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Abstract

Radioactive molecules have remained severely understudied relative to their stable
counterparts, owing to difficulties associated with their radiological hazards and lim-
ited material availabilities. Despite this, their relevancy to many fields including nu-
clear science, chemistry, and astronomy make them attractive prospects for precision
investigations. In particular, laser-coolable radioactive molecules containing octupole-
deformed nuclei such as radium monohydroxide (RaOH) and radium monofluoride
(RaF) promise dramatic sensitivity increases for experiments aiming to measure new
physics originating from fundamental symmetry violations. Before they may be used
for any of these purposes, however, new tools are needed that allow for their safe and
precise study while making them accessible in a university (or similar) setting. In this
thesis, we construct a tabletop cryogenic apparatus capable of studying radioactive
molecules which we produce in-situ from trace quantities of starting material. We use
this apparatus to perform the first spectroscopic observation of a radium-containing
polyatomic molecule RaOH and its deuterated isotopologue RaOD, as well as high-
resolution spectroscopy of the photon cycling transitions in RaF. To prepare for laser
cooling, we develop a protocol to measure the vibrational branching ratios of these ex-
otic species and use it to establish RaF to be among the most laser-coolable molecules
known as of yet. We demonstrate the versatility of our approach by producing and
detecting over twenty different atoms and molecules, ranging from transuranic ra-
dioisotopes to complex asymmetric top molecules. The species-agnostic methodology
employed throughout this work allows its application to a wide class of previously
ignored radioactive atoms and molecules, and makes them accessible to the many

advanced experimental techniques already leveraged in stable systems.
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411

4.12

4.13
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Temperature of the bottom of the 30 K stage as a function of support

bar material and thickness, assuming a 1 W heat load on the bottom.
Copper was included as an example high-conductivity material, with

a thermal conductivity coe cientof: 900.. .. ... ... .... 58
Cutaway rendering and photo of the cell in the same orientation.
Features mentioned inthe textareidentied. . . .. . ... ... .. 62
Photo of the dual-ablation setup employed on the Minifridge. The

beam paths are merged usinga 1 PBS cube before entering the cell.
Each laser path features multiple mirrors to allow for individual steer-
ingonthetargetplate. . . . . ... ... ... . . L 64
Testing the importance of ablation delay for dual-ablation production

of YbOH. Yb metal was ablated with a variable delay relative to abla-

tion of Al(OH)3 pressed powder. Top: Absorption fraction of a probe

laser driving th®&1;11+5%line of the ~2 1.,1000° 2 . 1000°

band in YbOH, which is at 17323.6728 {h04]. The OH reagent

target was always ablatedl atOEach color represents a data set taken

with a di erent delay timing. The bottom plot shows the respective
integrated absorption signals for each of these delays, with error bars
indicating one standard deviation of the integrated values within a

data set. Negative delay corresponds to ablation of metal before OH. 65
Demonstration of chemical enhancement on uorescence signals for
radium mono uoride (RaF). For both traces, we are drivingthet0°

- 2 .110¢transition at 618 nm with a 50 kHz pulsed dye laser and de-
tecting the strong uorescence at 602 nm. At 3 ms after ablation, a
shutter opens allowing roughly 1 W of enhancement light to enter

the cell. When the enhancement light is resonant with the radium

Y(o! 304 transition at 13999.357'crwe see an increase in molecu-

lar uorescence, indicating more molecules were formed. . . . . . .. 67
Example target plates. Target materials shown include: hydraulic-
pressed powders, pure metals, pieces of sputtering targets, dried ra-
dioisotope solutions on gold foil, and radium-painted watch hands,

all of which are described throughout this thesis. Details about the
radioactive targetryaregivenin4.3. . . ... ... ... ... ..., 71
Cut-away diagram showing the methods of optical spectroscopy per-
formed inside a Minifridge cell. Probe lasers may be used for absorp-

tion or uorescence measurements. Reproduced from[84]. . . . . . 72



XXi

4.18 Representative direct DC absorption plots labeled by the type of ab-
lation target. For the atomic signalsl{lid % transition was
driven, at 553 nm for barium and 483 nm for radium. YbOH absorp-
tion was performed on the mairt 1., ~2 . line at577 nm. Each
plot color is roughly the color of the probe laser, as seen by eye. Note
the di erences in time scales we achieved full attenuation of a bar-
ium 1% probe laser for nearly one third of a second, visible clearly by
eye as an extinctionofthebeam. . .. ... ... .. ... .....

4.19 Representative uorescence traces labeled by the molecule being stud-
ied. Heights are scaled to account for the di erent PMT gains used for
di erent wavelengths. For all traces, we were exciting the molecules
with our high-repetition rate pulsed dye laser at 50 kHz. To make
YbOH, we ablated both ytterbium metal &WDOH°3; pressed pow-
der, and did not use any chemical enhancement light. We excited the
main line at 577 nm and detected the o -diagonal decayvb tla
stretch at 595 nm. For RaF, we produced molecules by co-ablation
of the radium drop cast target witGaF, pressed powder target in
the presence of 1 W of chemical enhancement. For this uorescence
data, we drove the? - 10° - 2 .10°transition at 602 nm and
detected the decays down to - 11°at 618 nm. The nal (green)
trace shows the signal when our laser is o resonance of the YbOH
transition, where the early time signal is still visible due to ablation
glow. Note that the pre-ablation background is greater for the RaF
trace than for the YbOH and o -resonant trace; this is due to the
increased light leakage of the pulsed dye laser through the PMT lters
atthe RaFwavelengths. . . . . ... ... ... ... .. .....

4.20 Laser-induced uorescence of BaOH observed by a sCMOS camera
pointed at the light collection window. Gain has been increased in
software to make the uorescence visible. We probed the
~2 . main line at 12043.493%1(830 nm) and observed the decay
between these same two states. Optical Itering cut out most of the
ablation uorescence, as demonstrated in the o resonant image.

73

75
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4.21 Cameraimage for a single data shot showing bright streaks of laser
scatter o of macroscopic ablation dust. The molecule uorescence
band is visible like in Figure 4.20, but is overwhelmed by the nonres-
onant laser scatter. O -diagonal detection with appropriate optical
Iteringwould xthisissue. . . .. ... ... ... ......... 75
4.22 O -diagonal decay in YbOH observed by imaging on a ber-coupled
spectrometer. The strong 577 nm probe light was optically Itered
out, allowing for detection of photons from the decay to the ground
state Yb O stretchvibrationat595nm. . . ... ... .. ... .. 76
4.23 Dispersing the uorescence from ablation on a ber-coupled spec-
trometer. Data was taken in a few con gurations of BaOH ablation.
Top: Ablating theAl!OH°3; pressed powder co-target but not the bar-
ium metal. Middle: Ablating the barium metal but not the co-target.
Bottom: Ablating both targets. Broad peaks are found at a signi cant
portion of the visibile spectrum, hinting at the origin of the nonres-
onant glow that we observe. A 532 nm longpass Iter was used in
front of the ber coupling side of the spectrometer to Iter out the
intense ablation laser light. The observed lines correlate quite well with
the strong transitions in neutral barium see [109]. Many of these
lines originate from transitions between two excited states, rather than
throughthegroundstate. . . . ... ... ... ... ........ 77
5.1 Visual comparison of the quantities of material we have available to us.
Left: photo of the vial containing 1 mg of radium-226 in the form of
226Ra(N0s), salt, abou20 100 times more material than we use in
a single cell. The white speck is smaller than a grain of ne sand and is
resting in the tip of the v-vial. Radiation damage has turned the glass
brown, obscuring the material. Right: target plate for one of our other
sources showing three black Yb + YbEpssed powder targets
and a chunk of pure ytterbium metal. Total mass of ytterbium on
this singular target plate is just under 1 g over 1000 times more than
the amount of radium we distributed across 30 cells. Photos taken by
Phelan Yuand Arian Jadbabaie. . . . . . ... ... ... ...... 80
5.2 Photos of the cold trap region of the cell gas lines. A styrofoam cup
containstheliquid nitrogen. . . . . . . .. ... ... ... ..... 84
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Updated gas handling manifold for accommodating radioactive ma-
terial. The red highlighted valve is the normally closed valve. load
is the load lock volume. Figure inspired by the one made by Nick
Hutzler fortheradiumSOP. . . . . . . . . . . ... ... ... ... 86
Photos of some of the radium-painted watch hands. Note that they
are no longer glowing not because the radium has decayed, but rather
because the crystal structure of the zinc sul de phosphor has degraded
after being bombarded by radiation forsomanyyears. . .. ... .. 88
The rst ever radium target plate, showing the ve radium-painted
watch hands epoxied to the plate with Stycast. Before attaching the
targets, we electroplated the copper target plate with pure gold (see
Section 5.2 for discussion). We also pocketed out two wells, seen on
the bottom left and underneath the watch hands. These wells were
unused. . . . . . e e 89
Early traces showing resonant absorption éf gHe 3% transition
in 22°Ra while ablating radium-painted watch hands. At most, we
were able to observe around 0.5% absorption of the 13999.357 cm
laserlight. . . . . . . . . . .. ... 90
Before and after photos showing the ablation of the radium-painted
watch hands. Note that the layoutis di erent as this is from the second
radium target. The arrow points out a part of the watch hand that
appears to have been completely blown out of the frame, potentially
contributing to the inconsistentatomsignal. . . . . . ... ... .. 91
Photo of the glass ampoule containing our 10 uCi sample of radium-
226 chloride in 500 pL of solution. The meniscus is visible below the
printedlabel. . . . . .. ... .. .. ... . 92
Tests of electroplating copper with various metals. Left photo shows
the base layer, where we electroplated either 24 K gold, nickel, or 24 K
gold onto nickel. All of these were then electroplated with pure gold
(which appears as a dull brownish color rather than shiny) and tested
with a barium solution. The photos on the right show the degradation
of the wells where the solution was added, including a reaction leading
to some green crystallization. These tests also show the strong co ee
ring formed by these spherical wells. Two of the wells have foils pressed
in them which we were also testing atthetime. . . . . ... .. ... 94
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5.10 Photos demonstrating four qualitatively di erent radiolysis e ects on
our early targets. On plates with co-targets attached, the radium drop
cast target is always in the center. Top left: formation of a crusty blue-
green surface layer via the reaction of the radium chloride solution
with pure copper. The color indicates the formation of either copper
chloride or copper hydroxide. Top right: likely the formation of copper
uoride, owing to our use of a te on beaker for pre-evaporation of
the radium chloride solution, which almost certainly leeched uoride
ions. We believe copper uoride to be the resultant material because of
the lighter green coloration and the fact that this was not observed in
tests without the pre-evaporation. Bottom left: similar to the top left,
but with a much more crystalline structure, possibly copper hydroxide
or chloride again. Bottom right: radiolysis of pure gold foil, likely
forming gold chloride (lighter yellow region inside the larger gold c&tle).
5.11 lllustration of the formation of co ee rings in drying droplets. Contact
line pinning, a phenomenon which locks the edge of the droplet in
place through the evaporation process, leads to a net outward ow
within the droplet as the liquid that evaporates near the contact line
needs to be continually replaced. This ow results in accumulation of
dissolved particles at the edges, leaving behind a ring of material when
thedropletfullyevaporates. . . .. ... ... ............ 99
5.12 Photos showing the rhodamine dye tracer test on the various alumina
substrates. Starting from the top left, the materials follow the order
of Table 5.1 row-wise starting from the top left, except for the very last
aerogel which is the hydrophobic variant. Note the visible co eering
made from dye on the nonporous alumina. . . . . ... ... .. .. 102
5.13 Accompanying photos for Table 5.2, showing some of the di erent
concentrations of sucrose and xylitol tested as matrices. Note that,
despite their re ective sheen, all of these targets have been drying for a
long time and are quite immobile atthispoint. . . . . ... ... .. 105
5.14 Photo of a representative radium target with xylitol. The thick gel
(center) is extremely viscous and does not move under the e ects of
gravity, allowing us to handle it and install it into the cell, where it
may remain suspended for weeks without movement. It appears to
be wet because of the glare, but has been drying for at least a day. For
reference, the diameter of the gold foil is 5/16 , made by a hole punch. 107
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5.15 Photo of a Yb #b*OH?%; pressed powder target that has been re-
moved from one of our other sources. Initially, these targets look like
at pucks (see Figure 5.1). When the ablation laser is steered by hand, as
was the case here, the resulting inconsistencies in the ablation locations
are immediately visible. Photo from Arian Jadbabaie. . . . . . . . .. 108
5.16 Still from the camera feed we use to align the ablation lasers. The
reagent co-targets are clearly discernible, especially with a reference
photo of the target. The two ablation laser beams, ring at very low
energy so as not to actually ablate any material, are visible. The laser
to the right is steered across the edges of the drop cast radium target
(center-right, dark oval) to establish the bounds for our automated
rastering program. . . . . . . ... e e e e e 109
5.17 Traces showing the fast chopping demodulation process on a represen-
tative uorescence signal for RaOH. Top: All PMT data shown. The
bump in the lower edge of the data arolsid 2 ms corresponds
to ablation glow, which varies signi cantly from shot-to-shot; if we
just integrated this data, the glow would lead to a false signal. Middle:
Splitting the raw data into three regimes corresponding to when the
probe is on or o, or when the AOM is switching between the two.
This switching data is thrown out for the analysis, as the magnitudes
in this switching region depend on how the AOM switching is aliased
into our data collection, and thus varies shot-to-shot. Bottom: Signal
obtained by subtracting the signal on trace from an interpolated
version of the signalo trace. We integrate this subtracted trace to
obtain our uorescence signalforthisshot. . . . . . ... ... ... 111
5.18 E ectofnormalization on aset oflinesin RaF. The lines shown are the
%om 41 0= 2¢50and™& 1,1 PO= 1e5°transitions in the 2 - 10°
- 2 . 10°band, where 0 o setinthe plots corresponds to 16609.4665 cm
Without normalization, the hyper ne doublet (indicated by dotted
lines) on the P-branch is not cleanly resolved. The lineshapes are also
better de ned in the normalized case, leading to more precise ts. For
this data, normalization was performed by drivingthgt0+5°line
of the - band at roughly 13284.6370 camd collecting the
diagonal uorescenceonasecondPMT. . . ... ... ....... 113
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5.19 Diagrammatic representation of the methods of normalization em-
ployed in our work. (a) Atomic normalization on thé ®Raransi-
tion. Laser absorption of the 483 nm light is detected on a photodiode,
while molecule uorescence from the chopped CW probe is detected
on a PMT. (b) Interspersed pulsed dye and chopped CW normaliza-
tion. Either laser may be used as the probe or normalization signal
depending on the desired resolution of the measurement. (c) CW nor-
malization with only one PMT, achieved by temporally interleaving
the two chopped CW beams. (d) CW normalization with two PMTs,
where the optical Itering for each PMT only admits the decays from
one ofthe probe transitions. . . . . ... ... ... ........ 114
5.20 Uncorrected scan of tRéRal(, ! 1 % transition at 483 nm.
Fitting this data to a Voigt pro le gives a measured line center of
20715.6011(1)crwhere values in parenthesis correspdrid to
errors. By accounting for our absolute wavemeter o set we report an
updated transition frequency of 20715.6028tL)cm . . . . . . . 115
5.21 Saturated absorption (Doppler-free) scan of a few lines in molecular
lodine. Green points are data, and dotted lines are the predicted |
spectrum from I0Spec5, a program based on measurements in [139].
This frequency range was chosen because our laser was already tuned
tothel(o! ! % transition in barium at 553 nm. The dotted peaks
correspond to the same transition, and the o set between the two is
used to calibrate thewavemeter. . . . . . ... ... ... .. .... 117
5.22 Level diagram for RaOH, showing wavelengths of relevancy to this
data. Values for thestate are approximate as the main line has not
been rigorously identi ed yet. Numbers separatedulcate the
wavelengths of decays to botir@&tates. . . . . . ... ... ... 118
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5.23 Low-resolution survey scan data showing the initial identi cation of
RaOH band. The entire scan, which took one afternoon to perform,
is shown in (a), highlighting the region of high uorescence intensity
near 15740 cm Raw data for highlighted points at 15740.5and 15711.3
cm?! are shown in (b) and (c), respectively, showing the early-time
uorescence due to nonresonant glow. Magenta (blue) points are
when the laser is unblocked (blocked) through the cell, and black is
the switching region between the two. The modulation frequency is
only 1.5 kHz as this data was taken using a mechanical chopper wheel
instead of an acousto-optic modulator as in later data. Traces (d)/(e)
show the background-subtracted signal of (b)/(c), emphasizing the
excess uorescence present at early time when the laser is resonant and
passing throughthecellin(b). . . . . .. ... ... ... ...... 119
5.24 High-resolution scan of RaOH? - 1000° -2 .1000° Data
was normalized using our pulsed dye laser signal to account for pro-
duction uctuations. Colored insets show zoom-ins on speci ¢ data
ranges, emphasizing the good lineshapes with strong SNR. Not all of
the range was scanned; once we had located enough lines to accurately
predict the progressions, we stopped measuring in regions where no
lines were expected so as not to waste our limited material. To see a
version of this plot where the rotational branches are explicitly shown,
seeourpublication[84]. . . . . . ... ... ... 120
5.25 Initial survey scan of the RaOH -~band near 782 nm. To achieve
30 GHz linewidth in the infrared range, we broadened a Coherent
899 Ti:Sapphire laser according to the methods described in the text.
Regions of excess uorescence were identi ed around 12782 cm
only 16 cmh away from the predicted value [70]. The plot on the
right shows the highest-SNR single shotfromthescan. . . . . . . .. 123
5.26 Medium resolution scan of RaOH -~near 781 nm. As mentioned
in the text, our repeated measurements could not corroborate the
excess uorescence indicated by the low resolution scan, but a number
of shots showed signal near 12806. drhe plot on the right shows
the highest-SNR single shotfromthescan. . . . ... ... ... .. 124
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5.27 Medium-resolution 0+07 cm? ) pulsed dye spectrum identifying
the band head and coarse features in RaOD. Black overlaid lines are the
predicted spectrum at the recorded linewidth and temperature of 7 K.
Red lines are the prediction for RaOH, which we observe because of
hydroxide residue in our target materials. The grayed region to the left
is believed to be thel00°  -*100° vibrational overtone in RaOD,
which is expected to be redshifted from the main line by 4cm 126
5.28 High-resolution spectrum of the low-N region in RaOD, identifying
the 31 lines used in the Hamiltonian t. Phé# ©= 4° line was
not scanned. The-branch# ®= 6 doublet from this spectrum is
enlarged on the right, overlaid by the Voigt pro le ts that were used
toextractlinecenters. . . . ... ... ... .. L. 126
5.29 Plots showing e ects identifying this molecule with RaOD. Left: His-
togram of RaOD uorescence signals while ablating hydroxide and
deuteroxide co-targets. A strong line in the RaOD spectrum was
probed asthe reagent ablation laser was switched betwE@Dhe
andAItOHC; pellets, resulting in a uorescence signal only when va-
porizing the deuterated target. Right: Time trace for representative
uorescence signals when our enhancement laser was on and o res-
onance with thé% transition at 13999.357cnin both cases, a
mechanical shutter opens at 3 ms to allow the light to enter the cell,
showing the signal enhancement achieved when this laser is resonant
withthe transitionif®®Ra. . . . . .. ... ... ... ....... 127
5.30 Al(OHjprecipitate. . . . . . . ... .. ... .. 129
5.31 Aluminum deuteroxide powder after drying in the vacuum oven and
crushingwith mortarandpestle. . . . . .. ... ... ... ..... 130
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°H magic-angle spinning NMR spectrum con rming synthesis of
aluminum deuteroxide powder. The two peaks g¢dHz form
a Pake doublet correspondingtothe 1 ' 0 and = 0!
1 transitions in deuterium, which are split into narrow sidebands
separated by the magic-angle spinning frequency of 6 kHz. (b)
NMR of synthesized Al(OR)gainst commercial Al(Of)The
integrated signals indicate that the synthesized sample is roughly 5% H
instead of D, likely owing to uncontrolled ambient humidity during
synthesis. (éJAl magic-angle spinning NMR of both samples (o set
for visibility), demonstrating structural agreement between the two.
This data was taken by Sonjong Hwang, who also greatly assisted with
theinterpretation. . . . . .. .. .. ... ... .. ... ..., 130

