidate the general trends observed in the experiment and provide

an order-of-magnitude estimate of reaction rate constants.

3.2.1 Cell Design

For chemical production, we would need to flow in reactants at temperatures above their freez-
ing point so that they do not clog the fill line. To achieve this, we modified our buffer gas cell by
adding a thermally isolated gas fill line on the back, as shown in Fig. 3.5. An Nd:YAG laser is
used to ablate on a solid Ca target instead of CaH; target to create a hot plume of Ca atoms. In this
study, we also upgraded our Nd:YAG laser to a higher power version (refurbished by Anderson
Lasers, Inc.) up to 200 mJ at 532 nm. We use laser absorption to probe the Ca atoms and product
molecules. Specifically, Ca atoms are probed on the 4s4p 3P| « 4s2 1S transition at 657 nm, and

CaH molecules are detected via the AI1; 5(v' =0, J' =3/2, +) « X*2* (v =0, N=1,J =

H, molecules

Probe laser

CaH molecules

“He atoms

Figure 3.5: Horizontal cross section of the buffer gas cell modified for chemical production. An
thermally isolated gas fill line is added to the back of the cell, where we can flow in various
reactants such as Hp, D, and HD. Hot Ca atoms are generated via laser ablation of a solid Ca
target and subsequently react to form CaH or CaD. Additionally, He flows in at ~6 K for efficient
buffer gas cooling. The Ca atoms and the product molecules are probed through laser absorption.
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1/2, —) transition at 695 nm.

3.2.2 Ca+ H; Reaction

The Ca + Hj, chemical reaction is expected to be barely within reach in a CBGB source due
to its endothermic nature. Surprisingly, we detect a substantial yield of CaH molecules in the
X22*(v =0, N =1, -) state (~3—10x 10'? molecules/steradian/pulse), which we attribute to the
unique properties of cryogenic H»: it can be both a reactant and a buffer gas. This will be discussed
in detail later. The reaction occurs once the H, flow reaches a few SCCM (1 SCCM =~ 4.5 x 10!7
molecules per second) and plateaus at flow rates of several tens of SCCM. Figure 3.6 shows the
measured total CaH density plotted against the initial Ca density. The Ca density is controlled
by tuning the ablation energy, which simultaneously influences the temperature of the ablation

plume. We carefully calibrate the internal state distribution at different ablation energies up to
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Figure 3.6: Chemical reaction in the buffer gas cell. Time-averaged CaH densities measured within
0-1 ms after ablation, plotted against Ca density for 10 SCCM of H; (red circles) and 20 SCCM
of Hy (blue squares), both under 2.2 SCCM of He. The lines denote theoretical results at the same
conditions at a collision temperature of 2400 K, showing qualitative agreement. The inset shows
the reaction efficiency, defined as the ratio of CaH to 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 refinement. Error bars on the experimental data
correspond to 1-o statistical uncertainties.
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the highest populated level (v = 0, N = 2) (see Sec. 3.2.3) for the experimental conditions in
Fig. 3.6, thereby concluding that the total CaH population across these states accounts for the total
molecular yield. We develop a chemical reaction network model (lines in Fig. 3.6) based on rate
constants obtained from QCT calculations (see Sec. 3.2.4). We find a constant plume temperature
of ~2400 K, independent of Ca density, yields the best fit to the data. We verify this assumption
by measuring the plume temperature without gas flow (see Sec. 3.2.4). Our measurements show
a maximum 45(10)% increase in temperature with ablation energy, supporting the constant plume
temperature assumption. We also note that plume temperature is the only fit parameter we use in
the reaction network model.

We observe that the experimental data at different H, flow rates in Fig. 3.6 appear less well-
separated than the theoretical predictions. In our model, we assume that the H, density increases
linearly with flow rate, which is a simplification of the actual processes occurring in the cell. In
reality, a significant portion of Hy may condense onto the cold cell walls, forming solid H> ice,
while sublimation from this ice layer can reintroduce H; into the gas phase. These dynamics may
lead to transient and spatially inhomogeneous gas densities, but they are difficult to model and
lie beyond the scope of this work. Experimentally, we also observe that CaH production remains
substantial even after the H, flow is turned off, further supporting the presence of residual H, vapor
from sublimation. These effects may contribute to the reduced sensitivity of CaH yield to the H;
flow rate observed in the experiment.

Although the experimental data generally agree with the reaction model predictions, noticeable
deviations arise at higher Ca densities. As shown in the inset of Fig. 3.6, the reaction efficiency, or
the fraction of Ca atoms converted into CaH molecules, decreases as the Ca density increases. In
contrast, the model predicts that the reaction efficiency should plateau at higher densities. These
losses may be attributed to nonequilibrium processes that are not included in the simplified model,
for instance, the formation of denser ionic species such as Ca* within the plasma can enhance the

likelihood of subsequent ionization of CaH, thereby reducing the overall yield.
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3.2.3 Rotational Temperature

The total density of cold CaH molecules is converted from that in the X 2y + (v=0,N=1,J=
1/2, —) state with rotational temperature measurements. Figure 3.7(a) shows the measured relative
absorption of X?X*(N = 0) and X?Z*(N = 2) states with respect to X?X*(N = 1) for varying

ablation pulse energies. The transitions involved in these measurements are AI1, PO =0,J" =
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Figure 3.7: (a) Relative in-cell absorption for X>Z*(N = 0) and X>Z*(N = 2) states with respect
to X?X*(N = 1), versus ablation pulse energy. Absorption for X>~*(N = 3) and higher rovibra-
tional states is below the detection limit and therefore neglected. Solid lines are fitted quadratic
functions to guide the eye. (b) Fitted rotational temperature versus ablation pulse energy. Temper-
atures are extracted from a least-squares fit according to Eq. (3.1), as shown in inset (c). The wide
green band represents the 2-o- uncertainties from the fit.
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1/2, =) « X?2*(v=0, N=0,J =1/2, +), A’ p(V/ =0, J' =3/2, +) < X*Z*(v=0, N =
1, J=3/2, -),and A’ p(V =0, J' =5/2, =) « X*T*(v =0, N =2, J =5/2, +), for the
states with N = 0, 1, and 2, respectively. Note that numbers in Fig. 3.7(a) should not be directly
interpreted as population ratios. We fit the relative absorption values to extract the corresponding

rotational temperature via the expression

PoxSxdxe BNWN+D/ksT 3.1

where P, S, d, and B denote the absorption, the Honl-London factor, the degeneracy of the re-
spective hyperfine magnetic sublevels, and the ground-state rotational constant, respectively, and
kp 1s the Boltzmann constant. The fitted rotational temperature as a function of ablation energy is
shown in Fig. 3.7(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. Figure 3.6 is showing the converted total density.

3.2.4 Theoretical Interpretation
Reaction Network Model

In the reaction model, hot neutral Ca atoms collide with H, molecules, leading to vibrational
excitation of Hy and formation of CaH. Although H, flows into the cell at 150 K, it rapidly ther-
malizes via collisions with He to 6 K where nearly all the molecules are in the ground rovibrational
state. The cold H, gas in the CBGB source is assumed to be in the ground vibrational state initially.
Assuming a homogeneous mixture of gases, the vibrational quenching via inelastic collisions can

be represented by

kz_,v/ (TCa)

H>(v) + Ca Hz(v/) + Ca, 3.2)

q
vy ICa
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where up to (v/ = 2) are included. The reactive process representing the formation of CaH in all

rovibrational states is described as

K (Tea)
Ho(v) + Ca ——5 CaH + H, (3.3)

where v represents the vibrational level of Hp, with up to (v = 2) included. The state-to-state
quenching rate constants (k) and reaction rate constants (k") are calculated via the QCT method.
Rotational excitation is neglected, as our simulation shows that vibrational excitation has a more
significant effect on the reaction rate than rotational excitation. This can be attributed to the far
more efficient vibration-translation coupling compared to rotation-translation coupling [121]. The
inelastic rate constants, summed over all final rotational states, and the reactive rate constants,
summed over all final rovibrational states, are shown in Fig. 3.8(a).

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 Egs. (3.2)—(3.3).

The evolution of CaH and H; vibrational state densities is given by

2
dncan
dta = ; k‘r,nHz(v)nCa (3-4)
and
dl’lH
d;(V) = _k;nHz(v)nCa + Z (kg'_w”Hz(v’)”Ca - k3—>v’nH2(")nca)’ 3-3)
e

where ny,(,), ncan, and nc, represent the density of Hy molecules in vibrational state v, CaH
molecules, and Ca atoms in the cell, respectively. A sample dynamics of the densities is shown in
Fig. 3.8(b).

Buffer gas thermalization properties due to elastic collisions are included. The hot Ca atoms

thermalize according to

dTca _ _RHz (TCa - THz) _ RHe(TCa - THe)

3.6
dt KH, KHe (3.6)
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Figure 3.8: (a) QCT calculated temperature-dependent state-to-state vibrational rate constants for
H» (kﬁ_w,), where the subscripts denote the initial and final vibrational states, and formation of
CaH (k},), where the subscript denotes the initial vibrational state of H,. (b) Sample solution to the
reaction model at 2400 K showing the change in number density over time relative to the initial
densities. The Ca and CaH densities are scaled up by a factor of 500 for visualization. (c) Kinetic

temperature of Ca over time, decaying due to elastic collisions with buffer gases H, and He.

which dictates the kinetic temperature of collisions. Here, Rpg = nBGo'l‘;le)BG is the elastic
collision rate between Ca and buffer gas BG, where npg is the density of the buffer gas, O'EIG

is the elastic cross section, and vgg is the average relative velocity between Ca and the buffer
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gas. Tc, 1s the temperature of the ablated Ca, Tpg is the buffer gas temperature, and kg =
(mca + mpg)?/(2mcampg). Temperature of Ca decaying due to collisions with H, and He is

presented in Fig. 3.8(c)

QCT Simulations

We use the QCT method [122, 123] via the PyQCAMS [124] software to calculate the energy-
dependent cross sections of processes involved in collisions between ground-state Ca and Ha,
which are required to solve Eqgs. 3.4-3.5. The particle motion is treated classically, such that
the 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 state-to-state cross sections of relevant processes,
such as vibrational excitation or quenching of Hj, or a reaction leading to CaH formation, at

variable collision energies. The energy-dependent cross section for a process p is calculated via

bmax
op(Ec) =2 / P, (Ec, b)bdb (3.7)
0

N, . N, [N—-N
where P, (E¢, b) = VI,) + V’t’ , L

represents the probability of process p occurring from N;
collisions for a given collision energy E. and impact parameter b. The uncertainty represents one
standard deviation associated with the Boolean Monte Carlo process for calculating #,(E¢, b).
Here, process p can represent rovibrational quenching, formation of a new molecule, or dissoci-
ation of the initial molecule. The integral is calculated after randomizing initial conditions for a
sufficient number of trajectories. The reaction rate of the collision is then calculated as the product

of the cross section and the collision velocity,

/2EC
ky(E.)=0,(E.) = (3.8)

where ¢ = mcamy,/(mca + my,) is the reduced mass of the colliding particles. For an appro-

priate Maxwell-Boltzmann distribution of energies, we calculate the temperature-dependent rate
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constants of these processes,

2

k - =
D= ar?

E.
/ ky(E.) ?‘e_E“/kBTdEC. (3.9)

The calculated temperature-dependent rates are presented in Fig. 3.8(a).
All the above discussions regarding the reaction model and QCT simulations are just to provide
an picture of how they work. For a more detailed description and the code, the reader is referred to

our collaborator Rian Koots’ thesis [125].

Ablation Plume Temperature

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. 3.9. The temperature of the ablation
plume is determined by analyzing the measured absorption linewidth of the Ca 4s4p 'P; « 4s°

1Sy transition at 423 nm. While the Ca yield remains stable during the measurement, we sweep the

N
s |(a)
LSl
gc ° [}
(Uo
NS -
o °
85 :
2 e D e pa b SGRES
= —b - —9—0—0-—9-—09—0-—8-—9-—8 91
m Oi‘ﬁ“j Tl -l—v—v-Y—d—'—U—H—V—V_

-2000 —1750 -1500 ;1250 -1000 —7|50
Detuning from 709.078341 THz (MHz)

2
o LS
>
£ 2000
2
(o] (o}
S1000f 0 , © ©
m 1 1 1 1
© 10 15 20 25 30

Ablation energy on target (mJ)

Figure 3.9: (a) Ca absorption spectra at different ablation energies. The data is fitted with the
Gaussian function. (b) The Ca plume temperature versus ablation energy (error bars not visible at
this scale). The gray shaded area represents the theoretical temperature 2400(60) K that optimally
matches the experimental results in Fig. 3.6.
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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
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 nonequilibrium 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 [126]. Based on our QCT simulations,
a temperature of 2400(60) K provides the best fits to the experimental data. We therefore estimate

this value to be near the average plume temperature in our system.

3.2.5 H; as a Buffer Gas Coolant

With H,, substantial yields of thermalized Ca atoms and CaH molecules are detected, even
in the absence of He as a buffer gas (Fig. 3.10, green). As a comparison, when HD or D; is
supplied, the thermalized Ca yield drops significantly, and CaH (or CaD) production falls below
our detection limits (Fig. 3.10, yellow and red). These findings highlight the advantages of H, as a
reactant and cooling medium in CBGB systems.

These observations may be attributed to the exceptionally high saturated vapor pressure of H,
at cryogenic temperatures. For example, at 6 K the vapor pressure of H, reaches ~1.5 mTorr, which
is a few orders of magnitude above that of HD (4.0 x 1072 mTorr) and D, (1.5x1073 mTorr) [127,
128]. This high vapor pressure allows a sufficient density of H, in the gas phase, allowing more
productive collisions with Ca atoms before adhering to the cell walls or exiting the cell, thereby

facilitating efficient thermalization and chemical reactions. In comparison, HD and D, condense
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Figure 3.10: Time-averaged densities (O—1 ms after ablation) of Ca and CaH (or CaD) under
different gas flow configurations. Reactant gases Hy, 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,, respectively, while black-framed bars show the yields with
He added. Dashed lines indicate the detection limits, defined as the lowest density detectable with
SNR > 2, below which measurements are statistically consistent with zero. Relative errors are
larger when signals are close to the detection limit. Here the measured densities of CaH and CaD
are those in the X?X*(v =0, N =1, J = 1/2, —) states.

rapidly due to lower vapor pressures, resulting in insufficient collisions with Ca. Moreover, QCT
simulations show that CaD formation in a D, environment is reduced by 30% relative to CaH
production under H;, which can be attributed to the larger mass of D,. Further descriptions of the
observed change in reactivity across isotopes may require a more rigorous quantum mechanical
study.

Adding cryogenic He to the system increases the yields of thermalized Ca atoms and CaH
molecules for all three reactants (black-framed bars in Fig. 3.10). This enhancement likely comes
from the high efficiency of He to thermalize the gas mixture and provide hydrodynamic entrain-
ment [52], thereby creating a more homogeneous environment in the cryogenic cell that improves
detection of Ca and CaH. Therefore, introducing He into the system helps mitigate the constraints
from the lower vapor pressures of HD and D,. Note that the increase in CaH molecular yield is

less than 22(1)%, substantially lower than the corresponding increase in thermalized Ca yield in

the presence of He, which is typically greater than 440(40)%. This may result from a more rapid
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cooling of Ca atoms when cryogenic He is present, which subsequently lowers the efficiency of

the chemical reaction.