5.33 Level diagram showing the relevant states and transitions in RaF. Ar-

5.34

rows indicate driven transitions, which might have also been used for
uorescence detection, and wiggly lines indicate lines only used for
uorescencedetection. . . . . . ... ... 131
Measurement of the lowtines on the RaF - transition. The

% 11+5°cycling line is isolated enough to establish a clean line cen-

ter, which we referenced to the potassium D2 transition [144]. The
other cycling liné& 1,10+5°unfortunately overlaps with the (stronger)

% 12+5%ine, which is the peak around 13284.635aswell as a clus-

ter of% lines at around 13284.645 cifihe right panel data points

show our scan over the potassium D2 line, with the curves below repre-
senting the six hyper ne transitions and their relative intensities. The

sum of these were used to tthe measured D2 line shape to determine

the center frequency and extract a wavemeter o set, which is applied
tothe RaFdataontheleft. . . . . . .. ... ... ... .. ..... 132

5.35 Resonantabsorption signals for RaF arourtd#i#e5%and”®. ;51 0¢5°

lines. Using Eq. 5.1, we convert this laser transmission dip into an
approximate molecule density, where this number refers to just the
density of molecules that are in this e8¢t 2 rotational state.

Using the proper Boltzmann statistics assuming thermalization with
the helium bu er gas at 7 K, this means a peak total molecule density
of 4 10 8cm3 . . . ... ... 133
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Single-shot uorescence signals fromdrivingthe RaCt1e - 2 .10°
transition with pulsed dye (Credo) excitation at 15646 .5d@tect-

ing the strong 2 - 11°!- 2 .11° yorescence around 649 nm.

Data collection stopped after 20 ms, but clearly the signals continued
pastthispoint. . . . . . ... ... . ... . ... . .. .. 135
Scan of the RaCl? - t1° - 2 .10°transition with pulsed dye

(Credo) excitation. The vertical line is the location of the predicted
band head from [147]. The band head according to the 1972 data is
not shown, as itis at 15639.4 cifhis data was normalized against

the co-recorded Réa absorptionsignal. . . . . ... ... ... .. 135

6.1 Top-down diagram of the dual-PMT setup. Red and orange wiggly

6.2

6.3

lines represent uorescence from di erent vibrational decay modes,
originating from molecules probed inside our cryogenic bu er gas

cell. Optical Itering is generally chosen to allow one decay into each
PMT, but this does not need to be the case only that the two PMTs

have distinct wavelength-dependent light collection e ciencies. The

plot inset is an example of a simultaneous PMT trace for a single
shot in CaF, measuring the decays ft@&H= 0°to -:E®= 0° and

-1E%= 10in orange andred, respectively. The raw PMT values cannot

be compared directly as the gains and light collection e ciencies are
dierent,asdescribedinthetext. . . ... ... ........... 140
Photo of the dual-PMT implementation on the Minifridge table. In

typical operation, light-blocking foil is placed all around the setup to
prevent leakage from room lights and lasers. Note that the orientation

of the PMT that detects the re ected uorescence from the 50/50
beamsplitter is ippedrelativetoFig.6.1. . . . ... ... ...... 141
Calibrating the picko power for the diagonal decay light scatter mea-
surement. The slope gives the factor that converts from measured
picko power to true experimental laser power. DC backgrounds,

such as electrical o sets or ambient light leakage, have been accounted
for. . e 144
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Example of the determination of the light collection e ciency for both
PMTs at the on-diagonal frequency, according to Eq. 6.5. The slope
gives the combined e ciency tergYg! 752 nmeU Each color repre-
sents a di erent con guration of laser power attenuation achieved by
swapping neutral density Iters. The optical Iters for PMT 2 should
allow the on-diagonal light, while those for PMT 1 are intended to
block it and only permit the light around 778 nm. Note that the laser
power may vary by a signi cant amount within a set of data, empha-
sizing the need for coincident power monitoring. . . . . . ... ...
Side-by-side comparison of the raw PMT signals for one single ab-
lation shot of the RaRE = 0° -1E = 0-1° 1¢1¢1¢p branching

ratio measurement. Note the dramatic di erence in vertical scale,
to the point where we are almost at the electrical noise oor on the
E = 1channel. Still, there is a discernible signal. This data will be
background-subtracted and integrated to obtain the two Signals
andsS,, whose ratio relates to the ratio of VBRs, determined in Eq. 6.7
for this experimental con guration. The spikes oEthedchannel

are due to laser power jitter, which does not couple into the analysis. .

Plot of every simultaneous data point taken during the branching ratio
measurement. The x-axis corresponds to PMT 1 looking at the

o -diagonal decay, and the y-axis i€tleDon-diagonal signal seen

by PMT 2. This is before correcting for the on-diagonal leakage into
the o -diagonal signal channel (see text for discussion). Each di erent
color is a data set taken at a di erent probe laser power, showing how
the behavior is linear with the same slope regardless of laser power.

146

147
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Measurement of thig);*1 oo ratio for the rst excited state in RaF,
yielding a value of 0.00044(16). Data was taken over the course of
multiple days under di erent experimental conditions and remained
consistent. The red horizontal line is the mean, with the shaded region
indicating one standard deviation. The values shown include the
correction for the leakage of the diagonal decay light into the o -
diagonal channel, obtained from a linear tasin the right side of 6.4;
the uncertainty of this twas treated as a possible systematic error and
plotted here as the error bars, multiplied by 3 to giveange. The
systematic uncertainty from the errors from the diagonal e ciency
measurementsis also included, butis smaller than the size of the points.
This plot does not include every data point; see the section cuto
analysis for discussion on how this data was post-selected. . . . . .
Histogram of all the data taken in the RaF XsA1 o branching
ratio measurement, after applying the signal cuto . Top: Each power
plotted separately. If enough points for a power remained, the set
was tto a gaussian distribution, with resulting center and standard
deviation shown. Bottom: All powers summed together in a single
histogram, where the gaussian tresults are printed in the plot. From

the standard deviation f, the standard error fis calculated. . . . . . 149

Picking a cuto for the full dataset shown in Fig. 6.6. The top plot
shows the minimum of the standard error for the sample, achieved at a
threshold value of 846 (vertical line). The piecewise-looking jumps at
the right are caused by a lack of data points between these high cuto
values. Bottom shows the mean o€l oo ratio (green center line)

as a function of the cuto , with the standard error at each point given
as the red error bars andifiestandard deviation by the light blue sges0
Analogous plot to Figure 6.7 but for the YbOGBO0° state decay-

ing to-t200° and :12-9°. A slight trend seems visible in the data
but appears to correlate with shot number more than laser power, as
the measured values are relatively continuous at the switching points
between data sets. We observed trends like this in a handful of measure-
ments, but were unable to pin down an unambiguous cause as there
was no way to force it to occur or not. Still, with enough data, the aver-

age seems to converge to a value that agrees with other measurements

to within our experimental uncertainty. . . . . . ... ... ... .. 152
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6.11 Measuredpi*1gpratio forthe RaF - band as a function of input
laser power, demonstrating approximately no correlation between
the extracted value with laser power. The purple horizontal span
represents the standard error of the full sample, takené:sfor
= data points. Both apparent outliers on the low side hadhta
points after the cuto was applied. Error bars represent the standard
error of each individual sample. Some of the samples had few data
points, so an unbiased estimator of the standard deviation was us&83154].
6.12 Measurement of tHig,*1 oo branching ratio for RaF. The results are
consistent with zero, with larger error bars than previous measure-
ments owing to the reduced measurement sensitivity at these wave-
lengths and the fewer data points taken. None of the single-shot data
showed any signalinthe E =2decaychannel. . . . . ... ... ... 154
6.13 Similar branching ratio plots as above but for the measurement of
lor*looforthe 2 ;,1- 2, bandinRaF.Insetemphasizesthe
lack of dependence of the resulting value on the probe laser power, as
expected. See Figures 6.8 and 6.11 for moredetails. . . ... ... .. 156
6.14 Level diagram summarizing our measurements of the vibrational
branching ratio$gpmoin RaF. Also shown are the wavelengths for
the laser cooling line at 752.7 nmE&fk 1 vibrational repump line
atel8.3nm. . . ... 157
7.1 Before (left) and after (right) photos of epoxying on a chunk of pure
barium metal (right above dark blue circular co-target). Even though
the metal had a protective oxide layer, the presence of water vapor in
the air resulted in the formationBdOH% powder, the majority of
which was no longer rigidly attached to the target plate. . . . . . . . 160
7.2 Reagent co-target testing to identify a suitable solid-state hydroxide
source. Because the data was not taken in a rigorously systematic
way, the bars show only the maximum signals achieved with each
reagent; the telluric acite OH%) and aluminum hydroxide tar-
gets performed roughly equally. Aluminum hydroxide is signi cantly
cheaper and possesses no safety hazards, making it the easy choice. . . 161
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Testing various con gurations for producing BaF. Data between the

two plots are normalized tothe No enh. signal, referring to molecule
production without enhancement light. The left data focused on co-
ablation targets, where the line driven we-a739648m* [159],

where we detected the diagonal decays dewePtoData for the

right was obtained by driving the lind2262+835 cmi [160] and

detecting the o -diagonal decaysit® . Normally this detection

scheme is weak, but BaF is suitable non-diagonal such that many of

the decaysaretothis-11°state. . . . . ... ... ... .. ..... 162
Left: chemical structures of the reagents tested for producingCaNH

Right: the target plate used for amine reagent testing, showing the four

di erent pressed powders. Ethylenediamine is commonly abbreviated

to en when represented as a ligand. The target at the very center is the
Cak, sputtering target used as a source of calcium atoms. One point

of note is the extra crystals on the edges of the urea target these were

not present when the powder was initially pressed, but did not seem

to drastically alter the structure or quality of the targetas areagent. . 165
Single shot and scanning data for CaMHile ablating the urea co-

target, which seemed to yield the best signals. Left: Demodulated
single-shot data showing the excess PMT signal when the CW light

Is on, corresponding to molecule uorescence. Right: Scan around

the resonant frequency reported in [164] forthe; ~2
transitioninCaNBH. . . .. ... .. .. .. ... .. ... ... 166
Averaged CaNH uorescence signals as a function of ablated reagent,

at two di erent operating temperatures. In both cases, the urea co-
target is the most successful. Error bars are the standard deviation of
the sample values foreach co-target. . . ... ... ......... 167
Before-and-after overnight drying of the lanthanide trichloride co-
targets on a radium-containing target plate. Note that the photos are
inverted from left to right; the blue Cufarget is visible on both

panels. a) Prgtan be seen in bright green (bottom left) and jdCI

in pink (left). The stickiness is partially observable as a sheen on the
targets. b) Next morning, the lanthanides had completely melted,
leaving a liquid layer on the surface of the target plate. The drop cast
radium was partially covered and the plate was deemed unsafe to install,
rendering itradioactivewaste. . . . .. ... ... ... .. ..... 169
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7.8 Single-shot and scan data for pulsed dye excitation of calcium chloride,
produced by co-ablating a calcium uoride sputtering target with a
pressed powder of silver chloride (AgCI). The single-shot data cor-
responds to the point on the scan with the largest integrated signal.
Signal-to-noise ratio for this point is included inset in the scan trace. . 170

7.9 Single-shot and scan data for pulsed dye excitation of calcium iodide,
produced by co-ablating a calcium uoride sputtering target with a
pressed powder of silver iodide (Agl). The single-shot data corresponds
to the point on the scan with the largest integrated signal. Signal-to-
noise ratio for this pointis included insetin the scantrace. . . . . . . 171

7.10 Left: Fluorescence scans of some lines in uranium monoxide (see text
for details), showing two lines recorded at high resolution. Right:
Tests of various ablation co-targets in producing UO. The co-targets
are: alumina ceramic, aluminum hydroxide pressed powder targets,
thoria ceramic, and none. In the no co-target example, we believe the
oxygens to be sourced from the extreme degree of oxidation of the
pureuraniummetal. . . ... ... oL 172

7.11 Scan of the hyper ne lines on tR&Np ( = 5¢2) 61 1., | 81 g,
transition at 607.5 nm. Lines are labeled by the ground and excited
hyper ne sublevel® 9 Onlythe = 1-0 transitions were
observed, asthe= ;1 transitions are expected to be a factor of 10
weaker. Inset shows typical line shapes for each of these transitions. . 173

8.1 Representation of the principle of magnetic shielding, using simu-
lations from a three-layer nested square shield design. Region (A) is
outside of the shields and (B) is inside (where the experiment would
occur). The lines incident from the edges of the image represent the
ambient magnetic eld lines, de ned in this simulation to be applied
from left to right, which preferentially travel through the high per-
meability material rather than inside to the experimental region. A
zoom-in on the thin shielding material in (C) shows a densely-packed
collection of eld lines, owing to the fact that they do not terminate,
but rather travel through the shields and out to the other side. A few
lines are visible representing eld leakage through the outer layer of
shields, but these are further redirected by the subsequent layer. . . . 179
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8.2 Approximate maximum acceptable background magnetic eld levels
for an EDM-style measurement as a function of evolutiorgtime
The magnetic dipole moment of the molecular state undergoing the
measurementwas taken to beThe inset shows the limits for shorter
times, of particular relevancy to molecular beam experiments. . . . .
8.3 Diagrammatic representation of the principle of magnetic circuits,
showing the advantage of adding additional shielding layers in attenu-
ating an external magnetic u¥y: (A) shows the analogous magnetic
circuit for a single layer of magnetic shielding, while (B) shows the
circuit for a two-layer magnetic shield separated by a gap. The pattern
may be repeated for arbitrarily many shield layers. Sudxdeniptes
the shield, with a further subscript indicating which shield, follow-
ing the notation that the numbering increases from the inner layer
outwards. gap refers to the air gap between the shielding layers, and
int to the interior region where the experiment takes place. . . . . .
8.4 Photos of the shield assembly before and after installation of the three
layers of mu-metal magnetic shields. Left shows the nested frame,
while right shows the completed setup with degaussing coils. . . . . .
8.5 Rendering of all of the shield plates, with an example plate expanded
(left) to show detail. Central bores in each plate allow laser or vacuum
access, while small holes lining the perimeter are used for mounting to
the aluminum frame. Slits near the corners are where the degaussing
coils are wound. The shields are slightly asymmetric, as seen by the
depth of these slits the top and left edges of the enlarged shield
have slightly deeper slits, indicating that the plates are longer in these
dimensions, allowing them to overhang on the neighboring plates to
cover the corners better when fully assembled. The small pieces on
the bottom plates and endcaps are used to connect between the split
plates to ensure magneticcontact. . . . . ... ... ... ......
8.6 Diagrammatic representation of the degaussing coils for a single layer
ofthe shielding, using a simpli ed cube as a stand-in for the rectangular
prism of the shield. Each colored line is a coil wound 24 times around
the plate at those locations. The resulting elds generated by sending
AC current through these wires are shown as arrows on the right,
where circulating paths around the shields in two directions allow for
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Attempt at representing the connecting wires diagrammatically with
dotted lines. The right gure shows just these connecting wires. Once
the currentreaches OUT, it returns via the same connectors back to
the IN. Colors of the dotted lines attempt to show the color of the
coilwhichthelineis connectingto. . . .. ... ... ........ 189
Comparing di erent simulation setups to test their consistency using
adummy 24 x 24 (x 48 for 3D) model shield. 2D and 3D refer

to the dimensionality of the simulation, with 2D simulations being
considerably simpler and faster to implement. BC refers to boundary
conditions, where the shields are modeled in COMSOL as in nitely
thin sheets and the e ects caused by their nite thickness are handled
by the magnetic shielding module. FT means nite thickness, where
the shields were modeled as magnetic materials with an explicitly con-
structed thickness to benchmark the BC module within COMSOL.
The comparisons were performed at a range of applied magnetic elds
to test whether they would capture saturation behaviors the 3D sim-
ulation would not converge at 100 G due to a lack of computer ma®ry.
Comparison of shielding factors at the center of a 4-foot-long single-
layer magnetic shield, with thickness 2 mm and no apertures, as a
function of applied magnetic eld in Oersteds, where in free space

1 Oe 1G. The square prism shape has other side lengths of 2 feet
each, while the cylinder was chosen such that the diameter fully en-
closed the square, meariihg 2 pi. As such, the cylinder shielding

Is slightly worse than the square prism, likely owing to its larger size.
The calculated value comes from using Eq. 8.3 for this cylindrical ge-
ometry, usinga 8 10 4. Discrepancies between this calculation
and the simulation are likely due to slight variations in the permeabili-
ties used in the simulations, which were taken from the curve
provided from the mu-metal manufacturer. . . . . . . ... ... .. 191
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8.10 Plot of the simulated shielding factor for a 2' x 2' 2D square shield with
thickness 2 mm, given an applied external eld of 100 mG (below the
saturation value). The dotted lines show the asymptotic value with
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previous plots. Left is a photo of what this strip might look like in
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Images: the same target plate, before and after the addition of the

ablation co-targets. Left: the xylitol-doped radium nitrate solution

is fully evaporated in the center of the gold foil, even though it looks

like a liquid droplet (the plate is being held vertically and the material

does not move). Right: the ablation co-targets. Clockwise from top:

Yb metal chunk, Yb powder-doped Al(@QHI(OH)3, Cuk,, and

Al(OD)3 . . . e 219
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The universe is true for us all and dissimilar to each.

Marcel Proust, La Prisonniére, from In Search of Lost Time

Chapter

Introduction

In 1903, Marie Sk®odowska Curie defended her doctoral thesis Recherches sur les
substances radioactives, which detailed her discovery of the element radium and its
characteristic phenomenon of radioactivity; less than six months later she received
the Nobel Prize in physics. Itis under these auspices that our work here begins.

Immediately after its publication, radioactivity marked an intersection between the
various scienti c disciplines, as each took to describing how this novelty twithin
their respective framework of the natural world. Radium (and its associates) presented
new concepts in need of understanding, new laws in need of formulating, and new
equations in need of deriving. It did not take long for the descriptions to catch
up, making radioactivity more-or-less a solved problem, and radium just another
element.

The science of today looks a little di erent than it did in 1903. Our physical models
have proven themselves so accurate as to correctly predict the outcome of certain
measurements to within 0.0000000001% agreement [1]. At the same time, they fail
under basic scrutiny when it comes to some fundamental questions, such as the origin
of matter in the universe and the nature of the missing mass and energy which we
deem dark. Thistension is unnerving how can our description of the universe

be so successful in parts, while clearly being incorrect or incomplete in others? With
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no recent surprises to revolutionize our theories, we have taken to looking inward at
what we already have.

Experiments allow us to stress test our models in an attempt to nd faults in their
predictive abilities. These faults manifest as a disagreement between theory and
observation, where the nature of the disagreement either allows for modi cation of
the theory or guidance towards the source of unexpected behaviors. To push our
sensitivity to any faults, these tests must occur at the extremes of energy, precision,
or both. Perhaps the most famous examples of extreme energies are those created in
particle colliders, which have been instrumental in validating certain predictions (as
with the Higgs) as well as prompting new ways of thinking (as with the development

of quark theory).

Achieving high precision requires working with simple systems, free from the com-
plicating e ects of the environment or many-body interaétibhne most precise
experiments utilize elementary particles electrons and nucleons and the atoms

and small molecules they comprise. Lasers or other forms of electromagnetic radiation
can probe these systems remotely and cleanly. With these types of measurements,
fault- nding happens at the microscopic level, where theories are compared against
measurements to fractions of a percent in the hopes of identifying where any devia-
tions occur.

The goal then becomes designing an experiment that allows for precise measurements
atextreme energies. Inthe lab, achieving these extremes requires careful engineering of
macroscopic systems, where desired goals run up against practical materials considera-
tions, sometimes in insurmountable ®dgstead, let us reexamine what constitutes

a laboratory ; if we want to study behaviors inside intense electromagnetic elds, for
example, why don't we look for where these environments already exist, rather than
try to create our own?

Following this line of thinking brings us back to simple atomic and molecular systems.
The region immediately surrounding an atomic nucleus can be considered one of
the most energetic electromagnetic environments in the universe, with such little
separation between the charged electrons and protons as to generate electric elds
many orders of magnitude stronger than the largest ones possible in the lab. In these

This is, of course, a simpli cation of the truth. Many-body systems can be studied extremely
precisely as long as their respective interactions are understood well enough.

2For example, there are fundamental limits as to the strength of electric elds that can be applied
in the lab, where exceeding these limits results in the breakdown of air or the materials generating the
elds.
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strong elds, the low-mass electrons obtain signi cant kinetic energies, where evenin
hydrogen one needs to consider the relativistic corrections to the electron's motion.