3.2.6 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 like He and Ne are commonly selected as buffer gases
because of their relatively large elastic collisional cross sections with various molecular species,

on the order of 10714 ¢cm?

. Motivated by the pronounced cooling effect observed with Hj, we
investigate the elastic cross sections of Ho, HD, and D; in collisions with Ca and CaH.

We use an approach adapted from Ref. [52]. 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. 3.11(a). The elastic collisional cross section is then

9nveGgT
— — (3.10)
16AcennBa

where vgg = \/m is the expected speed of the buffer gas which follows the standard
Maxwell-Boltzmann distribution, 7 is the fitted diffusion time constant, A.qj is the cross-sectional
cell area of ~5 cm?, and npg is the density of the buffer gas. The density is set by controlling the
flow as npg = 4G/ (VBGAaperure), 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?.

The data is presented in Fig. 3.11. In order to reduce measurement errors, we select multiple
ablation spot and flow rate combinations and statistically average the results. Given the low den-

sities of Ca and CaH (or CaD) when using the HD and D, gases, we average these measurements
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Figure 3.11: (a) A Ca density trace as a function of time after the ablation pulse (average of 30
shots). The blue curve is the original data, the orange line highlights the data used for fitting, and
the green dashed line indicates the fitted single exponential decay 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.

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 a constant offset in the exponential fit. Ultimately, we have measured
the elastic cross section of Hy with CaH to be 4.1(1.0) x 1076 cm?. This is high enough for effi-
cient translational cooling in a regular buffer gas cell. The measured rovibrational temperature of

CaH with H, shown in Sec. 3.2.3 also provides evidence for efficient cooling with Hj.

3.3 Beam Source Comparison

Up to this point, the feasibility of the chemical production method for CaH is demonstrated,

despite the endothermic nature. The question now is, whether it is working better than the CaH,-
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based source. The first important part we have already seen is the higher molecular flux, up to
10" molecules/steradian/pulse. The other important characteristic is the forward velocity, since
one would want as bright and as slow of a beam as possible for slowing and trapping experiments.
However, we find that the chemically produced CaH beam appears to be faster, as can be inferred
from the arrival time in Fig. 3.12(b). The LIF is measured on a PMT ~1 m downstream from the

cell and the cell is in the single-stage configuration.
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Figure 3.12: CaHj;-based and chemically produced source detected in cell and in beam. (a) CaH
density measured with laser absorption in cell. Chemically produced CaH shows a faster extrac-
tion. (b) In-beam LIF measured ~1 m downstream from the cell.

The earlier arrival time may not immediately mean a faster velocity. It turns out that the chem-
ically produced CaH molecules have a very fast extraction from the cell. This is measured through
laser absorption in cell in Fig. 3.12(a). Chemically produced CaH extracts from the cell within a
millisecond while it takes the CaH;-based source ~5 ms for the molecules to completely extracted
from the cell. Through the Ca velocity in the chemical production configuration, we confirmed
that the velocity peaks at ~250-300 m/s, which is not significantly faster than the CaH,-based
source. However, the peak forward velocity cannot be reduced much by reducing the H, flow rate
as what we saw with the CaH;-based source when we reduce the He flow. This is understandable
since Hj serves also as a buffer gas, and the forward velocity may be affected by H», and its mean
velocity at ~6 K is faster at the ~300 m/s level given its light mass. Two-stage cell is also not able

to reduce the forward velocity. These observations indicate that H; is probably dominating the cell
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dynamics. But surprisingly, two-stage cell would not reduce the overall molecular beam flux for
the chemical production, but just showing a better buffer gas cooling behavior measured with Ca
atoms (more concentrated in velocity and broader in arrival time). Although subtle, we keep the
two-stage cell for chemically produced CaH beams.

Another important improvement for chemically produced beams is their stability. Compared
to CaH,-based source, the exponential decay time constant of molecule number for chemically
produced source is measured to be ~20 times longer. However, it still has variation depending on
how much Hj ice is in the system. A newly loaded sample without any H; ice would require a
higher flow of H; to start seeing a healthy number of molecules. However, if one can be more
patient and flow a smaller amount, say ~1 SCCM, they would observe the yield going up and
saturating after a day or two of operation. After a long period of operation (a week or so), the
molecule number will start going down again, probably because of the ice accumulation. A warm
up and cool down cycle would bring the molecule number back up again.

Taking into account all of this, despite the quirkiness of H», chemically produced CaH beam
source still is the most promising way forward. Moreover, it also turns out that it is the unique
property of Hj that make the CaH production more efficient. We have tried other candidate reac-
tants that may have smaller enthalpies for producing CaH, including CH4, H>O, and H,O;, none of
these produces a number even comparable to the CaH,-based source. So in the end, for all slowing

and MOT experiments shown later, we are using the H,-based chemical production source.
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Chapter 4: Laser Cooling of CaH

When choosing a new molecule, the first experiment to test its feasibility for laser cooling is
to do 1D cooling on a molecular beam. At this stage, we would like to confirm the quasi-closed
photon cycling scheme is actually working, without significant losses that could limit the photon
budget. Additionally, a high photon scattering rate is also needed to achieve a strong radiative force
for laser slowing and trapping. In this chapter, I describe the early proof-of-principle measurements

that confirmed these aspects for CaH.

4.1 Relevant Experimental Hardware

4.1.1 Laser Systems

Up to the point when this thesis is written, there have been different generations of laser systems
on this project. From home-built external-cavity diode lasers (ECDLs) and injection-locked lasers
(ILAs) to commercial fiber amplifiers, sum-frequency generation (SFG) systems, second-harmonic
generation (SHG) systems, Ti-Sapphire lasers, and this list keeps growing. However, back in the
time when we first chose this molecule CaH, there were some conservations about whether it will
work in the end, and whether it would be another BaH molecule. We thus started from cheaper
home-built options.

Luckily, we were able to find a single-mode laser diode, USHIO HL69001DG, that could
deliver ~200 mW for our wavelengths. With temperature tuning, this diode can work for both the
A « X cycling transitions and B’Z*(v' =0, N’ = 0, +) « X*Z*(v =1, N = 1, —) repump
transition, which is enough for proof-of-principle beam experiments.

We adopted the homemade laser designs from David DeMille’s group now at Johns Hopkins

University [104] and modified it according to our needs. Their ECDL design employs the Littrow-
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Hiénsch (or Littrow in short) configuration due to its higher power output compared to the Littman-
Metcalf configuration. The laser frequencies are measured on a HighFinesse WS7-60 wavemeter
with a precision down to 1 MHz. Because of the broad MHz-level transitions in molecules, locking
these lasers to this wavemeter is good enough for any applications mentioned in this thesis.
However, since we are relying solely on the wavemeter, any potential uncontrolled drifts should
be taken care of. The most dramatic source of instability comes from the instability of the room
temperature and pressure. The solution to this problem is to seal the wavemeter in a vacuum
chamber to isolate it from the environment. All of the electronics are connected with vacuum
feedthroughs, and for the optical connection, we drill a hole on a vacuum blank, send in a bare
fiber, and glue it with a vacuum-compatible glue. No vacuum pumping is needed. Once we do
this, the wavemeter’s stability improves from ~50 MHz drift per day to ~10 MHz drift per month.
This small drift can be easily captured with a stable reference laser. In our case, we use the other

projects Sr red MOT laser addressing the 5s5p 3Py « 55> 1S, transition as a reference.

4.1.2 Beamline

We inherited the beamline from the BaH laser cooling experiment, where there is a long inter-
action region (~12 cm), details can be found in Ref. [65, 129]. Figure 4.1 shows a schematic of
the experiment. We start with a CBGB source as described in the previous chapter. Back then we
have not upgraded the cell so the schematic shows an older cell design. We use the fundamental
output of a pulsed Nd:YAG laser operating at 1064 nm to ablate on the CaH; target, and we run
the ablation at a maximum pulse energy of 30 mJ (Big Sky Ultra CFR UL620111). He buffer gas
is flowed into the cell at a rate of ~6 SCCM via a capillary on the back of the cell. After leaving
the cryostat, the molecules enter the beamline. The high vacuum chamber is equipped with a beam
aperture of 5 mm diameter to filter out the 1/e? transverse velocity range to ~ +3 m/s [Fig. 4.1(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
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Figure 4.1: (a) Schematic for the 1D cooling experiment. CaH molecules 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 before
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 imaging. Arrow indicates the direction of the molecular beam.

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 PMT and an EMCCD camera. An example of

the average camera images collected is shown in Fig. 4.1(b).

4.2 FCF and VBR Measurements

We perform the VBR measurement with our molecular beam using a process similar to the
one described in Ref. [130]. A pump laser beam intersects the CaH beam orthogonally in the
imaging region, and resonantly excites the molecules from X?X*(v” = 0) ground states to the
A2, (v = 0) or B>Y* (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 (Ag,~) while simultaneously detecting the molecules that return to the ground

state (Agp).

46



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

and VBRs as
B NVBRo0Qp,TF, 1002 Ps.200
NVBR()()QPI TFl oo QP1 ,A0o ’

Ro 4.1)

where the subscripts P /P, stand for two PMTs used in this experiment (Hamamatsu R13456 and
SensTech P30PC-01), subscripts F/F; stand for the two bandpass filters used, N is the number of
scattering events, Qp is the geometrical collection efficiency for a given PMT, TF , is the transmis-
sion efficiency for a given bandpass filter at a wavelength A, and Qp , is the quantum efficiency for
a given PMT at a wavelength A.

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

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

R, = N,VBROV”QPzTF&/lOV"QPZJOV"
v N’VBR()()QPI Tr 0009 P1.200 ‘

4.2)

An example of the measured signals is shown in Fig. 4.2(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. 4.2(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 109/ Ag,, as well as the quantum efficiency of P;

at Aoo/ Aoy, and combining Eq. (4.1) and Eq. (4.2), we estimate the ratio of VBRs as

VBRy,~ _ Ry Qpy oo TFr 00
VBRoo  RoQpy,40, TFs,20,

4.3)

We calculate the individual VBRs by assuming that the sum is 23,,20 VBRy,» = 1. This is
a reasonable approximation since the calculated value of g3 is smaller than the statistical uncer-
tainty in the measured FCFs for both A and B states (Table 2.2). The resulting VBRs are plotted

in Fig. 4.2(b) and Fig. 4.2(c). The measured FCFs were calculated using the inverted form of

47



—
Q)
~

- g6 []D\\
'86- %4 [\
W k3 } Y
n Sat / S,
-.E 4 B o I'd "“":\“‘J"‘V\"M).J'.
> 2 4 6
8 time (ms)
= 2[
=
o
s PR A R AN A
0.0 2.5 5.0 75 10.0 125 15.0
time (ms)
(b) (c)
10°F O 10°}
o o
m m
>10 | =10
L L
@M., ~2] M, 2]
510 +5 10
< ? M
10} 10}
Qoo Qo1 Qo2 Qoo o1 o2

Figure 4.2: 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?X*(v' =
0) < X?>2*(v” = 0) transition is excited. The cell was performing suboptimally during this data
taking, the molecular beam velocity is faster at ~400 m/s, leading to an earlier arrival time. 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. (4.3), 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 SNR due to the low probability of decaying to these excited states. Error
bars are statistical standard errors.

Eq. (2.8).

4.3 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
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for the primary decay pathways for CaH, we obtain the average number of photons per molecule,
(Nph), 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) = : 4.4)
o 1- 3™ VBRy,

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 traveling at 250 m/s to within the capture
velocity of a MOT (<10 m/s), 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 Ref. [131]:

1 n,

Rsc,max =leff = —
Tne +ng

4.5)

where 7 is the excited state lifetime given in Table 2.2. The rotationally closed transition employed
hereis N' = 0 « N” = 1,i.e., n, = 4 and ng = 12. 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 s~

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-
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. 4.1(a)]. Each

pass of the laser beam is spatially resolved so that the effective interaction length can be varied and
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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 distri-
bution (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 scattering
rate.

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 VBRs as

Va Np(1)

Z VBRy,~

v’=0

Nmol(l)

Srem(t) = m =

(4.6)

where fi.m 1s the fraction of molecules that remain in all the addressed states combined. The
number of scattered photons is N, (f) = Ryt, and v, is the highest addressed vibrational level. The
experimental data is shown in Fig. 4.3 (orange circles). We fit the decay in fiem to an exponential
decay with a finite offset. We note that in the limit of infinite interaction time, fr., — 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

1
Ry ~ . 4.7)

4 (1 -3 VBRW)

Using our measured values of the VBRs and 7; from the orange curve of Fig. 4.3, 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
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Figure 4.3: 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.

that the laser intensity far exceeds the predicted saturation intensity (Is¢ = 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. 4.3 (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 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
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VBR(,. 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 interaction time, we estimate that

170f§80 photons per molecule are scattered.

4.4 Magnetically Assisted Sisyphus Cooling

The technique of Sisyphus cooling was first demonstrated with atoms [132, 133]. It was sub-
sequently demonstrated with diatomic [61, 64], triatomic [70], and symmetric top [73] molecules.
Alternative methods such as optoelectric Sisyphus cooling [134] and Zeeman-Sisyphus decelera-
tion [56, 57] of polyatomic molecules have also been demonstrated. Briefly, in a Type-II cycling
scheme with more ground than excited sublevels, dark states exist. Molecules traveling 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.

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 estimate
a peak intensity of ~200 mW /cm? for one beam within a 5 cm long interaction region. We apply
a magnetic field B perpendicular to both the molecular beam and the laser wave vector k, and tune
the linear laser polarization to maximize Ry.. 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
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a slight enhancement in the on-axis molecule number [Fig. 4.4(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.

We perform optical Bloch equation (OBE) simulations of the internal states of the molecule in
order to estimate the Sisyphus force. Details of the simulation can be found in Refs. [135, 136]
and also in Qi Sun’s thesis [137]. 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: de-
tuning ¢, intensity /, and magnetic field strength B [Figs. 4.4(b)—4.4(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
SNR depicted in Fig. 4.4. 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. 4.4(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
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Figure 4.4: 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 i1s 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.
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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. 4.4(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 14Of‘6‘80 photons. Lastly, we measure the dependence on magnetic
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. 4.4(d)]. Since the Earth’s field
is not canceled 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.
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Chapter 5: Predissociative Loss of CaH

With highly diagonal FCFs, high photon scattering rate at the 10° s~! level, and a decent 1D
laser cooling performance, CaH should be a viable candidate for further cooling and trapping.
However, during the above measurements, we realize that if cycling photons on the B>Z*(v' =
0, NN =0, +) « X22+(v = 0, N = 1, —) transition, there is additional loss that could not
be explained by vibrational branching. Later on we figure this is coming from a process called
predissociation.

In CaH, the lowest-energy excited state AT, /2 (v =0) lies 556 cm™! above the Ca('$)+H(2S)
dissociation threshold of the ground X2X* manifold [Fig. 5.1(a)], so a molecule in the excited
state could decay into the continuum via a radiationless transition. This phenomenon, known as
predissociation [138, 139], is traditionally studied by observing spectral line shapes and widths
inconsistent with radiative decay. A predissociated molecule cannot be repumped into optical
cycling because of the significant physical separation and relative velocity of the fragments. Hence
the predissociation probability (Ppq) sets a limit on the number of photons one can scatter with laser
cooling.