In heavier nuclei the electric force only gets stronger, and related energy scales even
greater, with inner-shell electrons achieving velocities over 50% the speed of light [2].
And we don't have to engineer an impossible apparatus or travel to the center of a
neutron star to nd these behaviors they exist in the same atoms and molecules
that we can already study so precisely. In these exotic, heavy nucleus systems, we have
found our laboratory for pushing our theories to their limits. As it turns out, the
heaviest, most extreme nuclei are all radioactive.

Through this circuitous route, we have re-motivated research on radioactive atoms
and molecules, bringing us right back to the turn of tHe@0tury. However, in a

subtle but important contrast, these unstable species now interest us not so much as
a subject of study, but as tools with which we can probe the inaccessible parts of our

theories.

Astronomy, nuclear science, fundamental physics, and chemistry have all seen recent
interest in radioactive molecules for the above reasons [3], yet they all su er from the
same problem: working with radioactive molecules is hard. Many insidious features
of these species conspire together to make their study signi cantly more challenging
than stable molecules. However, as | just spent so long motivating, the scienti c
potential of radioactive molecules has started to outweigh the headache of dealing
with them. Given that, for many disciplines, the use of radioactive molecules is still in

its infancy, any experimental improvements facilitating their study have bene ts that
extend across scienti ¢ sub elds. Much of the work | performed for this thesis has
served to make these molecules more accessible in traditional laboratory settings.

This has been a (perhaps much too long) generic introduction to the modern interest
in radioactive molecules. The following sections will introduce our speci ¢ motivation
for using them to look for new physics, as well as provide some broader perspective
as to how our technical developments might bene t other elds over the existing
state-of-the-art.

1.1 Searching for signs of new physics

As alluded to in the general introduction, the Standard Model of particle physics
works extremely well, having held up against every experimental check thrown at itin
the last few decades [4]. Yet its framework fails to account for a process that could
produce the observed matter-dominated universe [5]. Some physical process Beyond
the Standard Model (BSM) therefore necessarily must exist, which will modify or



extend the existing theory.

In generating a matter-antimatter asymmetry, some phenomenon must exist which
treats the two separately. Matter and antimatter are related to each other by the
inversion of their combined charggdnd parity 9. If a physical process behaves

di erently when both charge and parity are inverted, it is said%¥-bmlating,

and leads to di erent behaviors for matter and antimatter, potentially allowing for
the generation of one over the other. As the laws of physics are generally believed
to be invariant to the combined re ection of charge, parity, and #the (6],

% -violation is mathematically equivalenttaolation. A general feature of BSM
physics predictions, if they intend to explain the matter-antimatter asymmetry, is
that they contain additional terms which viol#tesymmetry. These terms typically
include new (or modi eds -violating particles or forces which by construction
must interact with the known particles or forces. Searching for additional sources of

%-violation is thus equivalent to probing for new BSM physics.

Rather than observe them directly, experiments searching for new particles instead
look for the consequences of the existence of these particles. In collider-based searches,
this involves tracking the energies and trajectories of the detectable decay products
to extrapolate their origin from some new particle, such as was done to identify
the Higgs [7, 8]. A complementary route is to indirectly observe the signatures of
these novelties through their interactions with electrons, nucleons, or nuclei, whose
Standard Model behaviors can be calculated quite well. Focusing on the latter method
for this work, we encounter the notion o -violating observables, referring to

the low-energy measurable consequences of the high-energy BSMSatiglsics
another way, a ne® -violating particle or force would induce sd¥heviolating

property in electrons and/or nucleons, which we should then be able to detect. This
line of thinking is not unique to BSM physics searches; the anomalous magnetic
moment of the electron, which is the precisely measured quantity | mentioned in the
general introduction, is an example of a low-energy observable whose value receives
contributions from interactions with every other higher-energy particle and force in

the Standard Model [10].

3In addition to new high-energy particles, there is the possibility that new physics results from
weakly coupled particles or forces, which may themselves not be too energetic, for example the hypo-
thetical QCD axion [9]. Searches for these types of particles rely on di erent classes of experiments,
some of which bene t from the advantages o ered by molecules.




%-violating observables
The observables in question are permanent electromagnetic moments of electrons,
nucleons, or nuclei, whose existences would inherently “otgt@mmetry. Each

one is described brie y below.

A note on speci city: It might seem like | have cherry-picked three random elec-
tromagnetic moments out of the space of all possibilities. However, high-energy
% -violating physics will necessarily induce obsefeablelating e ects ev-
erywhere that they can appear, the only di erence being the magnitude at which
these e ects manifest. The moments listed just happen to be the lowest-order
% -violating electromagnetic moments, making them the easist to measure and
relate to the underlying physics through theoretical calculations.

Electron electric dipole moment

Perhaps the most intuitivis -violating moment is the electron's electric dipole mo-
ment (eEDM), writter® or just the magnitude;3Classically, it can be thought of

as resulting from an o set between the center of mass and center of charge of the elec-
tron®. As a vector quantity, an eEDM would necessarily point parallel or antiparallel

to the spin @ of the electron, a consequence of the Wigner-Eckart tReBeeause

& is a polar vector arfdis an angular momentum, an eEDM and spin behave in the
following ways under certain symmetry re ections [12]:

)_@!@
NI &
., B8
e @

In both cases, performing the listed symmetry inversions on an electron withan eEDM
and spin that are originally aligned results in a qualitatively di erent electron, as the
two are now anti-aligned. Thus, the existence of a permanent eEDM violates both
(equivalent ta% ) and%symmetries separately. These are shown diagrammatically
in Figure 1.1.

4The mathematical formulation is obviously more rigorous; see: [11].

5f the two pointed in any orthogonal directions, then the system would require a new quantum
number to be described fully. This would have many obvious consequences, one of which being that
atomic energy levels would admit twice as many electrons as they do now, since two electrons with the
same spin could still satisfy the exclusion principle if their dipoles pointed in di erent directions.



Figure 1.1: Diagrammatic illustration as to why a permanent EDM would violate
) (equivalent to% ) and%symmetries. The color gradient represents the charge
distribution of the system, and the circular arrow shows the classical interpretation of
its intrinsic angular momentum (spin). Under a time reversal or spatial re ection, the
resulting particle is qualitatively di erent from the one before the operation.

Much like classical electric dipoles, an eEDM interacts with an applied electric eld

@

"eeom= & B/ 3 ,O ©®.

Experiments searching for an eEDM thus look for the energy shift associated with
aligning the spin with an electric eld, a term which should otherwisebe zero

Most % -violating moment searches rely on a Ramsey-type measurement scheme.
For an eEDM measurement, this means preparing a superposition of spins in an
applied electric eld and reading out the relative phase accunwiédtenmrsome

evolution time g, which is proportional tp[23]:

34Eg
[ )
\
60n its own, an electron spin does not interact with an electric eld, as spin is an intrinsic angular
momentum (magnetic dipole) and thus only interacts with magnetic elds. Saying that this term

should be zero is slightly misleading, as the Standard Model does predict an electron EDM background,
but it is still orders-of-magnitude below the best experimental sensitivity.
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These measurements are not performed on bare electrons in electric elds. For one,
bare electrons are charged, meaning they accelerate in an electric eld and would
quickly y away. A bigger reason, however, relates to the magnitude of the electric
eld E. Previous measurements have concludet} tihaist be very small, otherwise

it would have been observed already. Thus, in order to have a chance of detecting
some accumulated phgskoth a long evolution tinggand strong electric eldare

desired. The strongest DC electric elds capable of existing in the lab are on the order
of tens okV/icm, after which arcing between the electrodes occurs. Contrast this
with the (e ective) electric eldg present between the atoms in polar molecules,
which for certain species has been calculated to be mang@eomaiver 1000

times larger [14].

The ultimate quantum shot-noise sensitivity limit for an eEDM measurement in
molecules is given by [15]:

1
ECTE -
where the new termsrefer to the degree of polarization of the molecules with
respect to the lab frame (more on this in Section 1.1 Molecular sensitivity factors) and
# to the number of molecules measured per experimental shot. The most precise
measurements &f thus want large molecule counts, strong e ective electric elds,
and long measurement times. It has been shown that the e ective eld in molecules
comprised of a heavy atom bonded with an electronegative ligandscalésas
for proton numbef of the heavy atom [16]. This molecular motif was not chosen
arbitrarily, as will become clearer later. Important to note in the context of this thesis
is that heavy atoms with / j 82 are all radioactive, albeit to varying extents.

Two experiments have set the best measurem@nitftine past decade. The most
precise measurement as of today was performed usingadtdEules and set an
upper limit ofj34j Y 4.1 1030 4cm [17], wheréis the electron chargeBe-
fore that, the limit was set using neutral ThO molecules, with a liBij of
1+1 102° 4cm [13]. Both of these measurements are orders-of-magnitude above
the Standard Model prediction, which was recently re-calculaté84c-tie
103% 4 cm[18].
This limit, in Sl units, is j3 ® 66 10°! C m (coulomb meters).
8A subtle point is that this calculation is not explicitly for the bare eEDM, but ratheXsfor a

violating semileptonic interaction between the electron and nucleons referrgdii@aneasure-
ment, this gterm is indistinguishable from. 3
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Details about speci c eEDM search candidates as they pertain to this thesis will be
described later in Section 1.1 BSM physics sensitivity factors, as much of the discussion
applies to the other two %-violating moments as well.

It is worth noting that neutrons and protons may also possess an electric dipole
moment. These moments will contribute to the values of the Schi and magnetic
guadrupole moments discussed below. Direct measurements of the neutron electric
dipole moment have set the most stringent limits on explicit sources of underlying
hadronic % -violation [19, 20], as they are the simplest and thus most tractable
hadronic systems for calculations. Their measurements are quite distinct from those
performed on heavy nuclei in molecules, and as such | will not discuss them here.

Schi moments

Next we examinéo -violating electromagnetic moments of nuclei. Just like for the
electron EDM, an intrinsic nuclear EDM would viojJasymmetry and thus be

% -violating. However, as was pointed out by Schi in 1963, an EDM of a nucleus
would be completely screened by the orbiting electrons, preventing its detection [21].
Except that this is not entirely true; at the electric octupole (and higher) order of the
electron-nucleus interaction, a nuclear EDM couples back in and interacts with the
orbiting electrons in a non-dipolar (and therefore unscreened) way [22]. This results
in a measurable atomic EDM that is related to the bare nuclefdlgBMderies

of correction terms of progressively increasing order. The lowest-order term, which
contributes the most signi cantly, is called the Schi mongBmid( to be confused
with electron spin). The magnitude$is quoted in units of fm?, or electron

charge femtometers cubed. The Schi moment can be thought of as the residual
nuclear EDM that is improperly screened by the electrons; this is not a rigorous
mathematical description of the Schi moment, but captures a lot of the correct
behavior.

Like the eEDM®is a polar vector that must point along the nuclear&®sra
consequence of the Wigner-Eckart theorem. This means the symmetry relations are
the same as f&%;

°If higher-order% -violating moments exist in the bare nucleus beyond a dipole moment, they
also couple into the Schi moment and contribute to the measurable atomic EDM.



Figure 1.2: Attempt at interpreting the Schi moment of an atomic system. Left:
Intrinsic EDM of a nucleus with &6 -violating permanent dipole moment. The color
represents a possible charge distribution, and the behavioysamutdére ections

are the same as in Figure 1.1. Right: Atomic EDM in this system with electrons
(black dots), which rearrange to screen the majority of the bare nuclear charge. Now
the dominant contribution to the measured, weaker EDM results from the Schi
moment, diagrammatically represented by the residual (unscreened) nuclear charge
distribution. This Schi moment is related to the underlying charge distribution of

the bare nucleus; see [22] for a good discussion.

® P
® B
e a

Compared to electrons, which always possef®spis2 , nuclei may have spin 0.
In these®= 0 nuclei, the Schi moment cannot exist as there is no axis onto which it
can project.

¥ trends with atomic numbér, scaling 4& / 3, making highi- radioactive
atoms similarly attractive for these type%etiolation measuremettOther,

more exotic properties of certain nuclei lead to further enhancement of the Schi
moment, which are described in Section 1.1 Nuclear sensitivity factors.

The current most precise atomic EDM measurement was performed in a vapor cell of
mercury atoms, leveraging the high atomic densities achievablistdfetstj ¥

19n reality, the scaling is more accurately descrij$fd &s 23 (see Eq. 1.3), but since the
atomic mass goesas [ thisis avalid approximation.
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3.1 102° 4cm[23]. Calculations parameterize this measurement in terms of the
underlying Schi moment &s3119%Hge = 2.8 10 7 1%" 4cm [24]. This

presents an important distinction between atomic EDM and electron EDM measure-
ments: eEDM measurements all measure the same underlying quantity, while atomic
EDMs/Schi moments for every nucleus will be di erent as they arise from collective

e ects between all of the nucleons.

Nuclear magnetic quadrupole moments

The last electromagnetic moment of note, the nuclear magnetic quadrupole moment
(MQM) also results from collective e ects within the nucleus. Both being hadronic
interactions, the MQM and Schi moments originate from the same fundamental
sources oPb -violation, just with these sources coupling to the low-energy particles

in slightly di erent ways. Unlike the atomic EDM, the MQM is not screened [25]; its
interpretation thus follows that of a classical magnetic quadrupole, analogous to the
magnetic moment of a pair of anti-helmholtz coils. This moment may, as an example,
be generated by a valence nucleon that possesses an EDM, whose nuclear orbit yields
anuclear MQM?