Despite the fact that the A%II state in CaH lies above the ground state threshold energy, pre-
dissociation from A?II to the X*>2* continuum is nominally forbidden due to the von Neumann-
Wigner noncrossing rule [140]. For diatomic molecules, states with different symmetries cross
while those with the same symmetries form avoided crossings [141, 142] (i.e., the molecular
Hamiltonian does not couple states with different symmetries). The second-lowest excited B>X*
state is allowed to predissociate. However, effects such as spin-orbit coupling can lead to mixing of
A”TI and B>X* states resulting in a small but finite Ppq for A?T1. Both A and B states are important
for efficient optical cycling.

Here we present theoretical analysis, collaborating with Prof. Anastassia N. Alexandrova at
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Figure 5.1: (a) PES for the 4 lowest electronic states of CaH: X>2*, A%I1, B>2*, and D?X*. Spin-
orbit interaction is omitted. The x-axis is the internuclear separation r in Bohr radii (ap) 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 (vy,). Superimposed are the wavefunctions (bottom to top) for the X (v" = 0)
absolute ground state, X (v = 15) least-bound state, and B(v" = 4) excited state. (b) Experimental
layout for predissociation measurement. The CaH molecular beam encounters 4 spatially separated
regions: state preparation (S), interaction (I), cleanup (C), and detection (D). Each region includes
multipassed lasers described in the text. The diagram is not aligned to scale. (c) Relevant VBRs
(squiggly arrows) calculated for the BX* state. The hyperfine structure of the excited states is
unresolved. Measured predissociation probabilities for B(v' = 0) and B(v" = 1) are denoted by
dashed lines.

UCLA, and measurements of predissociation probability for the B>X™* state of CaH. We perform
ab initio calculations of the potential energy surfaces for CaH, and confirm their accuracy by
extracting the FCFs for the primary A%I1;/, — X2£* and B*L* — X?%* decays and comparing
them to our previous measurements. We calculate a nonradiative decay rate, and obtain an estimate
of Ppg by comparing it to the radiative decay rate. Next, we present a novel experimental protocol
to measure an upper bound of Ppy. We find that Ppg ~ 1 X 1073 for the vibrational ground state
(v/ = 0) and ~ 6 x 1072 for the first vibrationally excited state (v’ = 1) of the B>X* manifold.

We deduce that the vibrational ground state of the A1, /2 manifold predissociates with a ~5 X
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10~7 probability due to spin-orbit mixing with the B state. The measured values of Ppq imply a
~50% predissociative molecule loss after scattering 10* photons, suggesting that a MOT of CaH

is feasible.

5.1 Theoretical Model

The theoretical approach described in the following is performed by our collaborator at UCLA
and JHU, and is shown here for a complete picture. A more detailed discussion can be found in

Claire E. Dickerson’s thesis [143].

5.1.1 Calculation of Molecular Potential Energies

The starting point for our calculations is the construction of PES for CaH. All calculations
were performed using the Molpro program [144, 145, 146]. We adopt a basis set and active space
as in Ref. [147], where we use cc-pwCVQZ [148] for the Ca atom and aug-cc-pVQZ [149] for
the H atom. Calculations were performed in C,, symmetry, which is the nearest Abelian point
group to C,. Orbitals were generated with a restricted Hartree-Fock formalism (RHF), then fur-
ther optimized in a state-averaged complete active space self-consistent field (SA-CASSCF) [150]
calculation involving 3 active electrons and 9 active orbitals. For the X" states, 4 states were aver-
aged at equal weights in the SA-CASSCEF calculation, with (5,2,2,0) closed and (9,4,4,1) occupied
orbitals.

For the AI1 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) [151, 152, 153]. 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 interaction was incorporated at the MRCI level using the Breit-Pauli

Hamiltonian [154].
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5.1.2 Calculation of FCFs

Next, we employ the vibrational wavefunctions obtained in Sec. 5.1.1 to calculate the FCFs
for the CaH transitions of interest. FCFs are calculated using a grid representation of the vibra-
tional wavefunctions. A spline interpolation was fit to the potential energy surfaces calculated in
Molpro to create the potential energy functions, V(r). The real space kinetic energy operator was
approximated with the Colbert-Miller derivative [155]. Nonadiabatic coupling vectors were com-
puted analytically with the CP-MCSCF program [156] in Molpro and fit to a spline interpolation.
They were incorporated into the Hamiltonian by directly adding the nonadiabatic coupling to the
momentum operator [157]. The Hamiltonian was diagonalized to obtain eigenvalues and eigen-
vectors. Our calculations converged with a grid-spacing (dr) of 0.007 ap and a box size of 16.5
ap.

We compare our calculated FCFs to previous experimental measurements [66] in Table 5.1.
We chose the active space which matched B>~* and X?%* 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 A2IT could be improved with varied active space, but a
compromise was made to estimate SOC splittings. Despite this compromise, we find the A2IT, /2
potential has the correct shape but a slightly incorrect equilibrium bond length.

Table 5.1: The calculated FCFs for CaH, compared to experimental FCFs [66]. The experimental
FCFs are derived from measured VBRs. Note that the active space was optimized for the B state.

Transition Vibrational quanta (v") FCF calculated (gg,) FCF measured (gq,)
A—>X 0 0.9788 0.9572(43)

1 0.0205 0.0386(32)

2 6.8x 107 4.2(3.2) x 1073

3 4.1x107 -
B— X 0 0.9789 0.9807(13)

1 0.0192 0.0173(13)

2 1.8x 1073 2.0(3) x 1073

3 1.4x 1074 -
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5.1.3 B2X* Predissociation Estimate

Predissociation probability estimates were computed using an optical absorbing potential with
previously predicted scattering cross sections close to experiment [158, 159, 160]. An absorbing
potential resembling a decaying half-parabola of the form —iV (r — r¢)?/w? was added to the X>X*
potential energy starting and centered at ro = 8 ag with a widthw = 8 ap and adepth of V = 0.2 a.u.
(4.4 x 10* cm™!). Results are insensitive to absorber placement as long as it is placed along
the potential energy surface’s asymptote [160] and has a width larger than the typical de Broglie
wavelength [161]. This creates a channeled flux equation which imposes a boundary condition on
the wavefunction and eigenvalues attain an imaginary component.

This component, such as the imaginary eigenvalue of B(v’ = 0), is directly related to the nona-
diabatic coupling between that vibrational wavefunction and the X continuum (where we placed
the absorber) as the nonradiative transition rate ANg. We estimate the predissociation probability

as the ratio of the calculated nonradiative (Ang) and radiative (Ag) decay rates, ANrR/(ANR + AR).

5.2 B2?3* Predissociation Measurement

The experimental setup is similar to that of the 1D cooling experiment. The CaH beam enters
a high-vacuum chamber which is divided into four regions: state preparation, interaction, cleanup,
and detection, 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 — Aor X — B
light and use an EMCCD camera and a PMT to collect the LIF signals for spatially and temporally
resolved detection. Every molecule scatters ~20 photons in the detection region, which implies that
we are not sensitive to the initial spin-rotation and hyperfine distribution. All addressed transitions
are from the X?>Z* (N” = 1) state to A2H1/2 (J/ = 1/2) or B>Z* (N’ = 0) states in order to obtain

rotational closure. We use electro-optic modulators (EOMs) to generate sidebands on all lasers to

60



cover all hyperfine states (HFS) as well as to address spin-rotation manifolds. The transitions used
here were first measured experimentally with HES resolution.

To concisely describe the lasers used in this study we adopt the notation M 5,_ ,»» which denotes
the transitions addressed and the spatial positions of the lasers. M is A or B, representing the
electronic state of the excited manifold. R is S, I, C, or D (state preparation, interaction, cleanup,
or detection region). In addition, the Fj;,/,~ notation describes the VBRs from either A1, /2 Or
B?>X* states (represented by M) to X2X* states. For example, Fpo; is VBR from B?X* (v/ = 0) to
X22* (v” = 1). We use similar notation, Fgo, and Fpq, to represent predissociation probabilities
from B>X* (v' = 0) and (v’ = 1) states.

Below is a summary of the laser configuration used for this measurement. All laser beams pass

through an EOM to generate the sidebands needed to address HFS.

* In the state preparation region, the A]S_O light (637 nm) is generated from two sets of ILAs

to address the spin-rotation states, with 95 mW of power.

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

from two ECDLs with 52 mW in total.

* In the cleanup region, Bg_l (690 nm) is from two sets of ILAs with 90 mW of power, AIC_0
(637 nm) is from two sets of ILAs with 88 mW, AIC_2 (758 nm) or Ag_l (762 nm) is from
SolsTiS continuous-wave (CW) Ti:Sapphire laser, with 93 mW and a 1 GHz EOM to address

the spin-rotation states.

* In the detection region, B(L))_O (635 nm) is from two ECDLs with 60 mW of power, A(l))—o

(695 nm) or AlD_1 (693 nm) is from two ILAs with 96 mW of power.

The frequencies of all the transitions that we used are in Table 2.3 and Table 2.4. All frequen-
cies are measured with lasers applied transversely to the molecular beam. HFS in the ground states
is clearly resolved in all spectra, while HFS in the excited states is not resolved. Our measurements

are consistent with previous work [108].
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5.2.1 B?T* (v = 0) Predissociation Measurement Method

To measure the predissociation probability of the B>Z* (v' = 0) state, we need to scatter many
photons via B>X* (v/ = 0) and detect population loss that cannot be explained by known effects,
predominantly rovibrational losses. To characterize the loss we design several experimental stages,
each stage corresponding to a unique configuration of lasers interacting with the molecular beam.
We monitor the population of the v” = 0 ground state in the detection region by detecting LIF sig-
nals from the B(L))_0 laser. For this measurement we employ 6 stages. By defining temporally stable
parameters that describe the properties of our system, we can express the molecular population
distribution at each stage.

For example, in the Unperturbed stage we detect X(v” = 0) population denoted by N. This
is the calibration signal used as a reference. In the Cleanup stage we apply the Bg_l laser, and
the resulting X (v” = 0) population is N + niN«Fpoo/Fpo where n; is the normalized natural
population of X(v” = 1), « is the cleanup laser efficiency, and ¥Fp, = Fpos + 2.;» Fpoi is 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 the X (v" = 0)
population from Cleanup stage with signal from Unperturbed stage, we get the parameterized
ratio Ry = 1 + n1kFpoo/Fpo- In addition to the Unperturbed and Cleanup stages, we have four
more stages in this measurement, resulting in a total of 5 ratios and 5 parameters (including Ppq).
The details of all the stages, such as the laser configurations and expressions for the normalized
signal, are in Table 5.2 and Sec. 5.2.4. Thus we acquire 5 equations (measured ratios equal to the
parameterized expressions) and 5 variables. We can solve the equations and express Fpo, via R;s.

By precisely measuring R; we can estimate the B>X* (v = 0) predissociation probability.

5.2.2 B?X* (v = 1) Predissociation Measurement Method

For the B(v' = 1) state, predissociation is also measured within the framework of stages. We
implement two different methods, each consisting of multiple laser configurations, to measure

the same quantity. In method I we use 6 stages, always monitoring the X (v” = 0) population
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downstream using laser A(I))_O. The aim is to populate X (v” = 1) via an off-diagonal pumping laser
Af_o and perform optical cycling between X (v” = 1) and B(v’ = 1). We expect to see an increase
of the X(v” = 0) population as a result of the cycling. We repump the molecules remaining in
X(v” = 1) to v’ = 0. The recovered population might be less than expected due to vibrational
loss. By ruling out other effects, we attribute the loss to B(v" = 1) predissociation. The details of
the 6 stages are in Table 5.3.

Method II differs in several ways. We monitor the X (v” = 1) population instead of v/ = 0,
accounting for loss to both v/ = 0 and v” = 2 with a sufficient SNR using laser B?_l. The 10
stages in this method lead to 9 measured ratios. And the 7 required parameters imply that there
are more equations than variables. To find the optimal solution of this over-constrained system, we
define a least-squares objective function and use the Levenberg-Marquardt algorithm to search for

the local minimum in the parameter space with reasonable initial guesses.

5.2.3 Predissociation Measurement Analysis

The yield of our CBGB source exhibits some slow drift. In order to reduce errors due to
molecule number fluctuations, we inserted a reference stage before and after every other stage
within a group when taking data. For example, in the B(v' = 0) predissociation measurement,
data was taken in the following order: Unperturbed — Cleanup — Unperturbed — X—A Cycling
— Unperturbed ... X—B Cycling + Cleanup — Unperturbed. The reference stage for B(v' = 1)
method I is Unperturbed, while for method Il 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. The entire
group of measurements is repeated multiple times. The averaged ratios can be found in Table 5.2,
Table 5.3, and Table 5.4. The values in parentheses denote the 20 statistical errors. A graphical
representation of the analysis process and histograms of all five ratios can be found in Fig. 5.2.

With the ratios measured, we use a bootstrap method [162, 163, 164] to derive the mean values
and build the confidence intervals of the predissociation probabilities depicted in Fig. 5.3. This

method is particularly useful as it does not require any assumptions about the data such as inde-
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Figure 5.2: Illustration of the ratio extraction process for the B>X* (v’ = 0) predissociation mea-
surement. We run the stages sequentially with an interlaced reference stage, and collect LIF with
an EMCCD. We integrate the images along both axes to obtain the signals, which we then used to
calculate ratios. By repeating the entire sequence N times, we collect N sets of five ratios. Here we
first show examples of one-shot camera images. We then present the integrated signal along one
axis, using colored traces for science stages and black for reference stages (horizontal lines are the
baselines). Finally we show the histograms of the five ratios. Vertical dashed lines represent the

means of the ratios.
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Figure 5.3: CaH predissociation. Red squares are theoretical results for nonradiative decay rates
of different vibrational states of B2X*. Blue circles are experimental results, where error bars
represent the 95% confidence interval.
pendence assumptions typically made for standard error calculations. We considered several other
analysis methods, such as pairwise bootstrapping and regular error propagation, and the outcomes
were all in agreement with each other.

After considering all systematic effects and analyzing statistical errors, we find the predissocia-

. T 2 0.00059 2

tion probability for the B°X* (v = 0) state to be 0.00097" /772> and for the B°X* (v" = 1) state to

be 0.056f8:8‘3‘i. The reported value for B(v’ = 1) is the average of the two methods (method I yields

0.079’_'8:8%% and method II yields 0.033’_'8:8}?), and the 95% confidence interval is the largest of the
two methods combined. These values are consistent with the probabilities calculated in Sec. 5.1.3
within the order of magnitude. In addition, to demonstrate the robustness of our measurements
to small variations in FCFs, we perform a comparative analysis by utilizing the FCFs obtained in
previous theoretical work on CaH [109, 110]. The results consistently produce nonzero predis-
sociation probabilities and are within error bars of each other. The sharp monotonic increase in
Ppq seen in Fig. 5.3 can be understood as a bound molecule quantum tunneling through the B>

potential into the X>E* continuum at the same energy. As the energy of the incident quantum state

increases, so does the transmission probability, which is aided by stronger wavefunction overlaps.
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5.2.4 Details of the Measurement Stages

The general principle for designing measurement stages is to have at least as many independent
equations as 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 Ppq using the measured ratios. Other parameters will also be determined
and analyzed, to serve as consistency checks. Here we present a detailed explanation of how the
stages are used for predissociation probability measurements. We first discuss the simplest B>~ *

(v/ = 0) measurement, where the stages include:

o Unperturbed. Only the X(v = 0) — B(v' = 0) detection lasers are turned on. This stage
serves as molecule number calibration. By taking ratios of other stages to this stage, we can

eliminate molecule number N from the expressions.

* Cleanup. Bg_l vibrational repumpers are turned on. This stage helps to estimate the X (v =

1) natural population.

* X—A Cycling. A(I)_O 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 Cycling + Cleanup. A(I)_O cycling lasers and Bg_l repumps are turned on. This stage

helps to measure the repump efficiency, given the X (v” = 1) natural population.

* X-B Cycling. B(I)-o cycling lasers are turned on. This stage helps to measure the vibrational

population distribution after X—B cycling.

* X-B Cycling + Cleanup. B(I)_0 cycling lasers and Bg_l repumpers are turned on. Combined

with previous stages, this helps to measure the B>~ state predissociation probability.

To understand the stages better, let’s take an example when N ground-state molecules interact
with the X(v” = 0) — A(v' = 0) laser. After optical cycling, the downstream ground-state

population decreases to dgN (where d4 < 1 and is measurable simply by taking the ratios of
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signals). In this process, we describe the depletion efficiency as 1 — d4. We can also describe
how d, is distributed among the different vibrational levels of X?X* using the known VBRs. For
example, the population in X (v” = 1) is N(1 — da)Fao1/Fao + n1N, where Fuo1, Fao and nj
represent the VBR for A(v' = 0) — X(v” = 1), the sum of VBRs for A(v' = 0) —» X (V" =
1, 2, 3, ...), and normalized X (v” = 1) natural population, because when a molecule is excited to
B(v' = 0) it eventually decays to a vibrational level or breaks apart. This process follows a discrete
probability distribution based on the VBRs and Ppq. In the case discussed above, (1 — ds)N
molecules leave B(v' = 0), and, based on the law of large numbers, we expect the X (v” = 1)
population to become N (1 — d4) Fao1/Fa0-

Note that our description relies on population transfer (1 — d4) rather than the number of
scattered photons. In addition, the measurement protocol does not rely on the lasers having good
overlap with the molecular beam or with each other, because as long as molecules share the same
spatial and velocity distributions shot to shot, the parameters (e.g., cleanup efficiency) remain
constant.

Here we briefly introduce the stages in method I of the BZX* (v = 1) P,q measurement:

Unperturbed. We always monitor the X (v” = 0) population, which serves as calibration.

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

check cleanup efficiency.

* State Prep. With Af—o laser, we pump the natural population in X(v” = 0) to X(v" = 1) to
check state preparation efficiency. Only after efficiently pumping molecules to X (v” = 1)
can we perform high-SNR optical cycling on X(v’ = 1) — B(v' = 1). Otherwise, the

predissociation loss is too low to measure.

* State Prep + Cleanup. We first populate X (v” = 1) with Af_o laser, then move the X (v” =
1) population back to X (v” = 0). The signal size should be comparable to the unperturbed
case. This step helps to measure «, a and ny, which are cleanup efficiency, state preparation

efficiency and X (v” = 1) natural population.
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o State Prep + X—B 1-1 Cycling. With most molecules in the X (v = 1) state, we can perform
optical cycling via B(v' = 1). We expect a signal increment compared to State Prep due to

optical cycling and a redistribution of population based on VBR and Ppq.

» State Prep + X—B 1-1 Cycling + Cleanup. By cleaning up the population in X (v” = 1),
we measure the molecules left in X (v” = 1) after optical cycling. Combined with previous

stages, this provides 5 equations and 5 variables including Ppq.

Method II is designed as follows. We first perform state preparation to populate the X (v” = 1)
state, similar to method I. By individually repumping the population that leaks to X (v"” = 0) and
X(v” = 2) we get a measure of unwanted loss. This also serves as a comparison of A%II; /2 and
B?X* states in terms of the loss distribution. The 10 stages are detailed in Table 5.4. The fact that
method II accounts for losses to both X (v” = 0) and X (v” = 2) has advantages and disadvantages
On the one hand, method II provides an additional confidence check, with more equations than
variables. On the other hand, the method relies on detection using the X(v” = 1) state, which
leads to lower signals and higher drift sensitivity than detecting on X (v” = 0). Hence the SNR for
method II is not significantly higher than for method I.

Measuring the predissociation probability for B?°~* (v' = 2) and higher vibrational levels
would require pumping the population to X>* (v” = 2) and higher and performing optical cycling
there, with repumping to recover the population, and monitoring unexplained loss. However, due
to practical limitations in available space and number of lasers, as well as the increased complexity

of the required stages, we did not pursue these measurements.

53 A% /2 Predissociation Estimate

The AZI1 state in CaH does not undergo predissociation via the process described for the B2X*
state. However, SOC can induce mixing between the A and B states, leading to non-vanishing
predissociation of the A2IT, /2 spin-orbit state. For a linear molecule, the z-component of total

angular momentum, J,, is a good quantum number. Therefore the spin-orbit component A’IT, /2

68



can interact with B2X*(J. = 1/2) due to the same J, value. A similar interaction exists between
A1, and X?Z*(J, = 1/2) but the energy separation is much larger (~14,000 cm™!) compared
to that between the A and B states (~1,400 cm™). Higher vibrational states of the X manifold are
closer in energy to A but the effective coupling to the states relevant for laser cooling is 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 [154]
and are given in Table 5.5. Diagonalization of this Hamiltonian matrix leads to a 0.05% B(v’' = 0)
admixture into the A(v' = 0) state. Similarly, we can compute the mixing between A(v' = 1),
B(v' = 0), and B(v' = 1). The coupling between A(v" = 1) and B(v' = 1) 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 even a small
FCF can lead to significant mixing. Note that the measured FCF for the A(v' = 0) —» X(v" = 1)
transition is 4% (Table 5.1) and that our calculated A — B bond length difference is smaller than
the X — A bond length. We use f = 5% as an upper limit for the A(v' = 1) —» B(v' = 0) FCE.
Diagonalization of the corresponding Hamiltonian matrix in Table 5.5 yields a 8.4% B(v' = 0)
character for A(v" = 1). Combining these admixtures with the measured Ppq for B(v' = 0, 1), we
estimate that the A(v’ = 0) state very weakly predissociates with a probability of ~5 x 10~ and
the A(v' = 1) state with a higher probability of ~3 x 107>. The FCF used here is an upper-bound

value and therefore the estimated probabilities serve as upper bounds.

5.4 Does Predissociation Limit Us?

Now that we have measured and characterized the predissociation rate of the states of relevance
to laser cooling, the question is , does predissociation limit us? The answer is no, not to the level
that will completely disable a MOT. Let us walk through each state one by one here.

First, for the B?X*(v = 0, N = 0, +) state, predissociation probability is measured to be

~9.7 x 1074, If we use this state as the main cooling transition, the photon budget will be limited
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to ~10°, which is not enough for slowing a molecular beam of ~200 m/s velocity close to zero.
So instead, the main cooling transition needs to be on the A’IT; p(v =0, J =1/2, +) state,
where, as estimated in Sec. 5.3, the predissociation probability is ~5 x 10~/ with a photon budget
of ~2 x 10°. In this regime, other effect might start dominating, we do not expect to see any effect
experimentally.

However, as can be seen in Eq. 4.5, to achieve a high photon scattering rate, we cannot
use the same state for (v = 1) repump, as it will double the number of ground states with un-
changed number of excited states, lowering the effective scattering rate. Luckily, repumping on
the BZZJ'(V =0, N =0, +) state is still viable. With a lower chance of being excited, the leak
probability is Ppg X VBRg; ~ 2.9 x 107, corresponding to a photon budget of ~3.5 x 10*.

All higher repumps could be done on the A state since it will no longer affect the highest
achievable photon scattering rate. Now we recall the ultimate laser cooling scheme shown in
Fig. 2.2, with the measurements in this chapter, the reader should have gained more insights to this

choice of photon cycling scheme.
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Chapter 6: Laser Slowing of CaH

At this point, we believe laser slowing and MOT should be feasible for CaH, so we proceeded
to make all the upgrades in pursuit of this goal, our experiment turned to a building phase. In the
coming two chapters, I will describe in detail the necessary system upgrades that allow for a MOT

and how we managed to create it in the end.

6.1 Relevant Experimental Hardware

6.1.1 Laser Systems

The first major upgrades are on the lasers. With confirmation of the laser cooling scheme, we
turned to commercial high-power solutions. For the main cooling laser addressing the A%TI; (v =
0,J' =1/2, +) « X>’2*(v =0, N = 1, —) transition at 695 nm, we use Precilasers’ SFG system,
where they use two fiber amplified lasers at 1080 nm and 1950 nm and use a nonlinear crystal
to sum the two frequencies. This SFG process is typically not efficient at the percent level. But
given the high power at these infrared wavelengths, we do not need optical cavities for a higher
efficiency. At the time when we purchased the laser, Precilasers was able to generate ~3.5 W of
power at 695 nm.

For the (v = 1) repump laser addressing the B>°X*(v' =0, N’ =0, +) « X*2*(v =1, N =
1, —) transition, we home-built an SFG system for it. One of the frequencies we use is the dumped
~5 W 1950 nm light from Precilasers, and the other frequency is generated with a fiber amplifier
from IPG Photonics, operating at 1068 nm, and we use a Precilasers fiber distributed feedback
(DFB) laser to seed the IPG system. The nonlinear crystal we use is Covesion MSHG1420-0.5-
40. This system could generate up to 1.8 W of power at 690 nm with ~5 W of 1950 nm light
and ~15 W if 1068 nm light. For the (v = 2) repump laser addressing the A’IT; p(V =1,J =
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1/2, +) « X22+(v =2, N =1, —) transition, we use a Toptica TA pro system that could deliver
up to 1.2 W of power at 758 nm.

In the slowing setup, to generate frequency sidebands for the spin-rotation and hyperfine split-
tings in CaH, we chose to use free-space EOMs. When we were about to make this decision,
a technique was first demonstrated for laser cooling molecules, using serrodyne to generate the
sidebands [165]. This was intriguing for us because all the power can be used without loss on
ineffective sidebands. But for free-space EOMs, since they are resonant, they can only generate
sidebands with even spacings. However, we were planning to use the same laser for both slowing
and MOT. Since MOT can be quite sensitive to the cleanness of the laser spectrum, and serro-
dyne may induce small but finite unwanted sidebands, free-space EOMs turned out to be the best
solution at the time.

As previously shown in Fig. 2.3, CaH has a ~2 GHz spin-rotation splitting and a ~50-100 MHz
hyperfine splitting. For the spin-rotation splitting, we adapted an EOM design from the neighbor-
ing Prof. Sebastian Will’s group. The design uses acrylic mounts to press a copper sheet on top of
an EOM crystal’s two gold surfaces, making the inductor (copper sheet) and the capacitor (crystal)
parallel. Then a wired antenna is coupled to the copper sheet to deliver rf power. The copper sheet
is used because of the low inductance required for high resonant frequency (f ~ 1/VLC). Because
of the copper sheet, the resonant frequency is very thermally sensitive. With a higher temperature
when rf power delivered, the resonant frequency will shift down. As a result, these EOMs have
to be constantly on. If they are ever turned off by accident, turning them back on will not bring
them back to the same resonance. Because at a colder temperature the resonance shifts and turning
on the rf will not deliver power into the system, thus the temperature cannot go back to the same
point. Note that this is particularly important when using high laser powers. The spatial profile of
the laser could change under different conditions which could lead to a change in the downstream
alignments. Mg-doped crystals can mitigate the problem but still cannot solve it completely. This
is something that needs to be constantly monitored. EOMs operating at ~50-100 MHz are quite

standard, and I will not go into details here. Figure 6.1(a) shows the 695 nm laser modulated by
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Figure 6.1: Slowing lasers modulated by different EOMs detected on a FPC. (a) The (v = 0)
cycling laser modulated by a 947.1 MHz spin-rotation EOM and a 50.83 MHz hyperfine EOM.
Periodic structure arises from the 1.5 GHz FSR of the FPC. (b) The (v = 0) cycling laser modulated
by a white-light (WL) EOM operating at 4.335 MHz and a 50.83 MHz hyperfine EOM.

a 947.1 MHz EOM and a 50.83 MHz EOM detected on a Fabry-Pérot cavity (FPC). Choices of
frequencies for the EOMs are determined not by the absolute splitting but by optimizing the de-
pletion (main cycling) or cleanup (repumps) at velocity groups of interest. The modulation depth
for both EOMs are around 1 so the +1 orders are the strongest. The periodic structure is from the

1.5 GHz free spectral range (FSR) of the FPC used (Thorlabs SA30-73). The taller peaks are the

+1 orders of the 947.1 MHz EOM, while the narrower structures are from the 50.83 MHz EOM.
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We employ a technique called white-light (WL) laser slowing, which was first introduced in
Ref. [166]. We use a strongly driven high-Q EOM operating at ~4 MHz (lower than the natural
linewidth of the transitions) to broaden the slowing laser to several hundred MHz, so that the
molecules with different velocities (ideally 0200 m/s) can remain resonant during the whole
slowing process. Figure 6.1(b) shows an example of the resulting spectrum of the strongly driven
WL EOM operating at 4.335 MHz together with a 50.83 MHz hyperfine EOM. From the known
spacing of the 50.83 MHz EOM, we can figure out how much the WL EOM has broadened the
slowing laser. We also use a Pockels cell operating at 2 MHz to switch the polarization of the
slowing lasers in between two orthogonal linear polarizations to remix the dark state. It is worth
noting that we use a Thorlabs EO-AM-NR-C1 EOM and a driver HVSQ-0.3-5000-SMA from EEA
Elektronik Adamietz GmbH to serve as a Pockels cell. This combination turns out to be not very
stable thermally and is subject to a long-term drift. As a result, we are using this for the slowing
lasers where high-contrast polarization switching is not required. For the MOT system in the next
chapter, we instead use a Conoptics Pockels cell for better stability. Figure 6.2 shows a detailed
schematic of how the slowing lasers are generated.

Because of the growing number of lasers required in the experiment, we also upgraded our
wavemeter locking system. Previously, the wavemeter is seeded by a commercial fiber switch with
8 input channels, corresponding to the 8 readout channels of the wavemeter. Commercial fiber
switches are typically not that broad in wavelength, sending lasers outside the range could damage
the switch over time. In order to monitor more than 8 channels with a wider wavelength range,
we use a home-built galvo-based fiber switch. The basic idea is, we fiber couple 16 potential laser
channels into a single fiber, with each corresponding to a different tilt angle of the galvo mirror
(Thorlabs GVS002) controlled by analog input voltages. By synchronizing the wavemeter readout
time and galvo analog input voltages, we can make the wavemeter read the 16 laser frequencies on
the 8 wavemeter channels (for example at a certain wavemeter channel, one laser is sent in half of
the time, and another laser is sent in the second half of the time). For this system, we adapted a

full system including an electronic control board and a control software from the Doyle group.
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Figure 6.2: Optical path layout for slowing lasers. Different EOMs are used to generate the fre-
quency sidebands for spin-rotation splitting, hyperfine splitting, and WL. This figure is reproduced
from Ref. [137], with corrected frequencies and order of the acousto-optic modulator (AOM).