The MQM, with magnitudé , is a tensor moment, and thus is only supported by
nuclei withjf® 1 . The interaction of a MQM with the gradient of the magnetic

eld produced by an orbiting electron yields a measurable energy shift, whichina
molecule is given by [26]:

C=, o "Z %)

Inthe above, - is a calculated molecule-speci c interaction strength between the
MQM and the electron eld, where: 1 10 33 Hze4 cn¥ for all molecules

in consideratiorZ only depends on the values of nuclear and electron spin, and it
generally follows thZt2 * 1-1°[26]. Lastj%jis the same as above for the eEDM,
parametrizing the degree of alignment of the molecule with the laboratory frame,
wherg%j 2 »0-1%he molecules commonly considered for these typés of
violation measurements, comprised of a heavy atom bonded to a lighter ligand, have
an MQM energy shift which scales as 2 with the atomic number of the heavy

Hhe reason that the Schi moment is interesting compared to just measuring the atomic EDM is
that the underlying, fundamental physics connects more directly to S than it dges to 3

19 ike with the other moments, a nuclear MQM may also be generated/ijating interactions
between the nucleons, not just by inherent %-violating moments of the nucleons.
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nucleus [27]. Yet again, the case is made to use the heaviest nuclei possible, which are
radioactive. Like with the Schi moment, exotic properties of certain nuclei further
enhance the MQM, as shown in the following sections.

No experiment has been conducted with the explicit goal of measuring a nuclear
MQM, although there are several ones in development at the time of this writ-
ing. However, for atoms with nuclear §fh 1 , measurements of the atomic

EDM probe the underlying MQM. They are also sensitive to the Schi midment
although in these systems the MQM contributes more strongly to the total atomic
EDM as it is unscreened [25]. The most recent MQM-sensitive measurement was
performed in 1989 in an eEDM search using atomic cesium, jgeldiagej Y

13 1023 4cm [28]. Cesium-133 has a large nuclearspi, supporting both

aMQM and a Schi moment extracting the contribution §81*33Cs®jfrom the

MQM yields "t 33Cs® 2 10 33 4cn? [11].

BSM physics sensitivity factors

| have already mentioned how measurements of all of the listed moments scale with
increasing, albeit to varying extents. If this were the whole story, the best possible
molecule would contain an element somewhere from curiug®() to mendele-

vium (/ = 101), asthese are the heaviest nuclides which could conceivably be acquired
In su cient quantities to perform a measurement with decent statistics. While this

/ -scaling is broadly true, certain species have unique properties which dramatically
amplify the energy shifts causedbyviolating phenomena, making them especially
sensitive probes of BSM physics. These speci ¢ properties manifest in either the nu-
cleus of the high-atom or in the molecules formed from it, where the most sensitive
BSM search candidates combine enhancements from both sectors.

Nuclear sensitivity factors

For the % -violating moments originating from BSM physics in the hadronic sec-
tor the Schi momentand the MQM certain high-/ isotopes possess anomalously
large sensitivity enhancements originating from their nuclear structure. These nu-
clear enhancements fall into two partially related categories: deformations and energy
structure.

¥ he many contributions to an atomic EDM j§ 1 nuclei complicate the interpretation of
the value extracted from a single measurement. As such, searches for BSM physics through nuclear
%-violation bene t greatly from multiple experiments in di erent systems.
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While often thought of as perfect spheres, most nuclei deviate from this ideal de-
scription to varying degrees [29]. The extent and nature of this deviation is called
the nuclear deformation. Mathematically, the position of the surface of the nucleus

'1\—q°, and thus its shape, can be parameterized by the spherical harmonic functions
. ~1\—-qg°as[30]:

Y #
O

Noge=' o 1, U-. g - (1.2)

5

wheré g is the radius of a perfectly spherical nucleus. The summation leads to devia-
tions from this spherical shape, with the coe cientgjuantifying the magnitude
of deviation described by a shap&\-qg°.

The rst order of deviatiortoccurs when = 2, corresponding to the: 1\—q°
guadrupole term in the multipole expansion; the resulting shape change is called
the quadrupole deformation, leading to a nucleus with a pancake or rugby ball shape.
The coe cients for this deformatiddy: / V5, whereV, 2 »0-1baeasures the

extent of quadrupolar deviation from sphericity. Most nuclei possess some degree of
guadrupole deformation [29], with the largest being aroundds [32].

A much rarer type of deformation occurs whgr/ V 3 < 0, leading to an octupole
deformation. Only the= 0 term, which results in a shape akin to a pear or av®cado

is predicted to occur with any reasonable likelihood [33]. All of the calculated octupole-
deformed nuclei with largeoccur neaft = 88 and neutron numbets 134 [34].
Precision experimental searches for this deformation have only been performed on
the isotope€’Rnand??’Ra[35], but they agree with older measurements on other
isotopes (includirfg®Ra) that heavily imply the existence of an octupole deformation

in this region [36].

In spherical nuclei, only the valence nucleons contribute to the magnitude of the
% -violating electromagnetic moment, whether that be a MQM or Schi moment.
Nuclear deformations allow for the collective contribution from nucleons in inner
shells too, greatly amplifying the desired quantity in some cases. The Schi moment
receives contributions from nuclear deformations as [38]:

S/ V oh1\§o?i

14The _ = 1term would describe an o set in the nuclear center of mass, and is thus ignored [31].
¥ he * = 1 deformation results in a banana-shaped nucleus, while * = 2— 3 is peanut shaped.
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Figure 1.3: lllustration of the di erent types of nuclear deformation$.for all_
yields a non-deformed, spherical nucleus. A quadrupole defoihatidfeads to
either prolate or oblate spherobls< 0 results in an octupole-deformed pear- or
avocado-shaped nucleus. Diagram modi ed from the one in [37].

The scaling for the MQM is a bit more complicated as the calculation involves sum-
ming over the individual interactions between all nucleons. In this calculation, the
shape of the nucleon orbital impacts the degree to which it adds to the MQM; in
distorted orbitals, such as frobaor V5 distortion, this contribution increases

by a factor of a few. One can approximate the e ects of quadrupole and octupole
deformations as [27, 39]:

n V 2

" hiV %% e

The two terms are written separately as the nature of the contribution to the MQM
originates fromdi erent e ects: inaquadrupolar deformationitisofa spin-hedgehog"
nature [40], which does not have a clean scaling relatiovs Wwithdoes increase

in quadrupole-deformed nuclei; and for an octupole deformation it results from the
current generated by an orbiting valence nucleon which may be directly related to
V3 [27].

The other nuclear enhancement is implied by, but not necessarily a requirement of,
octupole deformations. In order to actually measure the energy shift associated with
a % -violating hadronic moment, the moment must have some de ned orientation

in the molecule frame. This is because the energy shift results from the interaction of
electrons with thés -violating moment, and changes sign depending on the relative
orientation of the two. If the moment does not have a well-de ned direction, the
measurement would simply average over the energy shift of all orientations, which
would be zero. Orienting this so-called nuclear axis onto the spin axis of the nucleus
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requires mixing nuclear energy levels of opposite parity, which in perturbation theory
has an inverse dependence on the energy splittilgtween the two levels. In
systems with an octupole deformation, these states are generically closer than in most
nuclei [27, 41], but this is not a rigorous requirement; certain nuclei may possess
anomalously small splittiffgue to coincidences in nuclear structure, not strictly
caused by an octupole moment [42].

Incorporating all of the sensitivity enhancements to the Schi moment and MQM,
we arrive at [27, 38, 39]:

Lh1\g02j/ 23

s/ (1.3)
WL (1.4)
"V o, (1.5)
"l 2 (1.6)

Molecular sensitivity factors

Equation 1.1, while formulated speci cally for eEDM sensitivity, also applies to mea-
surements of atomic EDMs. A generic EDM measurement, whether that be due to
an eEDM, Schi moment, or MQM, has a sensitivity:

X3/ — o (1.7)

j%Fy #
Where | have introducedto represent vaguely the strength of the interaction
between the -violating moment and some interacting eld. This term depends on
the nature of the molecule and can be calculated for di erent species. Minimizing the
shot-noise uncertainty of a measurement thus requires maximizing the denominator
of this term in Equation 1.7.

For measurements of any of these moments, the molecules need to be oriented in
the lab fram¥, otherwise the BSM energy shift over all orientations averages to zero.
Polarizing a polar molecule requires application of an external electric eld, where the

1% or example, the isotoffPais predicted to have nuclear parity doublets separated by just
1keV[41, 42]
YAn interesting proposal to overcome this requirement can be found in [43].
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degree of this polarization is related to the energy splitting between opposite-parity
molecular stat¥sThis can be seen from perturbation theory: ajgiai®polarized

inanE- eld if hkj@ Bjki EhkjAjki < 0 , where we have de n@tb point along

the direction of the applied electric eld for notational simplicity. However, eld-free
guantum statgki have well-de ned parities whls parity-odd, meaning thagki

has an opposite parity frgki , leading tde hkjAjki = 0. Only by mixing multiple

parity states intiki will this expectation value be nonzero. According to rstorder
perturbation theory, the (non-normalized) wavefunction will be:

O hkgAjkd .

kG =jki E jkg *

8<9 89
Maximal polarizatioj%oj 1 happens whejk4 is comprised of two opposite-
parity states that are nearly fully mixed, requiripgbetween the states to be quite
smalt® This leads to the notion of parity doublets, or closely spaced molecular states
of opposite parity. Certain diatomic molecules feature these parity doublets as a
consequence of the interaction between orbital electronic motion and rotational
motion of the molecule [13], but their existence follows from an electronic structure
that makes them challenging to control optically. Generically, polyatomic molecules
(three or more atoms) possess these parity doublets, where they occur in long-lived
vibrational or even ground-state rotational levels [44].

Longer-lived states enable longer time evolgtthmeng the measurement, pro-

viding another means by which to increase the experimental sensitivity. However,
leveraging the full possible coherence time for a long-lived state requires slowing or
trapping the molecules. Molecular laser cooling warrants a more detailed discussion
(see Chapter 2.3 and Chapter 6), but here | will just mention that only very speci c
molecular structures are laser coolable, providing a tight constraint on the possible
candidate molecules for BSM measurements.

Radium-containing molecules
In a tting callback to the discovery of radioactivity, a class of candidate molecules
that bene t from all of the above enhancement factors are those containing radium.

¥rhis line of reasoning is the same as for the intdasidolating Schi moment and MQM,
whose projection onto the nuclear axis require the mixing of opposite-parity nuclear states. In that
case, the operator that leads to this mixing i%theolating interaction of interest, rather than the
E- eld in the current example.

¥rhe mixing is also enhanced when the numerator is large, which occurs by applying a large
polarizing E eld. However, as has been pointed out, there are practical upper limits to this value.



16

Radium hag = 88, larger than any other nuclide previously used in a BSM physics
search except for thorium= 90 ). On the nuclear side, radium is one of only two
elements where its octupole moment has been characterized [35], and all isotopes
near = 225 have been shown to possess close nuclear levels of opposite parity [45].
Three isotopes exist with sensitivities to the three di ésemiolating observables:

226Ra 1 = 0°-??Ra ! = 1¢2°-and??Ra !l = 3+2°. Even though all three are
radioactive, none have such a short half-life as to render them impractical for these
types of measurements.

While all of those nuclear enhancements are nice, none of them are inherently unique
to radium; what really sets radium apart from the othe¥ higgmsitive nuclei, are the
molecules it forms. Radium is the heaviest alkaline earth element, bonding in similar
ways as calcium, strontium, and barium do. As will be described more completely
in Chapter 2, alkaline earth atoms bonded with uorine (or uorine-like) ligands
produce molecules that are optically controllable and laser-coolable. Making the same
types of molecules with radium allows us to leverage the advanced techniques already
developed for laser control and cooling of the other alkaline earth elements, a feature
which is incredibly rare in the space of all possible molecules.

Radium mono uoride (RaF) is the only radium-containing molecule to have been
studied spectroscopically prior to this work [46 51]. These experiments sourced their
radium atoms from the ISOLDE beamline at CERN, allowing them to study both the
main isotopologu&®RaF, as well as the shorter-lived &iRaF-22“RaF-22"RaF—
and??®RaF, with an extremely e cient ion-based detection scheme. However, in the
measurement process, their beams of RaF are acceled@tddaid or roughlyt%

the speed of light, a speed which presents a considerable challenge for engineering
long coherence timg$r BSM physics experiments. In addition, their molecule ux

is roughiy.0° s , many orders of magnitude below those achieved in bu er gas beam
sources [52], described further in Chapter 4. While this existing work represents a
truly remarkable feat, alternate methods of study that do not require collider facilities

0 er many advantages in terms of expanding the accessibility of these molecules to
more groups around the world.

1.2 Interest from other elds

While our main motivation for studying radioactive molecules is for BSM physics
searches, the techniques developed herein have the potential to bene t other types
of measurements using these molecules. The following provides a brief overview of
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other possible use cases for our techniques, partially inspired by [3].

Chemical studies often rely on macroscopic quantities of reagents to understand reac-
tion behaviors and bulk materials characteristics. For radioactive species, macroscopic
amounts often pose serious radiological safety hazards, adding an additional level of
practical challenge to these experiments. Even more fundamentally, many radioiso-
topes simply cannot be gathered in su cient quantities to perform bulk chemistry.
Developing tools to work with these species at small quantities is thus instrumental
to their study.

In lieu of classical, bulk chemical experiments, studies of individual molecules o ers
insight into the chemical properties of the constituents, as well as tests of theoretical
quantum chemical models. Radioactive elements possess rglatitistats which

lead to nontrivial chemistry [53] that pushes the limits of what can be predicted com-
putationally. Spectroscopic studies of these molecules contribute to understanding
the nature of these bonds, where this understanding has the potential for signi -
cant, practical applications; as an example, further determination of the bonding
nature of these radioactive elements allows for the development of separating agents,
whether that be for better isolation of these trace materials for clean experiments or
for mitigating environmental contamination [54].