6.1.2 Ultrahigh Vacuum System

The beamline for the 1D cooling experiment and predissociation measurement was retired, and
we upgraded to an ultrahigh vacuum (UHV) chamber to incorporate slowing and MOT experi-
ments. The main MOT chamber we chose Kimball Physics MCF800-SphSq-G2E4C4A16 for its
maximum optical access from different angles. MOT also requires a high magnetic field gradient,
and we decided to go for an rf MOT solution. The reason is that, since we do not know how much
trapping force is required for CaH and rf MOTs are known to provide the highest trapping force,
they are safer for the first attempt. However, high rf currents are more challenging than high dc
currents, so in order to generate a high enough magnetic field gradient, the MOT magnetic field

coils have to be put in vacuum. This is not the end of the world as long as we do a good thermal

79



contact to outside of the UHV chamber so the heat can be dissipated, and also do a small duty cycle
on the MOT operation (this in some sense is automatic since typical molecular MOT loading time
is at the 10 ms level and experiment cycle time is at the 1 s level). Figure 6.3 shows the in-vacuum
MOT coils and the MOT chamber. The coil design is adapted from the Doyle group. In order to
minimize the scattered light in the vacuum chamber, the whole interior is painted with vacuum-
compatible black paint. Figure 6.3(a) is the MOT coils after painted. The molecules travel through
the middle of the top and bottom plates, which are spaced by 1 inch. The spiral in the middle

are the coils, and the elliptical holes are for optical access of the small windows on the Kimball

Figure 6.3: Pictures of the MOT chamber. (a) In-vacuum MOT coils after painted. Molecules
travel through the middle of the two plates, which are spaced by 1 inch. The spiral in the middle
of the plate is the coil, and the elliptical holes are for optical access of the small windows on
the chamber. The MOT coils are thermally connected to outside the vacuum through the holding
structure. (b) Kimball Physics chamber. (c¢) During assembly, a picture from a different angle of
the MOT coil for a better vision of the structure.
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Physics chamber. The MOT coils are thermally connected to the outside of the vacuum through
the holding structure. Figures 6.3(b)—6.3(c) are the actual MOT chamber and a picture during as-
sembly. With appropriate vacuum pumping and baking, the pressure of the MOT chamber went
down to 10710 Torr at the lowest. We note that this pressure is already low enough given the buffer
gas required for the experiment. With H, and He flowed into the system, the pressure can go up to
the 10~% Torr level.

To achieve a higher photon collection efficiency for LIF signals, we also added an in-vacuum
lens, as shown in Fig. 6.4. The lens we use is an uncoated UV fused silica aspheric lens with an

effective focal length of 30 mm and a diameter of 25 mm (Edmund Optics Stock #48-537). The

Figure 6.4: In-vacuum lens for higher photon collection efficiency. Top is a rough drawing of how
the lens is mounted. The coil and lens holder designs are modified slightly for the final version
used in the experiment. Bottom is a picture after the lens was installed.
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collection efficiency can in principle increase from ~1% to ~5%. However, COMSOL simulation
shows a collection efficiency of ~3% in this system due to the spatial constraints on the top and bot-
tom edges and the finite distance between the lens and the window of the chamber. Nevertheless,

we expect an improvement for the photon collection efficiency.

6.2 Two-Photon Background-Free Velocity Detection

Even with the best blackening we can do, the small LIF of the molecules is still going to be
buried in the background scattered light in the chamber if using a non-background-free detection
scheme. It is always best practice to have background-free (BGF) detection schemes for any mea-
surements we take. For velocity detection, there have been a two-photon BGF detection scheme
first introduced in Ref. [167]. The basic idea is, instead of using just a cycling transition like
A <« X, we apply a second laser exciting the molecules from A to a higher excited state, the decay
from the higher excited state back to the ground state will be a different and higher photon energy,
detecting such photons is thus BGE. Also ideally, we would want to use a different A state from
the main cycling laser, A2H1 (v =0, J =3/2, +) for example, to avoid interfering with laser
slowing.

Among the different excited electronic states, we chose the E state in the end because it is the
only one with measured lines besides the A and B states [168]. The corresponding measurement
scheme for CaH is shown in Fig. 6.5(a). A challenge immediately pops up, there was no straight-
forward laser options in the wavelength range ~1668 nm. Luckily again, we were able to find a
laser diode that could operate around this wavelength, Seminex TO0-174-161. Though the diode is
preferred to operate in a pulsed mode, we can still use it in the CW mode. There was a bit of engi-
neering challenge to put it to the right wavelength, the operating temperature needs to be at around
0 °C. We designed a small chamber to shield our home-built ECDL, and fill the chamber with N,
the laser can then be cooled down to this low temperature without water condensation. Note also
that because of the huge temperature difference on the thermoelectric cooler, the whole chamber

needs to be water cooled, otherwise the laser would not be able to reach the desired temperature.
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Figure 6.5: Two-photon BGF velocity measurement. (a) Measurement scheme. The molecules are
excited with two lasers, with the first addressing an A < X transition, and the second addressing an
E « A transition. The LIF of the decay from the E state back to X state at ~490 nm is detected on a
PMT. (b) Spectrum of the E2H1/2(v’ =0,J =3/2, -) « A2H1/2(v =0, J =3/2, +) transition.
Hyperfine structure remains unresolved at this precision. (¢) A sample velocity measurement of the
chemically produced CaH molecular beam, with the £ < A laser applied in a velocity sensitive
configuration (45°with respect to the molecular beam in this measurement). LIF from the £ — X
decay detected on a PMT. x-axis is the time of arrival on the PMT, while y-axis is the velocity
group selected with detuning from the £ < A transition. Solid white line is a guide to eye of a
ballistic propagation from the cell to the detection region.

Another challenge is that our wavemeter cannot directly read this wavelength, so we home-built
an SHG system (using Covesion MSHG1650-0.5-40) and measure the frequency of the doubled
834 nm light. Given these challenges, it really took us a long time to find even just a single line in
the E state.

Figure 6.5(b) shows one of the measured lines, E2H1/2(v’ =0,J =3/2, -) « A2H1/2(v =
0, J = 3/2, +). Since we are using the A2H1/2(v =0, J = 3/2, +) state, we used an additional
laser addressing the A’ITjp(V =0, J' = 3/2, +) « X*Z*(v =0, N =3, J = 5/2, -) besides
the A2H1/2(V’ =0, J =3/2, +) « X’Y*(v = 0, N = 1, —) transition to achieve rotational
closure. Once the laser frequency is confirmed, following Prof. Stefan Truppe’s suggestion, we
ordered a VECSELS laser system from Vexlum. They are able to provide ~1 W of power at
~1668 nm. It is important to have as high of a power as possible for velocity detection so that
we can saturate the transition for a higher SNR. In practice, ~300 mW is enough for velocity
measurements. By applying the E < A laser in a velocity sensitive configuration, we can measure

the forward velocity of the CaH molecular beam. Figure 6.5(c) shows a sample measurement.
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Velocity group is selected by detuning the £ < A laser. As one can tell, the forward velocity of
the chemically produced CaH molecular beam peaks at ~250-300 m/s, which is not ideal. Given
a MHz-level scattering rate and ~1 m slowing distance, we can probably only laser slow velocities

up to ~150 m/s, so we are really relying on the slower velocity tail of the distribution.

6.3 White-Light Laser Slowing

Typical capture velocity of molecular MOTs is <10 m/s. In order to load molecules into a
MOT, we would need to first slow the velocity of the molecular beam from ~200 m/s close to this
range. For the first attempt of laser slowing, we decided to pursue white-light slowing because of
the smaller parameter space.

Due to the predissociative loss in CaH, the number of photons that could be scattered during the
slowing process is limited. As a result, we would ideally want to start with as slow of a molecular
beam as possible. However, as mentioned before, the unique property of Hy helps with the overall
molecule production but boosts the velocity of the molecular beam to peak at ~250-300 m/s. With
a slowing distance of ~73 cm (from the cell aperture to the center of the MOT chamber), photon
scattering rate of ~10% s~!, and a photon recoil velocity of 7ik /m ~ 1.4x 1072 m/s, only molecules
with velocities below ~170 m/s could be slowed to this range. Here k is the wavenumber of a
695 nm photon, and m is the mass of a CaH molecule. The good news is, we can still measure a
small amount of CaH molecules below this velocity and down to ~100 m/s.

About three years ago, Nathaniel Vilas on the CaOH project in the Doyle group paid a visit to
us, and described a bizarre cell performance. They observed that, if they prefire the YAG about tens
of milliseconds before, the resulting molecular beam will be a little slower. Their explanation is,
the prefire melts a certain amount of ice in the cell (they flow water to produce CaOH molecules),
which leads to a better thermalization, thus reducing the forward velocity. Thanks to this small tip,
we were able to bring down the beam velocity a little more. Figure 6.6(a) shows a comparison of
the CaH beam velocity with (double ablation) and without (single ablation) a prefire. The YAG

is prefired 20 ms for double ablation. We observe a big improvement of molecule number in

84



10F 8
0 —$— Single ablation ( ) (b) —— Single ablation
S 8r Double ablation Double ablation
g i
s 6 2
w c
_— L 35
o g4
% ol | L R \
pay | g v L
g M‘/ ! 2
£ Or .\L i Y
0 \?7/7/ | \
= =2 0 | ‘ a o S
0 50 100 150 00 25 50 75 100 125 150
Forward velocity (m/s) Time after ablation (ms)

Figure 6.6: Beam velocity with double ablation. (a) Measured forward velocity of the CaH molec-
ular beam with single and double ablation. The prefire time for double ablation is 20 ms. An
improvement of molecule number in the 100-200 m/s velocity group is observed with double ab-
lation. (b) Arrival time of the molecules detected through LIF on the slowing lasers. Later arrival
time with double ablation also indicates a slower velocity.

the 100-200 m/s velocity range. Figure 6.6(b) shows the arrival time of the molecules with and
without the prefire, which is detected through the LIF on the slowing lasers. The slowing lasers
[including the (v = 0) main cooling laser at 695 nm, (v = 1) repump laser at 690 nm, and (v = 2)
repump laser at 758 nm] are kept on while the molecules are flying by, and the 635 nm LIF from
the B’Z*(v' =0, N' =0, +) — X?’2*(v =0, N = 1, —) decay is detected on a PMT. The later
arrival time with double ablation also indicates a lower forward velocity. We scanned this prefire
time in the 20-100 ms range, and found that the shorter this time the better. We set the prefire time
to be 20 ms in the end, and all the slowing measurements are done in this configuration.

The first thing to make sure for laser slowing is if we can achieve a high scattering rate with
lasers in the longitudinal direction with respect to the molecular beam. Because of the fast molec-
ular beam, we do not want to address the whole velocity profile, optimizing laser frequencies
with overall molecule number depletion is not a good idea. We instead look at depletion and or
depletion-revival with certain velocity groups. For (v = 0) main cooling laser, we measure deple-
tion with the WL and spin-rotation 1 GHz EOMs off. With the depletion spectrum, we can extract
the optimal frequency setpoint for the 1 GHz EOM of the main cooling laser. For the frequency

setpoints of the repump lasers, we first deplete with the main cooling laser and revive the molecules
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back to the (v = 0) state with the repump laser with these EOMs off, and the optimal frequency
setpoint can be extracted from this depletion-revival spectrum.

Next, we also need to consider how wide a velocity range we should cover for the WL. This is
mostly determined by how high of a photon scattering rate we can achieve. Assuming a scattering
rate of ~10% s™!, in the most ideal case, we would want to cover the velocity range up to ~150 m/s.
A problem for CaH is the large hyperfine splittings in the ~50-100 MHz range. As a result, the
same laser frequency may be resonant with velocities different by ~50 m/s in different hyperfine
states. If we want to cover the same velocity range for all hyperfine states, a much broader WL
spectrum is needed, leading to an inefficient power usage. With these considerations, we in the end
determined the following setpoints for the slowing laser. The spin-rotation and hyperfine EOMs
of the main cooling laser is set to be 947.1 MHz and 50.83 MHz, respectively. The WL EOM
operating at 4.335 MHz (this number is arbitrary as long as it is smaller than the natural linewidth),
together with the hyperfine EOM, generates a frequency broadening of 402 MHz. The two repump
lasers share the same set of EOM series, with spin-rotation and hyperfine EOMs operating at
942 MHz and 53.5 MHz. The WL EOM of repump lasers, together with their hyperfine EOM,
generates a frequency broadening of 424 MHz. The repump lasers are set to be broader to cross
zero velocity so it can also serve as repumps for the MOT. A detailed optical path layout can be
found in Fig. 6.2. The center frequencies of the slowing lasers before modulated by these EOMs
are summarized in Table 6.1.

A few more parameters need to be considered for slowing: when to start and how long, and
what size to use for the slowing laser beams. First, we find that, if starting slowing too early when

the molecules are not fully extracted from the cell, the molecules will be depleted by the slowing

Table 6.1: Center frequencies of the slowing lasers, measured on a HighFinesse WS7-60 waveme-
ter.

Ground v N J F Excited v N’ J' F’ Frequency (THz)
X o 1 1/2,3/2 0,1%,17,2 A 0O - 1/2 0,1 431.275351
X 1 1 1/2,3/2 0,1*,17,2 B 0O 0 1/2 0,1 434.255716
X 2 1 1/2,3/2 0,1%,17,2 A 1 - 1/2 0,1 395.717941
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lasers. A possible explanation is that, the buffer gas density is high near the cell exit, the molecules
excited by the slowing laser may be scrambled to opposite parity states and thus can no longer be
detected in the normal photon cycling transitions. The extraction time of our cell is quite fast at
~1 ms, so we can still turn on slowing quite early. The slowing start time is chosen to be 1.2 ms in
the end, but we later find that this start time can be tolerant, the MOT will still work with a 2 ms
start time. As for the size of the slowing laser beams, we would ideally want them to be as big as
possible so that we can cover the big molecular beam. However, if too big, we might starve with
laser power. We chose a ~1.5 cm 1/ ¢? Gaussian diameter, measured before sent into the vacuum
chamber. The slowing laser is gently focused into the cell, with a 0.8 cm diameter at the cell exit
and a 1.3 cm diameter at the center of the MOT chamber.

Because of the long lever arm of all the frequency modulations required, the spatial mode
of the slowing laser beams becomes slightly non-Gaussian. As a result, co-aligning the slowing
lasers can be tricky. To solve this problem, we use a set of motorized flipper mirrors to switch
between free space and fiber coupling. This turned out to be very important, because if the slowing
lasers are not aligned well through the crystals, the resulting additional non-Gaussianity will mess
up co-alignment (two points aligned do not guarantee co-alignment throughout). Coupling the
slowing lasers at different wavelengths into the same fiber would guarantee a good co-alignment.
Note that the fiber to be used here needs to be a photonic crystal fiber. Because of the same
mode field diameter across a large wavelength range, fiber coupling efficiency can be high for
all three wavelengths of the slowing lasers. Ensuring high fiber coupling efficiency for the three
wavelengths will lead to both good Gaussian mode and good co-alignment.

With all the above considerations taken care of, we were able to observe decent laser slowing
with velocities close to zero. Figure 6.7(a) shows the differential LIF obtained by subtracting
the LIF of the unperturbed molecular beam from the LIF of the laser slowed beam. The laser
powers used are 1.2 W, 0.9 W, and 0.3 W for the main cooling laser, (v = 1) repump laser, and
(v = 2) repump laser, respectively. Slowing is on for 10 ms in this measurement. We observe a

substantial molecule population with lower velocities, as shown in red. Initially, we were worry
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Figure 6.7: Laser slowing with full (free-space) and 60% (fiber coupled) of power. (a) Differential
LIF (unperturbed molecular beam subtracted from slowed molecular beam) with free-space slow-
ing lasers. With laser slowing, a substantial molecule population is observed with low velocities
(red region). (b) Differential LIF with fiber coupled slowing lasers. (c¢) Time-integrated LIF at dif-
ferent velocities for the two configurations. (d) Differential (unperturbed subtracted from slowed)
time-integrated LIF for the two configurations.

about the co-alignment of the slowing lasers, so we were trying laser slowing with the slowing
lasers fiber coupled. The ~40% loss in fiber coupling actually led to a significantly worse laser
slowing, as shown in Fig. 6.7(b). This data was taken with a better cell performance, but the red
region for slower velocities is smaller, and there is barely any population close to zero velocity.
Figure 6.7(c) shows time-integrated LIF at different velocities for the two configurations, the free-
space full power slowing clearly has more slower molecules. Figure 6.7(d) shows the differential
time-integrated LIF for the two configurations. We are still in the linear regime for slowing power.

With the decent laser slowing observed, we proceeded to finely tune the parameters to ensure

the existence of molecules near zero velocity, and we detect the velocity in the MOT region (above
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measurements are done in a later region, ~1 m from the cell, MOT region is ~73 cm from the cell).
And we find that the existence of “zero” velocity molecules is pretty robust against small change of
slowing parameters. Part of the reason could be power broadening of the E «<— A laser, a faulty low
velocity could be detected when the molecules are actually at slightly higher velocity. Figure 6.8
shows laser slowing measured in the MOT region, with 15 ms of duration instead of 10 ms in the
measurements in Fig. 6.7. The inset of Fig. 6.8(b) shows the LIF with and without laser slowing
when the detection laser is tuned to resonance (for “zero velocity”). A small amount of very slow

molecules near zero velocity is observed.
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Figure 6.8: Laser slowing measured in the MOT region. (a) Differential LIF obtained by subtract-
ing the unperturbed molecular beam from the slowed molecular beam. Decent slowing effect is
observed. (b) Time-integrated LIF at different velocities. With laser slowing, molecules near zero
velocity are observed, as in the inset.
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Chapter 7: Magneto-Optical Trapping of CaH

With confirmation of an efficient laser slowing, we proceeded to look for a MOT. Our former
postdoc Prof. Debayan Mitra would always say, you will see a MOT the second day you see a good
slowing. Unfortunately, this was not the case for us. In this chapter, I describe how we figured out

the last few pieces of the puzzle.

7.1 Relevant Experimental Hardware

7.1.1 Laser Systems

MOT requires lasers with a clean spectrum, as a result, we cannot use EOMs to generate fre-
quency sidebands for the spin-rotation and hyperfine splittings. Due to the large spin-rotation
splitting of CaH at ~2 GHz, we would need a series of acousto-optic modulators (AOMs) as fre-
quency shifters to cover this big gap. Figure 7.1 shows the layout for the optical path of the MOT
lasers. We use a 650 MHz AOM, a double-passed 342 MHz AOM, and a double passed 272 MHz
AOM to cover the spin-rotation splitting. The double-passed AOMs are powered with voltage
controlled oscillators, which can be used to ramp the MOT laser frequencies. The 82 MHz and
53.2 MHz AOM:s are for the hyperfine splittings. Because of the many EOMs used in this system,
the power efficiency of this system is quite low. We split ~400 mW from the Precilasers 695 nm
SFG laser system and only get ~20 mW out of each hyperfine state. In order to achieve a higher
power, we seed these four hyperfine fibers to four home-built ILA systems, the output of which

can reach ~100 mW for each hyperfine state.
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Figure 7.1: Optical path layout for MOT lasers. We use a 650 MHz AOM, a double-passed
342 MHz AOM, and a double-passed 272 MHz AOM to cover the spin-rotation splitting. The
82 MHz and 53.2 MHz AOMs are for the hyperfine splittings. This figure is reproduced from
Ref. [137], with corrected frequencies and AOM orders.

7.1.2 Radio-Frequency MOT Configuration

Because of the existence of dark states in the photon cycling scheme in molecules, molecular
MOTs do not work easily like Type-I atomic MOTs. There have been a variety of approaches
to solve the dark state problems for molecular MOTs, including a dc MOT configuration, dual
frequency MOT configuration, and also an rf MOT configuration. The pioneering work with SrF
and CaF molecules [75, 131] has shown the larger molecule number of the rf MOT configuration,
CaH as an imperfect laser cooling candidate with a low molecular production, it is best practice
to start with this configuration. At a certain polarization and magnetic field gradient, molecules
would go into a dark state after scattering a few photons. The idea is, at this time, if we switch
the polarization and magnetic field gradient, the molecules will become bright again. If we keep
switching the polarization and magnetic field gradient at a rate close to the photon scattering rate,
the molecules can always be bright and be trapped in the MOT, as indicated from Fig. 7.2(c).

Figure 7.2(a) shows a schematic for the MOT experiment. The experiment starts with the
chemically produced CaH CBGB source. An pulsed Nd: YAG laser ablate on a solid Ca target and
create a hot plume of Ca atoms. The Ca atoms then react with the H, flowed in at ~1 SCCM and get

futher buffer gas cooled with He flowed in at ~0.9 SCCM. The molecules extracted from the buffer
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Figure 7.2: (a) Schematic of the MOT experiment. CaH molecules are generated with a CBGB
source at ~6 K, and they are subsequently laser slowed and reach the MOT region to be trapped. (b)
Laser configuration for the MOT. At a certain magnetic field gradient, the polarization for the (J =
1/2) and (J = 3/2) states are orthogonal because of the opposite g-factors. The A’IT; p(v=0,J=
1/2, +) state has a hyperfine splitting 64 ~ 18 MHz. (c) Radio-frequency MOT configuration.
Trapping and anti-trapping can be achieved by tuning the relative phase between the magnetic
field gradient and the polarization of the MOT lasers.

gas cell are laser slowed in the configuration described in the previous chapter and finally reach
the MOT region ~73 cm away from the cell exit. Figure 7.2(b) shows the laser configuration for
the MOT. At a given magnetic field gradient, the polarization of the two spin-rotation manifolds
J = 1/2 and J = 3/2 need to be orthogonal because of the opposite g-factors. Moreover, the
AT, ;2(v =0, J =1/2, +) state has a hyperfine splitting 64 ~ 18 MHz. This has been long

overlooked previously, and is the primary reason why we did not see a MOT at the beginning.
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More details will be provided later. Figure 7.2(c) shows how the laser polarization and magnetic
field gradient are switched in the rf MOT configuration. We use a resonant tank circuit to drive
the magnetic field coil. The two coils have their own tank circuits, but the impedance matching is
done in the final anti-Helmholtz configuration for the MOT, and each coil is driven with a 50 W
amplifier. The tunable capacitor in the tank circuit is Comet CVUN-1500AC/4-BEAA and allows
for a frequency range of 800-1200 kHz. Given the geometry of our MOT coil, the magnetic field
gradient is 4.83 G/cm/A in the axial direction. With proper tuning of the tank circuits, the peak
current that can be delivered is ~12 A. A peak magnetic field gradient of more than 50 G/cm
is more than enough for a MOT. The polarization switching of the MOT lasers can be achieved
with a Pockels cell, as also used for dark state remixing for laser slowing. For the MOT, we use
a Conoptics M350-50 EO Pockels cell and Conoptics Model 302A driver to drive it. This system
has a better thermal stability than the one we used for the slowing lasers. The polarization can
be switched with high contrast using the Pockels cell. We combine the four hyperfine ILAs and
send them through the Pockels cell for polarization switching at 0.9 MHz (to make sure they can
be synchronized, the rf frequency for the magnetic field gradient is also set to be 0.9 MHz). and
then split into three fibers to the three MOT arms. An AOM is used for the combined light before
the Pockels cell to serve as both an on/off switch and a power ramp control. In the experiment,
we can tune the phase between the magnetic field gradient and the polarization, and when they are
matched according to the g-factors, it will provide a trapping force (MOT), otherwise it will be an

anti-trapping force (antiMOT).

7.2 To Observe a MOT Effect

3D MOT will only work with all aspect mentioned above working together well. Because
of the unique property of Hj, it also took us a long time to understand how to perform laser
slowing effectively. Apart from the several aspects mentioned in the previous chapter, how to
make the buffer gas cell reach the performance that would allow laser slowing is also important.

One notable example is we do not want to flow too much H, for laser slowing as when we were
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characterizing the cell in Chapter 3 (tens of SCCM back then). We need to slowly charge the cell,
with ~1 SCCM of H; in the first day of data taking. The molecule number will slowly go up and
reach a high level. At a certain point, a warm-up and cool-down cycle would also increase the
molecular yield. On the MOT side, we would also want to make sure the lasers are well aligned
with the zero magnetic field point so that a reasonable MOT force can be applied. Following other
molecular laser cooling teams’ suggestions, we make our MOT laser beams large with a 1/e?
Gaussian diameter of ~1.7 cm. This first simplifies alignment to just geometric center without
the need to check the zero magnetic field point with molecules, especially when the signal is
low for CaH, and second increases the trapping volume, for heavier molecules this is particularly
important.

However, back at this point, with everything we tried to optimize and do our best, we could
not see a 3D MOT. And the last thing we tried, is to double check the MOT laser frequencies,
which was supposed to be the numbers we have been trusted for years, and they were actually the

problem.

7.2.1 A’ pp(v =0, J =1/2, +) Hyperfine Splitting

In the seminal paper that brought the the idea of molecular laser cooling by M. D. Di Rosa [169],
the author has reported a hyperfine splitting in the A%IT; (v =0, J =1/2, —) state. However,
for all beam experiments performed till now, we have not seen much evidence of any hyperfine
splitting in the A2H1 /z(v =0, J = 1/2, +) state. It turned out to be because all these mea-
surements are done with linearly polarized lasers in the beam. When we checked the resonance
with the MOT lasers, the hyperfine splitting immediately showed up. Figure 7.3 shows the spec-
tra when we scan the MOT laser with a single frequency component. Instead of 4 lines if there
is no excited state splitting, we observe 6 lines. By fitting the frequencies of these 6 lines, we
extract a A°TI, (v =0, J =1/2, +) splitting 64 = 18 MHz. Since MOT lasers are circularly
polarized instead of linearly polarized, some lines, A%, pOvV =0, J =1/2, FF =0, +) «

XZ*(v =0, N=1,J =1/2, F =1, =) and AT; (v =0, J/ = 1/2, F' = 0, +) «
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Figure 7.3: Measurement of the A%II, ;2(v =0, J =1/2, +) hyperfine splitting. (a) Spectroscopy
with laser at around the A2H1/2(v’ =0, =1/2, +) « X?2*(v=0, N=1,J =1/2, -)
transition. (b) Spectroscopy with laser at around the AII; p(V =0, =1/2, +) « X2 (v =
0, N =1, J =3/2, —) transition. According to the fit, the A2H1/2(V =0, J =1/2, +) hyperfine
splitting 64 =~ 18 MHz.

X?2*(y =0, N =1, J = 3/2, F = 1, —), are stronger, helping us identify this splitting.
In contrast, if doing this spectroscopy with a linearly polarized laser, the A%II, P =0,J =
1/2, FF =0, 4) « X*2*(v =0, N=1, J = 1/2, F = 1, —) transition does not exist and the
AL p(V =0, 0 =1/2, F' =0, +) « X*£*(v =0, N =1, J =3/2, F = 1, —) transition is

barely visible. Basic atomic physics knowledge like this turned out to be quite important.

7.2.2 MOT Force on the Molecular Beam

With the AT, (v =0, J = 1/2, +) splitting identified, if we look back to the old MOT
laser frequency setpoints, they are all addressing the A%II; p(v=0,J=1/2, F =1, +) state.
This can be problematic since MOT works around the —I" to —2I" range, this detuning for the
A (V' =0,0 =1/2, FF =1, +) « X?’Z*(v=0, N =1, J =3/2, F = 1, —) transition
is actually +2I" to +3T for the A’I1; (v = 0, J' = 1/2, F' =0, +) « X’Z*(v =0, N =
1, J = 3/2, F =1, —) transition, causing a competing effect and canceling the MOT. For the
ground (J = 1/2) states this is more tolerant since they do not provide much MOT force given the
small g-factors and small number of states. So the ultimate configuration is, only the X*>Z*(v =

0, N=1,J =3/2, F =1, —) state is coupled to the A2H1/2(v =0,J=1/2, F =0, +) state,
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the other three ground hyperfine states are coupled to the A°TI, p(v=0,J=1/2, F =1, +)
state, as shown in Fig. 7.2(b). Once the lasers are set this way, we immediately observe a MOT
compression force on the molecular beam, as shown in Fig. 7.4. In order to observe the MOT
effect on the beam, the (v = 0) main cooling laser in slowing is turned on only for a millisecond,
corresponding to the small and short time blue trace. Note that this does not need to be turned on at
all, this happens to be the configuration when we run this experiment. The orange and green traces
are from the MOT lasers’ fluorescence on the beam in the MOT and antiMOT configurations. In
the MOT configuration, the molecular beam is spatially compressed to the center, leading to a
better collection efficiency in the imaging system and thus more photons are collected on the PMT.
In other words, the effect we see here is a second-order effect. If detected on a camera, one would

expect a spatial compression and a minimum change in the number of collected photons.

5
—— Slowing only
4+t MOT
— AntiMOT
3 — - (MOT - antiMOT)

LIF (arb. units)

Time after ablation (ms)

Figure 7.4: MOT compression on the molecular beam. The orange and green trace show the LIF of
the MOT lasers in the MOT and antiMOT configurations. A change in LIF is observed, indicating
a MOT compression force on the molecular beam.

We further optimized the MOT force using this “2D MOT” effect, including laser frequency
scans of individual hyperfine states, relative phase of the Pockels cell and magnetic field gradient,
so on and so forth, and found that our initial setpoints are around optimal (we did a good job!).