The spectra of astronomical objects o er rich information about virtually every under-
lying physical and chemical process occurring within [55]. Stellar processes generate
many di erent isotopes, where the isotopic composition may be measured and com-
pared against theory on large spatio-temporal scales [56]. Radioisotopes with lifetimes
shorter than the timescale of astronomical phenomena provide a window into the
short-to-medium term dynamics of stellar evolution.

An example of an astrochemical radionuclide of intetést iwith a half lifeG.»
717-009ears. Despite having a half-life signi cantly shorter than typical astronomical
timelines, this isotope has been detected and is theorized to be produced in various
stellar processes [57, 58]. Measurement of the isotopialatial can detail the
time-dependent behavior of the generation processes, which are currently debated.
Molecules formed froRfAl, including?®AIF [59], have also been observed; these
radiaoactive molecules o er advantages over bare atoms due to their many additional
detection wavelengths, allowing for higher resolution mapping [3]. However, before
these molecules may be detected via telescopes, their spectra need to be characterized
to high precision here in a lab on Earth. The methods developed in our work on
radium-containing molecules are directly applicable to spectroscopic investigations of



18

astronomically relevant radioactive molecules, inctalitfes- Cl- O— OH®hich
have all been observed in the interstellar medium for the stable’fadtope

Moving to the nuclear sector, properties of nuclei are often inferred spectroscopi-
cally due to the challenges of interacting directly with the nucleus. For example, one
of the experiments performed’dfRaFmentioned earlier measured the hyper ne
structure of?>Raand demonstrated sensitivity to the distribution of magnetization
within the nucleus [51], a property related to the nuclear form factors. Relating these
two properties required advanced nuclear theory calculations [60], as the large nuclei
feature complicated internal structure. Better measurements of this rich structure,
requiring experiments on many heavy (radioactive) nuclei, thus lead to deeper under-
standing of the underlying interactions and provide model-dependent tests of nuclear
theory.

These types of spectroscopic measurements often compare the results across a range
of isotopes of the same element in order to extract the behavior originating from
just the nucleus [61]. Even for Ibvelements, only a handful of isotopes will be

stable, meaning that comparing across many isotopes will require developing tools to
precisely study the ones that are radioactive.
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Chapter

Atomic and molecular structure

Even with assumptions and approximations, no general description of every type of
molecule exists. Rather, di erent species must be considered separately according to
their bonding characteristics and constituent atoms. Thankfully, as far as molecules
go, the types under investigation in this work lend themselves to a relatively straight-
forward atom-like description. This results from the nature of their bonds, where
their singular valence electron dictates a large portion of their structure, as in the case
of alkali atoms.

In fact, the electronic structure of our molecules of interest is remarkably similar to
that of an alkali atom; as such, this section will begin with a brief overview of atomic
structure, with a slight alkali-focused lilt, in order to showcase the parallels between
the two and gently introduce molecular structure to those who are entirely unfamiliar.
Like the other introductory sections, only the details necessary for understanding the
work in this thesis will be included.

2.1 Atomic structure
The spinless, nonrelativistic electrostatic wavefurj&ii@msl energy levels for an
atom are derived by solving the Schrddinger equation:

atoriki = ki *
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The electrostatic Hamiltoniafyom for an atom with proton number and# 4
electrons is given by:

Aatom: )A4 s ‘p=—4, 'p4—4
\2O L, a2 ® £ 00 1

N —
atom —

where the rstternfs represents the electron kinetic energy, and the remaining terms
describe the coulomb interactions between the eletwithghe nucleu$-_and
with the other electrordy_4

Closed-form solutions to the above equation exist only for hydrogen, or hydrogen-like
atoms, with#,4 = 1. The electronic wavefunctions obtained via this solution are
products of a radial term..tA°and an angular term *\—g® which introduce the
guantum numbers—;—<of the orbital. The nal quantum numberg = 1.2
describes the orientation of the electron spin.

Even though these wavefunctions were obtained as solutions to a Hamiltonian with
just one electron, they are used to describe the orbitals of more complicated atoms
and molecules as they form a complete basis. In these multi-electron systems, the vast
majority of the properties are dictated by the valence electrons; fully- lled inner shells,
as they are spherically symmetric and closer to the nucleus than the valence orbitals,
e ectively only actto screen the charge of the nucleus by an amount equal to the
total charge of the inner electrons. The e ects of inner shell electrons can thus be
treated as a perturbation on the wavefunctions and energies of the valence electrons.

Other interactions will also perturb the solutions obtained ftgsm, These pertur-
bations range in magnitude, with the largest leading to the so-called ne structure of
the atom. Energy level shifts caused by relativistic momentum contribute at this order,
as do interactions between the electror®@pid orbital angular momenty#The

latter introduces the notion of angular momentum coupling, where a new coupled
® =® @forms which more accurately describes the total angular momentum of
the system. In multivalent systems, a common coupling scheme is to rst form total
spin and orbital angular momentum ved®rs @nd®-  &which then couple
together to formf® ® @

A concise way of representing the con guration of an atom is with a term symbol,
denedagll! ,wherg = <gand! = <. quantify the total spin and or-
bital angular momentum of the valence electrons, respecistig.total angular
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Figure 2.1: Diagrammatic representation of atomic energy levels under successive
orders of perturbation, where the Bohr atom solution is the solution to the spinless,
nonrelativistic electrostatic Hamiltonian. The atom represented is alkali-like, i.e.
having one valence electron, as this is the structure closest to the molecules we study.
For the hyper ne splitting, the nucleus was taken to have-sps2 ; this is absent

for atoms with no nuclear spin. Magnitudes for the energy splittings at each order are
shown, with values representative of the alkali atoms. 1 &%2*GHz.

momentum, taking a possible valugj Fo( depending on the rela-

tive orientations dPand® The value of de nes the level within the term. In

the term symbol, is represented in spectroscopic notation with a letter, where

I = 0—1-2-3-4-mepstd = (- %— — — —esfcontinuing alphabetically, skipping
—%-). For example, the term symbol for ground state radium, which has two valence
Borbital electrons on top of fully lled radon-like inner corggisas it has total

spin and orbital angular momentOmGround state neptunium, with its fo&y

one3, and twoBvalence electrons, has a more exotic term ymbglwherd

refers to an orbital angular momentum <. = 8, which just so happens to be
represented by the spectroscopic letter !.

In atoms with nuclear spjp 1.2 , interactions between this nuclear spin angular
momentum and the electron spin and orbit contribute to the hyper ne structure, a
(typically) weaker perturbation ontop of the ne structure. The nuclearcspiples

with the spin-orbit coupledto form a new total angular momentum

This has the e ect of splitting every atomic level into a number of hyper ne sublevels,
where the total number of statesis givenby2 [ 1if ;j or2 [ 1if j .

Electrons transition between energy levels in an atom via absorption or emission
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of electromagnetic radiation. This radiation carries angular momentum of its own,
meaning it couples to the atomic wavefunction in speci ¢ ways governed by selection
rules, a set of conditions dictating which atomic states may be connected by some
sort of interaction. For electric dipole transitions (the most common type of atomic
transition), angular momentum algebra leads to the requirement that:

=0- 1! =0 =0transitions) (2.1)
" =0-1(f =0then” =0=0)- (2.2)

A nal selection rule for electric dipole transitions comes from the nature of the
electric dipole operat@as mentioned earlier in the context of ED##sa parity-

odd operatorde@ = @meaning for transitions between an initial kigad nal

state ks: 1

hksj@j = k:@KPA<0 i %kg< %ks—

meaning, verbally, the electric dipole operator will only connect two states of opposite
parity. In atoms, this commonly looks like ! =1, e.g. B ? transitions.

2.2 Molecular structure

The following section presents a brief and practical introduction to molecular struc-
ture; comprehensive descriptions of molecules require many pages of rigorous formal-
ism, which the reader is encouraged to explore at their own pace in the many existing
works which formed the basis of this chapter [62 67].

For a system comprised of multiple bound atoms, our spinless, nonrelativistic Coulomb
Hamiltonian for # electrons and #nuclei looks like:

Amol = )A4 s )A= s ‘p4—4, 'p=—=, =4
20,028, 2B
2<4 5 B2 4 T2 P dcm gy lik A
2 & g, 2 or

CAcrny guol's T od 4cnp o il

N -
mol —

where ' and A refer to the nuclear and electronic coordinates, respectively.

Unsurprisingly, no analytic solution exists for the above Hamiftasavith atoms,
a number of assumptions and approximations are made in order to model molecular

The single-electron hydrogen moleculaHgn,can in a sense be solved with assumptions
and approximations, although the degree to which this solution can be described as analytic or exact is
debatable [68]
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structure. The most impactful of these approximations follows from the large mass
mismatch between nuclei and electrons, where we assume that any electron dynamics
occur on a much shorter timescale than the nuclear motion and thus the nuclei
appear quasi-static in the frame of the electrons. This so-called Born-Oppenheimer
approximation allows for the treatment of the electronic and nuclear wavefunctions
independently,

The interpretation of this will be explored in the following sections.

A word of note: Generally, the mathematical treatment of molecules depends
strongly on the composition of the molecule and its symmetry. As the work in this
thesis only concerns linear diatomic or polyatomic molecules (except for brie y in
Section 7.2), the following discussion will contain details speci c to these species.

Electronic energy

The electronic part of the Hamiltonian describes the electron orbits and Coulombic
energies, analogous to Section 2.1. A key di erence between the electronic structure
of molecules and atoms stems from their respective symmetries, where the spherical
symmetry of atoms gives way to a reduced or sometimes nonexistent symmetry in the
molecule.

The molecules we employ are comprised of a heavy, electropositive alkaline earth(-like)
metal bonded to a light, electronegative uorine(-like) figasimple, physicist's

view of the way this molecule forms is by the donation of one of the electrons from the
metal to the ligand, allowing the uorine(-like) species to achieve a complete valence
shell while the metal retains a singular electron. In a way, the resulting molecule
looks somewhat like an alkali atom: one valence electron mostly orbiting a screened
atomic corg This interpretation, however simplistic, is supported by detailed ab
initio quantum chemical studies [69, 70].

Given the reduced symmetry of the system, we cannot consider the spherical harmon-
ics of the bare alkaline earth atom to be the electronic angular momentum eigenstates;
instead, the strong electrostatic forces between the nuclei set a quantization axis within
the molecule, onto which all of the electronic angular momenta are projected. Despite

2By alkaline earth(-like) | simply mean an atom with ground state con guration, and by
uorine(-like) I mean any functional group which is one electron short of a full valence shell, like the
halogens, but also multi-atom hydroxyl, thiol, monoamine (etc.) groups.

3In reality it is more accurately likened to an alkaline earth cation, as it has given up one of its
electrons.
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this di erence, the way we treat these molecular states is quite similar to the atomic
ones. Instead of a an electronic orbital angular momeéntuenconsider its pro-
jection on the internuclear axisvhere Greek letters are generally used to indicate
molecular values. If we de ne the internuclear axisadiben is obtained by
summing the individu#projections of the electronic angular momerftugigen-

states: .. Because thé& and £ projections are degenerate (up to perturbations),
this can be written =j".j=j <.j, wherd"ski =\< .jki.

Spin-orbit coupling occurs in molecules just asin atoms, where the resulting combined
angular momentum is given by the eigenstateSspthe projection of along the
internuclear axis. This is formed by the add@on@? ® where®is the vector
corresponding to the projection of the sum of the electroii gpithe internuclear

axis.

With all of this, we can construct the molecular term symbol:
2(,1 1.0
bhonee (2.3)
where all terms were de ned above except fopthe, which signi es whether a
= 0 wavefunction is symmetric/antisymmetric with respect to re ection about
a plane containing the internuclear axis. Like with the atomic term synsbol,
represented by a letter, where0—1—-2—3—4—eee | — — — — — 4 In =0
states, itis necessarily true that , and as such sometimes omitted from the
term symbol because it can be inferred from the 2( , 1 superscript.

Molecular term symbols often include a leading character to signify (appréximately

the ordering of the state in energy relative to the ground state. In this prescription,
the ground state is labeletdy convention, and successive electronic excitations are
labeled with— — — —eee with spin-orbit split states being labeled with the same
letter. Lowercase versions of these letters indicate the state possesses a di erent spin

4If, like me, you are curious as to how the ordering of the Greek letters works, you will nd that it
is disappointingly less systematic than for atoms. The rstterms were chosen due to their
phonetic resemblance(te®— — . In the atomic case, aftethe trend continues alphabetically,
which for the Greek alphabet would mean th@apitaj ) follows , butinstead it seems thatvas
chosen to parallel the Latin alphabet trend of . Then in an even more surprising twist is the next
letter used for both atoms and molecules, likely because it folioilus Latin alphabet, and is the
same symbol for capitaHowever, alphabetically and etymologically it does not t here, breaking
any sort of pattern besides visual resemblance. Higher-order terms are exceedingly rare for molecules,
and there does not appear to be any consensus as to which letters should come next.

SThis is approximate because, in some cases, the states are designated with an ordinal letter before
all states have been discovered; upon the observation of a new, intermediate energy level, the old
orderings are not redone in order to avoid confusion. As such, this label more accurately represents
the ordering of the state relative to the ground state at the time of its discovery.
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symmetry from the ground state, which we rarely encounter in our single-valence
molecules. As an example of these term symbols, the ground state=oORgF=(

1+2)is- ? ;,,, while the rstexcited states are 1., and 2 .,. Replacement

of ' ( and ! % demonstrates the correspondence with alkali atoms (see
Figure 2.1). In polyatomic molecules, a tilde is often added to thithalgebund

state of RaOH is thus representedy Lo

Energy of nuclear motion

The multiple nuclei in molecules may move relative to some center of mass via a linear
displacement (vibration) or angular displacement (rotation). While not immediately
apparent, the kinetic energy t§trim "\, describes both of these motions, although

a proof of this statement lies beyond the scope of this thesis [67].