Figure 7.5 shows the frequency response and the phase response of the MOT effect. The MOT
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Figure 7.5: “2D MOT” effect as a function of (a) MOT laser detuning and (b) relative phase
between the Pockels cell and the magnetic field gradient.

effect is found to be optimal with a global detuning 6 ~ —5 MHz, which is later found to be the
same as in the 3D MOT. The absolute number of the phase is arbitrary since there is additional
phase accumulation in between the cables, but the optimal setpoint of 110° is also exactly the same
as what we expected, when we optimized by looking at the laser polarization with respect to the

current flowed into the magnetic field coil using Hall probes.

7.3 3D MOT of CaH

With an efficient laser slowing, and a working MOT system, a 3D MOT of CaH immediately
showed up. Here I summarize the final configuration of the 3D MOT. The CaH molecules are first
chemically produced with a CBGB source. The hot Ca atoms ablated out by a pulsed Nd: YAG laser
react with the H, molecules flowed in at ~1 SCCM to produce CaH molecules. The molecules are
then buffer gas cooled by both H, and He buffer gas flowed in at ~0.9 SCCM and extracted from
the cell to form the molecular beam. 1.2 ms after the ablation, counter-propagating slowing lasers
are applied. The slowing lasers include a (v = 0) main cycling laser addressing the AT, p(V =
0, J/ =1/2, +) « X22+(v = 0, N = 1, —) transition, a (v = 1) repump laser addressing
the B2Z*(v = 0, N’ =0, 4) « X*’3*(v = 1, N = 1, —) transition, and a A2H1/2(V’ =
1, J/ =1/2, +) « X22+(v = 2, N = 1, -) transition, with powers of 1.2, 0.9, and 0.3 W,

respectively. The center frequencies of these slowing lasers are shown in Table 6.1. The (v = 0)
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main cooling laser is frequency modulated with EOMs operating at 947.1 MHz (spin-rotation),
50.83 MHz (hyperfine), and 4.335 MHz (WL, together with the hyperfine EOM, broadens the
laser to 402 MHz). The repump lasers are frequency modulated with EOMs operating at 942 MHz
(spin-rotation), 53.5 MHz (hyperfine), and 4.185 MHz (WL, together with the hyperfine EOM,
broadens the lasers to 424 MHz). The (v = 0) main cooling laser is kept on for 15 ms, while the
repump lasers remain on to also serve as repumps for the MOT.

The MOT starts to load at ~15 ms after ablation when the main cooling laser in slowing is
turned off. Figure 7.6 shows the 635 nm LIF from the B’X*(v' = 0, N’ =0, +) — X°X*(v =
0, N =1, —) decay due to the (v = 1) repump laser detected on a PMT in three configurations:
slowing only (gray), MOT (red), and antiMOT (blue). The fact that we are able to detect molecules
long after the molecular beam flying by demonstrate a successful magneto-optical trapping. We
image the MOT using an EMCCD camera, integrating from 25 to 55 ms after ablation for both

the MOT and the antiMOT configurations, as shown in the insets of Fig. 7.6. The high contrast
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Figure 7.6: MOT LIF measured on PMT and EMCCD camera. The PMT data are taken in three
configurations: slowing only (gray), MOT (red), and antiMOT (blue). The existence of molecules
after the molecular beam flying by demonstrate a successful magneto-optical trapping. Insets
show the camera images of the MOT and antiMOT, integrating from 25 to 55 ms after ablation.
The images are smoothed with a Gaussian filter of 0.6 mm standard deviation.
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between the two configurations further confirms the successful creation of a MOT. For Fig. 7.6,
the MOT is loaded with 11 mW of MOT laser power per beam. After thermalizing for ~10 ms,
at 25 ms after ablation, the MOT laser power is ramped down to 7.5 mW per beam over a 10 ms
period. This is for extending the lifetime and also to reach a lower temperature of the MOT. The

root-mean-square axial magnetic field gradient is kept at 17 G/cm.

7.3.1 MOT Lifetime and Predissociation

To determine the lifetime of the MOT, we subtract the LIF of the antiMOT configuration from
that of the MOT configuration on the PMT, and fit the tail of the resulting time trace to an expo-
nential decay, 1/e lifetime can be extracted from the exponential decay constant. An example is

shown in Fig. 7.7(a). We measure the MOT 1/e lifetime at various MOT laser power and achieve
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Figure 7.7: MOT lifetime measurement. (a) LIF of the antiMOT configuration subtracted from
that of the MOT configuration. The tail of the resulting time trace can be fitted to an exponential
day, from which 1/e MOT lifetime can be extracted. (b) 1/e MOT lifetime as a function of MOT
laser power. Lifetime of ~30 ms is achieved with a few milliwatts of MOT laser power per beam.
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lifetimes up to ~30 ms at a few milliwatts of power [Fig. 7.7(b)]. Longer lifetimes are possible but
would require significantly more averages for comparable SNRs.

Photon scattering rate can be determined by switching off the (v = 2) repump laser and measure
again the 1/e lifetime. With either a measured or theoretical value of VBR(;, the photon scattering
rate can be extracted. With a photon scattering rate measurement, a calibration of the camera
imaging system, and the total photoelectrons collected on the camera, we estimate a peak number
of 230(40) molecules trapped in the MOT.

The photon scattering rate measurement also enables estimation of loss to either higher vibra-
tional states or other forms of loss channels, for example predissociation. From the calculated
FCFs in Table 5.1, loss to the (v = 3) state should be smaller than that from predissociation of the
B>X*(v =0, N =0, +) state used for (v = 1) repump. With a MOT lifetime of 15.1(2) ms and a
photon scattering rate of 6.1(1.1) x 10> s™! at 8 mW of MOT laser power per beam, the predisso-
ciation probability of the B>Z*(v = 0, N = 0, +) is estimated to be 3.7(7) x 1073. This number is
higher than our previous measurement in beam but in better agreement with the calculated value.
Nevertheless, this further limits our photon budget down to ~7 x 10°. Given the forward velocity
of the CaH molecular beam, ~10* photons is required for laser slowing. Less than half of the total
slowable population could survive this process, further limiting the number of molecules that could

be trapped in the MOT.

7.3.2 MOT Characterization

To further characterize the MOT performance, we measure its properties including the MOT
trapping and cooling force, as well as the size and temperature of the MOT. To measure the
MOT trapping and cooling force, we apply a push by pulsing on the (v = 0) main cooling
laser in slowing for 0.5 ms after the MOT has been thermalized (~25 ms after ablation, MOT
laser power 11 mW per beam). In the low temperature regime, the MOT trapping and cooling
force can be described as a damped harmonic oscillator F = —w?r — Bv. Here w and B are the

trapping frequency and damping constant, respectively. Through observing the oscillation of the
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molecules in the MOT resulting from the push, these constants can be extracted with the expres-
sion r(f) o« e /2 sin[\Jw? — (B/2)%t]. This is measured in Fig. 7.8. Each image in Fig. 7.8 is
integrated for 2 ms on the camera, and a 2D Gaussian fit is used to determine the center position.
Figures 7.8(11)—7.8(v) show the MOT position 3.5, 9, 13, and 16 ms after the push, while Fig. 7.8(1)
shows the unperturbed MOT position. From the fit, w = 27 x 48(3) Hz and 8 = 510(110) s~
These numbers are comparable to the molecular MOTs with comparable masses, such as CaF [75]

and CaOH [77].
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Figure 7.8: MOT trapping and cooling force measurement. The MOT is pushed by the slowing
laser for 0.5 ms after thermalized. The resulting oscillation of MOT position is measured. (ii)—
(v) are sample camera images of the MOT at 3.5, 9, 13, and 16 ms after the push, while (i)
represents the unperturbed MOT position. The images are smoothed with a Gaussian filter of
0.6 mm standard deviation and normalized to the same scale for better visualization. Error bars
represent 1-o- uncertainties. From the fit, w = 27 X 48(3) Hz and 8 = 510(110) s !.

Furthermore, we characterize the MOT size and temperature. Figure 7.9 shows the geometric
mean MOT size oot = O'J/ 30'i/ 3 at different MOT laser powers. Here o and o, are the fitted
Gaussian width in the axial and radial axis of the magnetic field gradient, respectively. With
constant MOT laser powers, the MOT is imaged on the camera from 25 to 55 ms. An increase
in the MOT size with laser power is observed, which is expected since with in the high power

regime, sub-Doppler heating effect would dominate. We also measure the MOT temperature at

two laser powers, 7.5 and 11 mW, as shown in the inset of Fig. 7.9. Temperature is measured
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Figure 7.9: MOT size and temperature measurements. Geometric mean MOT size is measured as a
function of MOT laser power. An increase in the MOT size at higher laser power due to a stronger
sub-Doppler heating is observed. The temperature of the MOT is measured at two characteristic
powers using the release-and-recapture method.

through release and recapture of the MOT. 25 ms after ablation when the MOT has thermalized,

we release the MOT and wait for a variable amount of time. The spatial expansion during this

time follows o (t) = \/0'2(0) + (kgT/m)t2, so the temperature can be inferred. The geometric
mean temperatures Tyior = T||1/ 3Tf/ 3 for the 7.5 and 11 mW of MOT laser power per beam are

determined to be 0.86(36) and 3.5(5) mK, respectively.

7.4 Further Cooling and Trapping

Up to this point, we have successfully demonstrated a 3D MOT of CaH molecules. The key to
success in future experiments would be to increase the number of trapped molecules. During the
search for the CaH MOT, there are a few aspects that we think might help but have not yet been

implemented. I discuss these in this section as a guideline for potential future upgrades.

7.4.1 Improvements on Slowing

We can tell from the previous chapter that laser slowing is not optimal yet, with slowed popu-
lation scaling linearly with the laser power. An immediate improvement is possible if we can have
a higher laser power or a higher efficiency of power usage. The most lossy and fragile components

in our slowing setup now are the free-space spin-rotation 1 GHz EOMs. As mentioned, they make
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the slowing lasers’ spatial mode non-Gaussian. Plus, since we are only using the +1 orders of the
sidebands, ~30% of the power is wasted. A neat solution to this will be using fiber EOMs. With
the 695 nm SFG system, a fiber EOM with high bandwidth could be added in between the 1080 nm
seed and amplifier for this purpose. Unfortunately, we did not have this option included for the
first Precilasers SFG system we bought. For the next upgrade, we ordered a new SFG system from
Precilasers that can deliver up to ~10 W of power at 695 nm with a built-in fiber EOM. With the
new system, we would expect to saturate the effectiveness of WL laser slowing.

Furthermore, chirped laser slowing is known to perform better than WL slowing given the
temporal dependence. It helps mitigate the overslowing issue for the lower velocity groups in the
natural population. For chirped slowing, we would turn off the WL EOM to only address a specific
velocity group, then chirp the frequency to be resonant with ~200 m/s velocities down to ~10 m/s
in ~10 ms time scale. Detailed parameters need further exploration. Without the reduced intensity
for each velocity group as in WL slowing, the current laser power might be enough. However,
we are currently using the same laser for slowing and MOT, while an independent laser is needed
for the MOT of we do chirped slowing. The new 695 nm laser system will serve as a stand-alone
laser source for MOT in the first trial, and may be swapped with the slowing laser if more power
is needed there.

For now, chirped laser slowing remains the most effective method for molecules. However,
without the spatial dependence, it still does not work as well as Zeeman slowing as in atoms.
Efforts on Zeeman slowing of molecules exist [170], but whether it can be generally practical
remains a question mark. Alternatively, a push beam sent from the back of the buffer gas cell
can further mitigate the overslowing issue. With the push beam resonant to the near zero velocity
group, molecules that are slowed down to zero before reaching the MOT region can be pushed into
the MOT, leading to a higher number of trappable molecules. Considering all aspects mentioned
here, with higher power (assume a 2x improvement), chirped slowing (other experiments indicate
at least a 2x improvement), and push beam, we expect at least a 5x overall improvement on the

MOT number if everything is tuned to optimal. Moreover, 2D transverse cooling right after the cell
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could also lead to a higher MOT number by producing a more collimated molecular beam. With

these upgrades in the pipeline, a MOT with ~10° CaH molecules should be possible.

7.4.2 Blue-Detuned MOT and Optical Dipole Trapping

Although we can already start doing dissociation spectroscopy in the MOT, in order to trap the
dissociated hydrogen atoms in an optical dipole trap (ODT), higher phase-space densities are still
required. Pathways including sub-Doppler cooling [171, 172, 77] and blue-detuned MOT [173,
174, 175, 176, 177, 178] exist. It has been demonstrated that molecules can reach tens of uK
temperature and tens of um size with these techniques, which can lead to close to unity transfer
to a shallow conservative trap such as an ODT. To implement these for CaH, we are going to use
an AOM-based polarization switching setup for the rf MOT to replace the Pockels cell setup to
be compatible with a dc blue-detuned MOT operation. Figure 7.10 shows a layout of the relevant
optical path. The key benefits of this setup include high contrast polarization switching, good
long-term stability, and minimal power loss. In this setup, the polarization of a certain hyperfine

laser is switched by alternating between two optical paths with 1/2 phase difference controlled by
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Figure 7.10: Schematic of the AOM-based polarization switching setup. With an appropriate
AOM control sequence, the design shown here is compatible for both rf MOT and dc blue-detuned
conveyor-belt MOT.
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two AOMs. As a result, to couple four hyperfine states at the same time, 4-by-4 fiber arrays are
needed. Three of the outputs are used for the three MOT arms, and the remaining one could be
used as a monitor. This configuration bypasses the need to combining four hyperfine lasers through
non-polarizing beam splitters (NPBSs) to send to the Pockels cell, thus does not have additional
power loss during this process. Following the suggestions from the CaOH and CaF team in the
Doyle group, we purchased the fiber array from Evanescent Optics Inc., where they guarantee PM
for both vertical and horizontal axes over all inputs and outputs. At the time this thesis is written,
the team has tested it with the rf MOT, the extension to the dc blue-detuned conveyor-belt MOT
is still work in progress. With these implemented, an ODT with several hundred up to a thousand

CaH molecules should be possible.

7.4.3 To Improve the Overall Yield

For any scientific purposes, the higher the molecule or atom number the better. During the ex-
ploration, there is evidence showing that we are not fundamentally limited to the thousand molecule
level we just described, further improvements are possible with further investigations.

Compared to atoms, the first and maybe the most important limitation for molecules is the
lower flux, and CaH has an even lower flux compared to other molecules. The reason CaH is per-
forming sub-optimally comes from several aspects. First, the reaction to produce CaH molecules
is highly endothermic. One might notice that the reactions to produce hydroxide molecules are
also endothermic, however, they can be made exothermic if promoting the metal (Ca, Sr, or Yb)
to the metastable 3P state through laser excitation [179]. Unfortunately, the same technique does
not work for CaH, where we tried exciting Ca to the 4s4p 3P, state. To make sure we are not
doing anything wrong, we tried enhancing Ca + H;O — CaOH production in our own cell, and it
worked exactly as in other experiments. The main reason for this is that the excited state energy is
still not enough to break the H, bond and there are no additional exothermic pathways due to the
simple structure. Promoting Ca to states with higher energies is a possible solution to this. We have

experimentally identified the Ca 45125 1Sy « 4s4p ' P| transition, the energy of the Rydberg state
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should make the reaction exothermic. We have not observed any enhancement with this, but in part
could be from the low laser power available in our laboratory now in this wavelength (~408 nm).
It is worth trying another time once we have more laser power. Moreover, the reaction may also
be enhanced with vibrational excitation of H, molecules. The reaction network model required to
describe the observed CaH yield in the Ca + Hy — CaH reaction shown in Chapter 3 indicates the
important role of higher vibrational states of Hy. Enhancing the reaction with laser excitation of
H; [180] is possible.