As a further simpli cation, let us consider the vibrations and rotations separately.
There are actually rigorous grounds to do so, owing to the ability to convert between
rotational frames using Euler arfglés such, this separation of vibrational and
rotational structure is not an approximation, but rather a mathematical nicety.

With this separation, we now have:

N N N N
mol 4 E rot

tot 4, E, rot®

This treatment neglects smaller e ects originating from the interactions of these
terms with themselves or with other quantities such as nuclear or electron spin. Asin
the atomic case, these e ects act as perturbations on the states obtained by solving
the above. The electron spin interacts with its orbital angular momentum and the
nuclear spin(s) in a manner qualitatively identical to the atomic case, and as such these
perturbations will not be explicitly mentioned in the context of molecules, although
they are still present.

Vibrations

In a naive model, atoms in molecules may be treated as simple harmonic oscillators.
Within each electronic state, this leads to a series of vibrational levels with energies

5This tilde helps prevent confusion in other types of polyatomic molecules, such as asymmetric
top molecules, where the molecular term symbol switches back to using Latin alphabet letterings to
designate the symmetry group rather than the angular momentum.

This thesis will not prove this statement. For a lengthier discussion, see [62] and the citations
therein.
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e 1E, 1e2° 2| ,forvibrational quantBand vibrational constant,. Even at
E = Qi.e. noquantaofvibration, this still contributes a zero-pointenergy (ZPE) to the
molecular state. More sophisticated vibrational modeling schemes exist, including the
addition of anharmonictermg = 2 | 4E, 1:2° | 4GLE 1202 OiE3 |
wherd 4G is treated as its own constant, rather than the product of two values.
Higher-order harmonic terr@s$ E° have dimishing coe cients and are ignored in
most treatments.

Diatomic molecules only possess one vibrational mode, referring to the relative stretch-
ing and compression between the two atoms. In this thesis, this quanta will typically
be represented parenthetically, often following the term symbolséch &8 = 0°

to refer to the vibronic ground state of RaF. Linear polyatomic moleculés with
atoms posse®$ 5 vibrational degrees of freedom, with nonlinear molecules having
3# 6 . For alinear triatomic molecule such as RaOH, this corresponds to three
modes of vibration: R® stretch k), out-of-plane RaO H bend &), and O H

stretch ). The out-of-plane bend contains two degenerate, perpendicular degrees
of freedom, so the true bending eigenstates are linear combinations of these two. This
combination contains angular momentum (see Figure 2.2), leading to an additional
guantum number associated with the projection of this angular momesrium

the internuclear axis. This projection can take a valu&frdn 2— «e=— Omeaning

it is often omitted foE, = 0 andE, = 1 states as the only allowed projection is

. = E,. Importantly, the states possess opposite parity and are nearly degénerate

( 10 MHz), providing the so-called parity doublet that allows for easy polariza-
tion in an applied electric eld, satisfying the condition in 1.1 (Molecular sensitivity
factors).

The representation of the vibrational quanta for a linear triatomic molecule in this
work is 1EE,B°; the vibronic ground state of RaOH is thus denetéd 1000°.

A note on notation: When considering transitions between two levels, parameters
referring to the excited state are generally given a prife; @.denoting one

quanta of vibration in the excited state. The ground (or lower) state parameters,
rather than being unprimed, instead have two prime®.d. This thesis will

follow this (rather cumbersome) notation.

8The degeneracy in this case is lifted via the interaction of the orbital angular momentum of the
bending mode with the rotation of the molecule.
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Figure 2.2: Vibrational modes of a linear triatomic molecule, such asRaif;
correspond to stretching between the outer atoms relative to the inner one. Because
the bending motion is doubly-degenerate, the true bending mode vibration is a linear
combination of the two, which possess an angular momentum. The projection of
this angular momentum is given byhere the states corresponding tare almost,
butimportantly not, degenerate. In molecules like RaOH, where the blue atom in
the example above is quite heavy and the white is extremely light, the bending motion
is more like a gyrating of the light atom about the internuclear axis.

The vibrational constaht, sets the spacing between successive vibrational levels,
generally on the order of 100's oftnwhere 1 crh - 2528GHz.

Rotations

To rst order, a rotating molecule may be treated as a rigid rotor, meaning we may
neglect the e ects of the molecule opping or vibrating as it rotates. In three dimen-
sions, a generic molecule possesses three moments ofnoéttde confused

with nuclear spin) about which these rotations may occur. For diatomics and linear
polyatomics, this reduces to two as rotations about the internuclear axis have no
moment of inertia. The remaining two axes are degenerate owing to the cylindrical
symmetry of the molecule, meaning the only allowable rotation is end-over-end.

The Schrdédinger equation for a quantum rigid rotor with moment of iné&stigven
by:
\2
Arotkrot = 2—'@krot '@krot—

where we have introduced the rotational constangf, and'®is the typical angular
momentum operator, referring to the angular momentum of the rotation now (

is used instead oto avoid confusion with other angular momenta of the system).
Eigenfunctions which satisfy this equation are just the spherical harmonics, with
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rotational energies given by:
ot = "1, 1%
Thus, the spacing between successive rotational states is given by:
rot = 1 =21 1%

which grows with increasing sets the scale of the spacing, which, for the molecules
considered herein, is generally aroufell cm *, onthe order of GHz. Keep in

mind that the above two expressions describe a rigid rotor with no other interactions;
in molecules, we will see that the other angular momenta present require a more
nuanced treatment.

Hund's cases and spin-rotation

The above discussion glanced over a subtle point, which isstbfien not a good
guantum number of the system, thyss = '*', 1° isunde ned and molecular
levels must be labeled by some quantity other thafhile the expressidiitk rot =

'@kmt remains valid, proper treatment involves expr@sitrgms of the well-
de ned operators of the system. Doing so introduces the notion of Hund's cases,
referring to the various coupling schemes for molecules classi ed by the interaction
strengths between their angular momenta. A full treatment of Hund's cases is not
necessary in understanding this work; for more details, see: [62, 63].

Molecular states without electronic orbital angular momé&nsuch as the -

ground states of RaF and RaOH, are generally best described in Hund's case (b). The
proper treatment involves rstformif® ® '® whichin our case ok 0 means

#B='® Despite this equivalence, rotational levels in Hund's case (b) are always labeled
by# , asitis technically more precise terminology. This means that rotational energies
scale asjot = #1#,1° and successive levels are separateghy 2 1# , 1° .

In polyatomic molecules, an additional term can contribé®etiginating from

the angular momentum arising from nuclear motion, def®tdthis extra term is

nonzero in bending vibrational modes, such & e levels in Fig. 2.2, leading to
£=-0 © @

In Hund's case (b), the electron spin is not pinned to any molecule quantization
axis, leaving it free to interact with the rotation of the molecule. This can be thought

°0Or in states with weak spin-orbit coupling.
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Figure 2.3: Attempt at visualizing the hierarchies of energies in a molecule, using a
system liké&?%RaF 1 r, = 0— F = 12° as reference. After the spin-orbit splitting, the

excited 2 levels are no longer shown to provide room for expanding the ground
state levels, although they each contain a ladder of successive states just as for the

ground- 2 1.p- The spin-rotation constavits assumed to be greater than 0, other-

wise the 1+ , ordering ips. -doubling is not present in the abevstate, as it has

=0 , butin other states with 0 (such as the excited ) it leads to a qualita-
tively similar level structure to the spin-rotation splitting shown. Hyper ne doublets
are caused by interactions with'fffenuclear spin, further splitting the levels into
two; if a spinful isotope of radium was chosen, suféPRast = 1+2°, even more
hyper ne states would be present. Numbers at the bottom give characteristic values
for the energy separation of the levels introduced at each level. Nothing is to scale.

of as the electron spin interacting with the magnetic eld generated by the rotating
charges of the nuclei and electrons. This interaction forms a total angular momentum
& B Pwhich introduces a corresponding interaction term in the Hamiltonian:

AerV\r@ @

The spin-rotation constavparameterizes the strength of this interaction. Energies
associated with spin-rotation states are thus given by:
W
STt 10 10 (10 O
In systems with a single valence electron, like most of the molecules {ve $tady,
andthus = # 1«2 . Exceptforth¢ = 0 state, which only has # , 1¢2 = 12



30

as cannot be negative, it follows from this that every rotationat Isephis into
two spin-rotation components separated by:

sr— Wi s 120

An additional notation distinguishes these two split ley&lsrefers to the =

# , 1.2 component, while,! © refersto = # 1¢2 . Note that 1 ,is simply a
shorthand to indicate the spin-rotation sublevel, and not to be confused with the total
angular momentum including nuclear spin, which is typically also written .

In the molecules we study (as determined during the work in this Wfesi)e
ground state is generallp0 MHz, while for excited ? - states it can be signi -
cantly larger, aroundl0 GHz (where the negative sign is not a typo). The good
guantum numbers for this coupling case are —#—(— .

In states with both orbital angular momentum and spin, such as the rst ekcited
states of RaF/RaOH (1., =1 ), Hund's case (a) is most frequently used. Here,
rather than forming® instead the spin and angular momenta rst couple to form
® ® ®(asdescribedin Section 2.2), whichthen couffletorm & ® ®|n
Hund's case (a), rotational levels have (réféimergies given by = +  1°

and with successive levels separatedfy= 2 t |, 1° . Levels in this coupling
scheme are labeled by the good quantum numbers — (- — — .

Because the electron spin strongly couples to the orbital angular momentum, it only

weakly interacts with the molecular rotation, leading to a negligible spin-rotation split-

ting generally on the order of MHz or smaller. Instead, case (a) molecules experience
-doubling; without molecular rotation the statesre degenerate, but the Coriolis-

type interaction of the orbital angular momentum with rotation results in mixing

betweenthe states, leading to a small splitting on the ordésHf MHz . The

split states also possess opposite parities, d&ndtedeaning -doubling leads to

parity doublets that may be used for polarizing the molecule.

Transitions between molecular states separatedaby often described with a
shorthand spectroscopic notation given by:

# 0o ot 0@ _
8 8

°rhe true rotational energy includes a factor of 2, although this is often ignored as it applies
to every level equally.

4.5 do not refer to speci ¢ positive or negative parities, but rather deperases =
170 ( _ogg=110 (1
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where as before, primed indices refer to the excited state and double prime to the
ground state. gand # are only used for case Hund's case (b) states, where the
former indicates the spin-rotation components , of the ground and/or excited

states (not the total angular momentum including nuclear s@milarly to the

term symbols# and are written with a letter by conventiénhere#t— =

1-0-1! %—&-". Examples of these for lines we measured are shown in Table 5.3
in Chapter 5.4.

2.3 Selection rules and laser cooling

As with atoms, the angular momenta of molecules lead to selection rules governing
the allowable electromagnetic transitions between levels. The nature of these selection
rules depend on the Hund's case, or angular momentum coupling scheme, that
describes the level.

In both case (a) and case (b), we have [71]:

=0-1 1 =0=0°
"=0-1 "=0=0if =0°
=0-1
(=0 tweakly broken in case (b)°

%kg= %k 5 lparity requirementfor E1 transitions° e
Speci cally for transitions between two case (a) states, we additionally have:
=0-1 1 =0=0°-
and for case (b):
#=0-1 #=0=00.

A more complicated situation arises when transitioning between two Hund's cou-
pling cases, as is the case for transitions ugtpas 2 - like the rst electronic

excitation in RaF/RaOl In these transitions, the rst set of selection rules still
determines the allowable transitions. When attempting to calculate transition ampli-
tudes, however, it becomes necessary to represent one of the states in the other basis,

e.g. by writing a case (b) state in terms of a linear combination of case (a) states.
12

components greater thdanare labeled in alphabetical order, with2  corresponding
to $ and (, respectively.

Note that it is spectroscopic convention to list the excited state rst, with an arrow denoting the
direction of the transition as in absorption or emission, or just a dash if this direction is unimportant
to the discussion.
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With these selection rules dictating the possible destinations of a transition, it becomes
possible to link together initial and nal quantum states such that transitions between
them keep the molecule restricted to a small subset of the total levels. This forms the
basis of photon cycling, and further leads to laser cooling; as photons carry momentum,
repeated absorption and emission can reduce the total entropy of the system, cooling
the molecules either translationally (slowing) or internally (cooling).

Figure 2.4: Level diagram depicting photon cycling closufe gp a 1.p tran-

sition, such asthe - band of RaF/RaOH. If two lasers (solid lines) drive the

%4t P=1e5°and& 1ot P= 0<5°transitions from bot# = 1 spin-rotation levels

to the parity-allowed-doubling component of the excitéd: 1.2 state, then the

only allowable decays (dotted lines) are to the same initial states, allowing for repeated
excitation. Colors indicate parity. Adapted from [72], which has many similar dia-
grams for other types of transitions.

In general, the narrow linewidths o ered by modern lasers allow us to precisely control
which two states we couple via an electronic excitation. However, because sponta-
neous emission of this excited state is an incoherent process, we must rely on the
selection rules governing the decay process to put the molecule back in a desired nal
state. As this process requires the cycling of many thousands of photons, speci c states
need to be chosen such that the likelhood of decaying to some unwanted destination
outside of the cycling loop becomes vanishingly small. The rotational selection rules
permit these so-called closed cycling transitions, which have been worked out for
the relevant Hund's cases and collected nicely in [72].