Another limitation of CaH comes from its small binding energy (and the reaction is still highly
endothermic even with this small binding energy). This causes the predissociation problem as
mentioned in Chapter 5. A way to bypass this problem is to use the A state for (v = 1) repump.
However, as one can tell, this will limit the overall photon scattering rate and thus lead to a weaker
slowing force, which will also result in a low number of trappable molecules in the MOT. But we
do not know yet whether this will work better or worse than repumping (v = 1) using the B state
without trying. Moreover, with a good 2D transverse cooling, repumping through the A state might
ultimately work better with a longer slowing distance.

Further improvement is possible with a colder cryogenic system, which could lead to a higher
overall molecule production and a lower forward velocity. The problem is still the large rotational
constant of CaH that makes the (N = 1) population peak at ~10 K. If with a ~3 K cell as other
molecule experiments, most of the CaH molecules produced will reside the (N = 0) state. A
population transfer scheme with AZHI/Z(V’ =0,J =1/2, -) « X*’2*(v=0, N =0, +) laser
excitation and A2H1/2(v’ =0,J =1/2, +) « A2H1/2(v =0, J = 1/2, —) microwave mixing is
possible. Integrating the ~26 GHz microwave with the cryogenic system posses some engineering
challenge but is not impossible. The colder cryogenic system and population transfer should give

us the best signal in the end.
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Chapter 8: Extension to the Fermionic Isotopologue CaD

When we were trying to think of new ideas for the experiment, we realized that, if we can laser
cool and trap CaH molecules and get ultracold hydrogen atoms, what about deuterium atoms, or
even tritium atoms. Starting as a side project, it actually brought us nice surprises. Now with the
successful demonstration of a CaH 3D MOT, we think a CaD 3D MOT may not be far away. In
this chapter, I describe the first laser cooling of the fermionic CaD molecules, which paves the way

toward ultracold deuterium for precision spectroscopy.

8.1 Why CaD

Fermionic molecules possess many favorable properties for quantum science applications. Be-
ing less prone to collisional loss than their bosonic counterparts due to the p-wave barrier [22],
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 re-
alization of topological superfluid phases [181] and lattice-spin models [28]. A fermionic cycling
center M can be employed for precision measurements of nuclear-spin-dependent parity violation
(NSD-PV) [182, 183] and axionlike dark matter searches [2]. This has motivated recent studies
with fermionic '37BaF [184] and '""!73YbOH [185], with the demonstration of rotational closure
for the latter. Compared to the hyperfine complexity that plagues the molecules listed above, CaD
turns out to be 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 [186, 187, 188]. Studying their ultracold chemical reactions in the
laboratory would improve our understanding of fundamental chemical processes [26]. Moreover,

CaD is a promising precursor for producing ultracold atomic deuterium, in analogy to the pro-
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posals for CaH dissociation [99, 97]. High-precision measurements with hydrogen and deuterium
allow testing quantum electrodynamics [189], determining fundamental constants such as the pro-
ton charge radius [92, 190], and probing new physical forces and particles [191]. In addition, a
degenerate Fermi gas of ultracold deuterium atoms would enable a new paradigm in quantum sim-
ulation with the simplest Fermi liquid [192]. 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 bialkali molecules. The relative simplicity and extensive applications make CaD an
interesting laser-cooling candidate. Here, we demonstrate the production and 1D laser cooling of

CaD, which, to our knowledge, is the first fermionic molecule to have been directly cooled.

8.2 Synthesis of CaD,

When this experiment was carried out, we did not have the chemical production approach.
As a result, production of a CaD molecular beam relies on ablation of CaD, samples. However,
although some deuterated compounds are commercially available, CaD5 is not. We produce the
molecules by following a procedure for CaH, outlined in Ref. [193]. We build a high pressure,
high temperature reactor using readily available components [Fig. 8.1(a)]. The body of the reactor
is composed of a standard CF 2.75" stainless steel nipple. 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 temperatures >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
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Figure 8.1: 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 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 260 = 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,.
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reactor safe for operation with deuterium gas. We use Ca 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. 8.1(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 Ca, the pieces do not change 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. 8.1(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.

8.3 1D Cooling with MOT Chamber as Beamline

Figure 8.2(a) illustrates the experimental setup. The experiment starts with a CBGB source
of CaD molecules, generated through a pulsed Nd:YAG laser ablation on the CaD, target we

produced and buffer gas cooling with He flowed into the cell. The extracted molecular beam
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Figure 8.2: (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 mm x 5.4 mm) 1/e? diameter and
retroreflected 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 A%IT; PV =0,J =1/2, +) «
X?Z*(v" = 0, N” = 1, —). The hyperfine splittings are adapted from Ref. [186]. (c) In-beam
spectroscopy of the transition. The inset shows signal enhancement with rotational closure.
are collimated with a 2.5 mm diameter aperture to 16(1) mK transverse temperature (estimated
with MC simulations as in Sec. 8.4.2) before entering the interaction region where we perform
laser cooling. The molecules then enter the clean-up region and are detected through LIF with
an EMCCD camera. During this experiment, our ultrahigh-vacuum chamber is already set up in
a 3D 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. 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 may be attributed to
differences in crystalline chemistry between the species.

Figure 8.2(b) shows the level structure of the main cycling transition AT, pOv =0,J =

1/2, +) « X22+(v” =0, N” =1, —) used for laser cooling. We are able to locate the transition

in Fig. 8.2(c) within ~200 MHz of available spectroscopic data [187, 188]. The hyperfine splittings
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of the J = 1/2 and J = 3/2 states are adapted from Ref. [186], 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 [66]. 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. 8.2(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%IT; (v =0, J =1/2, +) excited-state
hyperfine levels are unresolved.

Again, a key requirement to directly laser cool a molecule is the ability to continuously scatter
photons at a relatively fast rate (~10° s™!). The 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 [188] and are shown in Table 8.1. 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%I1j (v =0, J' = 1/2, +) « X?E*(y" =0, N" =1, -)
transition, together with a (v = 1) repump laser addressing the A’I1;,(v' = 0, J' = 1/2, +) «

Table 8.1: Measured CaH VBRs and calculated CaH and CaD VBRs [188]. The calculated VBRs
for CaH are in good agreement with our own calculations in Chapter 5 and Ref. [97].

Vibrational CaH VBR CaH VBR CaD VBR
Transition Quanta Measured Calculated Calculated
") (qov) (qov) (qov7)
0 0.9680(29) 0.9820 0.9758
1 0.0296(24) 0.0175 0.0235
A— X
2 2.4(1.8)x1073 4.61x1074 7.18x1074
3 - 2.0x107 3.2x1073
0 0.9853(11) 0.9790 0.9688
1 0.0135(11) 0.0202 0.0295
B— X
2 1.2(0.2)x1073 7.5%107% 1.5%1073
3 - 6.7x107> 1.5x1074
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X22*(v” =1, N” = 1, —) transition. This allows us to scatter around Zi/,zo 1/(1 = VBRgy,») =~
400 photons before populating higher vibrational states. The frequencies of the lasers used are
presented in Table 8.2. The spectroscopy of the A2H1/2(V’ =0,J =1/2, +) « X>Z*(v" =
0, N” =1, —) main cycling transition is done in a quasirotationally-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. 8.2(c)], we fit the spectra to Gaussians with fixed spacing and relative amplitude,
according to the hyperfine splittings obtained from Ref. [186] 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. 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 —1st
and Oth order of the 980 MHz EOM for the (J = 3/2) and (J = 1/2) spin-rotation components,
respectively, and the Oth, +1st, +2nd orders of the 11 MHz EOM for the hyperfine levels. We note
that the +1st order of the 980 MHz EOM is unused in the cooling experiment 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.

Table 8.2: CaD transition frequencies. The uncertainties are ~10 MHz statistical and ~60 MHz
systematic from the wavemeter.

Ground Vv N” J” F” Excited Vv N’ J' Frequency (THz)

5/2 431.140421

3/2 3/2 431.140441

X 0 1 1/2 A 0 - 12 431.140453
12 3/2 431.141437

1/2 431.141425

¥ i ! 3/2  5/2,3/2,1/2 A 0 o 403.852444
1/2 3/2,1/2 403.853423
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The main cooling laser and the repump laser are combined with a polarizing beam splitter
(PBS) and coupled to a single-mode polarization-maintaining optical fiber. They are expanded to
(2w X 2w»2) = (10.8 mm x 5.4 mm) 1/e? diameter and retroreflected 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, 180, 180, 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.

8.4 Magnetically Assisted Sisyphus Cooling of CaD

Figures 8.3(a)-8.3(c) show the molecular-beam profile detected on the EMCCD camera, with
a magnetic field |§| = 1.7 G applied along the y axis in the interaction region. The image in
Fig. 8.3(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. 8.3(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. 8.3(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. 8.3(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)x10% s~!. This number further decreases
in Sisyphus cooling and heating configurations 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 unperturbed beam, as in Fig. 8.3(d). We note that the estimated
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Figure 8.3: 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.
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, +).

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(xX) = A X g0 (X) X (1 = Ah X g5 5 (%)), (8.1)

”

where gy0,(x) = exp(=(x = x0)*/(207)) and g, ;- (x) = ((x = x0)*/og — 1) X exp(~(x -
x0)%/ (20'52)). The parameters A, xo, 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 deriva-
tive 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. 8.3(d).

The characteristic feature of the Sisyphus effect arises from the finite capture velocity v, of the
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Sisyphus force. In the Sisyphus cooling configuration, only molecules with v < v, can experience
the Sisyphus force and get cooled. 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.

8.4.1 Characterization of the Sisyphus Effect

We characterize the Sisyphus effect for the following experimental parameters: laser detun-
ing, intensity, and magnetic field. The Sisyphus effect as a function of laser detuning is shown
in Fig. 8.4(a), taken at |§| = 1.7 G. Here we use peak height change Ak in Eq. (8.1) as a proxy
for the strength, its sign representing cooling (positive) or heating (negative). The Sisyphus ef-
fect 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) x 3.8 MHz
represents the natural linewidth of the main cycling transition and is estimated from Ref. [188].

The relatively large optimal detunings primarily result from the small hyperfine splittings, since
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Figure 8.4: 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.
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at small detunings all the sidebands introduced to address the hyperfine structure of the ground
state compete with each other. Figure 8.4(b) shows the laser-intensity dependence of Sisyphus
cooling (blue circles) and heating (red squares). Laser intensity here is defined as the mean in-
tensity of the Gaussian beam in a 1/ e?-diameter area (P /7wiw2), with only the effective laser
sidebands accounted. We are not able to saturate the Sisyphus effect primarily due to the lim-
ited interaction time, and the scattering rate increases linearly with laser intensity in this regime.
Figure 8.4(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 |§ | ~ 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 canceled 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.

8.4.2 Beam Temperature Estimation

The transverse temperature of the molecular beam is estimated using MC beam propagation.
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 trans-
verse 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 (o = 5.4 mm) gives us
an estimate of 7, ~ 16(1) mK. Next, we perform the same computation but now compare the
calculated beam width to the measured width of the central peak of the Sisyphus cooled profile
[Fig. 8.3(d)], o = 2.3 mm. This provides a rough estimate of the Sisyphus-cooled beam temper-
ature of 2.7(2) mK. We note that this temperature estimate is approximate and only serves as an

indicator of cooling efficiency.
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8.5 Doppler Cooling of CaD

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. 8.5. Because of the large capture velocity of the Doppler force, cooling and
heating manifest as a change in Gaussian width (Ao) 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.
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Figure 8.5: Doppler cooling and heating as a function of laser detuning, A change in the molecular-
beam width demonstrates Doppler cooling (negative) and heating (positive). Error bars represent
the 95% confidence intervals.
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Chapter 9: Conclusion and Outlook

To summarize this thesis, we have extended the technique of laser cooling and trapping to a
new class of molecules, diatomic metal hydrides. The specific molecule we work with is calcium
monohydride, CaH. We have demonstrated 1D laser cooling on the molecular beam. We have also
characterized the additional predissociative loss channel with relevance to laser cooling, according
to which, we have designed a laser cooling scheme that possesses a high enough photon budget that
could facilitate laser slowing and MOT. In the pursuit of the MOT, we upgraded our CBGB source
and observed an unexpected endothermic CaH production in this regime for the first time. With
careful and thorough investigation, we were able to achieve efficient laser slowing with molecules
down to near zero velocities. With every difficulty tackled, small or big, we successfully created a
3D MOT of CaH molecules. We also show that the same technique can be extended to its fermionic
isotopologue, CaD. Laser cooling of the fermionic CaD was demonstrated for the first time.

Looking forward, there is no doubt but hope and opportunities. With CaH molecules cooled
and trapped at ultracold temperatures, a pathway toward ultracold trapped hydrogen is cleared. The
predissociation hurts us in laser cooling, but once we cross the laser cooling phase, which we have,
it can in turn facilitate controlled photodissociation. On this front, we calculated the line strengths
of between different vibrational states between the ground X state and excited A and B states, as
shown in Fig. 9.1. The B state is clearly less diagonal as compared to the A state. An efficient
two-photon vibrational excitation (up-leg at 512.7 nm and down-leg at 1744.7 nm) is identified.
With the predissociative nature of the B state, direct dissociation with a two-photon process is
possible. An ultracold and trapped sample of atomic hydrogen for precision spectroscopy should
be achievable in the next few years. On the other hand, as a new class of molecules to be trapped
at ultracold temperatures, new opportunities open up for ultracold quantum chemistry. Because

of hydrogen, CaH is one of the first molecules that could be treated fully quantum mechanically
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Figure 9.1: Suggested controlled dissociation pathway for CaH molecules. Line strengths (S,,~)
in atomic units for dipole allowed transitions: (a) X*T* (v”) —AZII, ;2 (V') and (b) X 2y
(v"") —B%Z* (v'). The A state potential is more harmonic as is reflected by the diagonal S,,~. The
B state, however, significantly deviates from the diagonal starting around v’ = 4 because of the sec-
ond potential minimum at ~6 aq [Fig. 5.1(a)]. Note that B(v' = 4) has comparable line strengths
between X(v” = 0) and X(v” = 15). (c) Intensity-normalized Rabi rate (Q/VI = /S, /h)
for dipole transitions X (v” = 0) — B(v’) (red squares) and B(v') — X (v = 15) (blue circles).
Around v’ = 4 (shaded points), the Rabi rates are comparable. (d) Wavelengths in nanometers for
optical transitions X (v = 0) — B(v’) (blue circles) and B(v’) — X (continuum) (red squares).
The theoretical energy differences were adjusted by a common offset of 240 cm™! to match exper-
imental data for X (v = 0) —» B(v' =0, 1, 2) transitions [108]. The wavelengths corresponding
to v/ = 4 (shaded points) are 512.7 nm and 1744.7 nm.

in computational quantum chemistry. This new platform will be invaluable for both applications
here. As for now, the experiment is moving toward a direction that could be compatible with both

applications at the same time.
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