Importantly, vibrational structure has not yet come up in this discussion. This high-
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lights an extremely consequential point: vibrational stretches do not possess selection
ruled4 Instead, any electronic excitation or decay may change the vibrational level by
any amount. The probability of moving between vibrational levels scales closely with
the degree of vibrational wavefunction overlap between the two states, a point elabo-
rated on further in Chapter 6. While we have control over the vibrational change in
the excitation by tuning the laser frequency, the spontaneous emission occurs purely
probabilistically according to the likelihood of these vibration-state-changing decays.
In molecular laser cooling, this fact sets the ultimate limit on how many photons a
molecule may cycle. The only proven workaround is to select molecules which, by the
nature of their bonds, are anomalously unlikely to change their vibrational quanta in
a decay this is one of the main reasons for us choosing to study molecules with a
structure like RaF and RaOH.

14Vhile a bending vibration does carry angular momentum, and thus is subject to selection rules,
this detail does not come up in this work. See [62] for a discussion. Even so, the other vibrational
guanta referring to the stretches may change, and so the listed problems persist.
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Chapter

Radioactivity

The study of stable atoms and molecules has a long and extensive history, one that we
will not endeavor to summarize here. By contrast, aside from a few notable counterex-
amples such as those involved in nuclear medicine or energy radioactive atoms and
molecules have remained severely underutilized compared to their stable counterparts.

Restricting our focus to experimental AMO, we see that this trend persists: stable
atoms are understood well enough to be employed in advanced quantum simula-
tors [73], and these techniques are rapidly being ported over to complex polyatomic
systems [74]. Radioactive molecules, on the other hand, are still in their infancy. Aside
from RaF, comprehensive molecular spectroscopy exists only for the species contain-
ing isotopes with such long half-lives that they are experimentally not radioactive,
such as uranium and thoritirEven just considering atoms, the most fundamental
units of structure in our universe, we see that many short-lived isotopes lack basic
spectroscopy.

It seems, however, that the tides are changing. As mentioned in the introduction,
radioisotopes provide a pathway to higher sensitivity BSM searches, among many

MWhile not de nitionally true, this classi cation of molecules as radioactive or not by length of
their half-lives follows the accepted usage in the radioactive molecule community [3]. Of course, in
this distinction, | am only comparing against the dominant isotopes of uranium and thorium, such as
235-23¢) and?32Th. 22°Th, with its half-life of 7916 years, su ers from many of the same challenges
described in this chapter.
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other advantages [3]. Because radioactivity in AMO is still a relatively unexplored
area, and since few groups within this community have performed open-source ra-
dioisotope handling, this chapter is intended to serve as a practical introduction to
radioactivity, speci cally as it pertains to AMO experiments. This is not intended to

be an extensive treatment of radioactivity much of this information is taken from
personal experience working with these materials as well as the Caltech Radiation
Safety Training and Reference Manual [75].

3.1 Basics and terminology

A radioactive atom, or radionucfide an atom whose nucleus is energetically un-
stable and will decay by some method into a di erent daughter nucleus or nuclear
isomer, radiating energy in the process. The main three modes of radioactive decay
are characterized by emission of a certain type of particle: alpha decay results in the
emission of #He nucleusy particle), beta decay in the emission of an electron or
positron ¢ or\: particle, or commonly written jugt, and gamma decay in the
emission of a photomparticle). Other types of decays exist, but they are either so
rare that their occurrence does not warrant any additional considerations as with
spontaneous ssiéor cluster decay or, in the case of neutron emission, so di erent

in behavior as to possess entirely distinct safety hazards that are outside the scope of
this discussion. A radionuclide might have multiple possible decay modes, each with
their own probability of occurrence.

The di erenttypes of decays are distinguished by their kinetic energies and penetrating
powers. Alpha particles are emitted with the highest average energied, between

10 MeV. However, their large mass means they start with a relatively low velocity,
while their2, charge allows them to easily transfer energy to their environment via
electromagnetic interactions. As such, even the highest energy alpha particles can
only travel around 10 cm in air before being stopped; any practical thickness of solid
material will fully block alpha particles, including a sheet of paper or the protective
outer layer of the epidermis. Beta particles are generally emitted with energies of
0 2 MeV, with only a handffilof isotopes exceeding energiés/afV. Despite this

2The term radioisotope is often used interchangeably.

3A notable counterexamplé&¥&Cf(G., 2+6 y)with aspontaneous ssion branching2#[76].
This isotope has a long enough half-life to conceivably be used in a lab-scale AMO experiment. Itis
also routinely produced for industry use, and therefore can be acquired in signi cant quantities. Exper-
iments working with this isotope would need to account for the neutrons emitted in the spontaneous
ssion process.

“The isotopé®N is an outlier, capable of emitting an electrori@tMeV [77], around twice as
much energy as the next most energetic beta emitter.
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Figure 3.1: Maximum ranges of beta particles in selected materials. Plot adapted from
material in [75].

wide range, the vast majority of beta particl& s0ékeV. A plot of beta energy

versus stopping distance for a small selection of materials is shown in Fig. 3.1. Gamma
decays carry energy betw»@8 5 MeV and are attenuated by dense material such

as lead, requiring many cm of material to achieve any appreciable reduction for high
energy emissions. For example, to reduce the gamma radiation intensity by 90% for
the Ra-226 chain, around 5¢5 cm of lead shielding is needed [78].

A radionuclide is described by its halidife the time it takes for half of a sample

of this material to decay. The half-life is unique for every radioisotope and does not
depend on the material quantity. Activity is de ned as the number of disintegrations
per second and is a measure of how radioactive a sample is. One decay per second is
one becquerel (Bq), the Sl unit for radioactivity. Historically, activity was measured

in curies (Ci), whereCi = 3.7 10'°Bq = 37 GBq Curies are a convenient unit

for us to work with, as the curie was originally de ned as the activity of one gram of
Ra-226; as such, a sample of Ra-226 has an activity in curies equal to its mass in grams,
allowing the two quantities to be used intercharnydtds/worth stressing that this

is only true for Ra-226, and in general the instantaneous activity for a sample of N
atoms is given by:

SThis is not exactly true updated measurements put the speci ¢ activity of Ra-226 closer to
36.5 GBq or 986 mCi per gram [79]. However, absolute measurements of sample activity or radionu-
clide amount are challenging, so treating 1 Ci 1 g for Ra-226 is ne at our level of precision.
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In1204# .
G.2

= (3.1)

Activity does not consider the type nor energy of the decays this information is
contained in the dose, the measure of radiation energy absorbed in a material. More
detailed discussion of dosage, including biological dosage, is provided in Sec. 3.2.

The decay product of a heavy radionuclide is often also radioactive. This introduces
the concept of a decay chain, the series of decays of a speci c radioisotope as it pro-
gresses towards stability. Consequently, a sample of pure material will build up popu-
lation of its daughter nuclides over time, whose hazards also need to be considered in
the experimental design. As an example, the rstdaughidivon-226&radon-222

which is a radioactive gas that has the potential to di use into the surrounding area

if not contained. The full decay chain féiRa is shown in Figure 3.2. This also

means that a sample of material can get more radioactive over certain timescales, as
the accumulation of daughter nuclides will add to the total activity (see Figure 3.3 for

an example of this in Ra-226).

Because a radioactive decay process transfers a radionuclide between two states of
discrete energy, the decay products also carry some discrete energy. For alpha and
gamma emissions, this means that the energies for any decay are deterministic. In
general, alpha decays from a speci ¢ nuclide to another always carry the same energy,
and gammas have a few possible values depending on the nuclear state in which the
daughter ends up. A radioisotope will thus have a characteristic alpha and gamma
emission spectrum, where measurement of this spectrum for some sample allows
for determination of its radiological makeup. This does not apply to beta decay, as
emission of an electron (or positron) is accompanied by simultaneous emission of
an electron antineutrino (or neutrino) in order to preserve lepton number. The two
decay particles thus split the total energy, where each individual product can have any
value up to the total.
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Figure 3.2: Decay chaindRa. Gamma emissions are not shown, but occur most
strongly in the beta decays of Pb-214 and Bi-214 and weakly along during the alpha
decay of Ra-226 to Rn-222. Decays with vanishingly rare probabilities are not shown.
Plot taken from [80].
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Quantity | Units Unit relation Usage Typical values
Ci Describing how hot 1 ug of Ra-226 has
Activity 1Ci=37 10°Bq| asampleis;howmany activity 1 uCi; 1 ug
Bq decays persecond | of Ra-225is 40 mCi
Dental x-ray: 0.07 rad;
Absorbed rad _ Total absorbed energy; LD50 for humans:
1Gy=100rad mostly used for large,
dose ; 450 rad (whole body
Gy instantaneous doses
exposure)
. rem Rough quanti cation of I\.IR'C'yearIy e_xposure
Equivalent _ . | limitis 5rem; average
1Sv=100rem | health risk from chronig,
dose Sy long-term exposure yearly background
inthe USis 310 mrem

Table 3.1: Summary of some units and quantities used for describing radioactivity.
Units listed lower are the SI-recommended variants.

3.2 Dosage

After a decay product is emitted, itis either neutralized by the air or absorbed into a
material. While travel through the air will lead to ionized air particles, which could
conceivably be a complication in certain experiments, the vast majority of attention
spent on the hazards of radiation concern its uptake in materials, most notably the
human body. The language surrounding dosage is often obtuse, so this section is an
attempt to demystify it.

An unfortunate reality: just like how activity may be represented by two possible
units (Bg or Ci), all concepts pertaining to dosage have a historical representation
and a corresponding Sl unit. Based on experience, the historical units are still
more common in documentation here in the United States, including the Nuclear
Regulatory Commision's most up-to-date Code of Federal Regulations (10 CFR).
As such, we will primarily write in terms of these units. Table 3.1 summarizes all
(relevant) quantities.

The unit of absorbed radiation dose is the rad, with a corresponding Sl unit called the
gray (Gy). One rad is equivalent to an absorption of 0.01 joules of radiation energy per
kilogram of matter, or6+24 10 ’ MeV absorbed in one gram of matter (recall that
individual radioactive decays tend to carry enetgidgV). Typically, absorbed

radiation dose is quoted when describing large, instantaneous radiation events, such
as during medical scans or nuclear disasters. Examples of typical doses in rads are
givenintable 3.1.

Absorbed radiation dose only considers the amount of energy absorbed; in biological
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systems, the form of this energy also impacts its ability to cause adverse health e ects.
Multiplying absorbed dose in rads (grays) by a weighting factor speci c to the type of
radiation gives the equivalent dose i?(gaverts). Both beta and gamma radiation
have a weight of 1, while alpha (and larger) particles have a weight of 20. The weighting
factor for neutrons depends on their incident energy, but always falls somewhere
within this range [81]. Equivalent dose is an attempt to correlate the amount of
absorbed radiation with long-term health e ects and is used to quantify chronic,
cumulative radiation expostréd commonly reported statistic is that radiation-
induced cancerincidence increases at absd&b¥per rem [81], although this value

is highly model-dependent and should be treated as a rough guideline. Occupational
exposure limits are quoted in rem, which for radiation workers in the US are generally
no more than 5 rem/year.

Because radioactive emission is isotropic, the dose rate drops with the square of
the distance from the emitting source. This leads to one of the main methods of
radiation mitigation, referred to as distance shielding. Maintaining physical distance
from the source is one of the most straightforward ways to reduce one's radiation
exposure without requiring careful experimental engineering. The other simple form
of shielding is time shielding, whereby a material is handled for as little time as necessary.
Because dose is a cumulative metric, an optimization of handling time and distance
should be found so as to reduce the total absorbed biological dose. This introduces
the concept of ALARA, or As Low As Reasonably Achievable, describing the
principle of minimizing the radiation dose as much as possible by combining all
available methods of shielding.

Reducing exposure to all types of radiation requires careful experimental design tai-
lored to the type and source. This design should always be discussed and coordinated
with the relevant administrative departments. As a reference, the safety protocol that
we developed for our handling of radium-226 is provided in Appendix A. | will stress
that | am not trained to give any instruction in the realm of medical physics, and that
any notes or pieces of wisdom contained in this thesis are the result of my own learned
experiences which do not apply to every situation.

This has been an extremely brief discussion of dosage, intended to include only

Srem is an acronym of roentgen equivalent man, which is misleading as its modern de nition
bears no connection to the roentgen, the unit for radiation exposure in air. The word rem, rather than
the full term it stands for, is used when referring to the quantity.

"There is another way of describing equivalent dose that includes an additional weighting factor
for the type of tissue absorbing the radiation. Given that, in this work, the radiation was not highly
targeted to any speci ¢ part of my body besides the hands, this additional treatment was not necessary.
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the information relevant to this type of work. Further details describing our safety
protocols and radiation mitigation are mentioned later in section 5.1, and a description
of radiation monitoring is provided in Appendix A.

3.3 Radium-226
As most of the work contained in this thesis concerns the study of radium and radium-
containing molecules, we will present some information speci c to these species.

Radium s an alkaline earth metal with no stable isotopes. The overwhelming majority
of radium present on Earth exists as the isétéRa, which originates in the decay
series of uranium-238 via the process:

238U 234-|-h 234< Pa 234U 230-|-h 226Ra o

From this point, the radium decay series proceeds as in Figure 3.2.

Other isotopes exist as byproducts of rarer decay chains 2$tiRh arscf>°Ra

(from 233U and?3U, respectively), or are produced in nuclear reactors. Radium-
226 has the longest half-life of all of the radium isotopes by a wide margin, with
G.. 1600 y. This half-life presents a major experimental annoyance; it is short
enough such that even small masses of radium-226 are considerably radioactive, but
long enough such that any spills or contamination cannot be cleaned up by waiting
out a number of half-lives until they decay away. To elaborate on this latter point:
say an experiment works with either radium-226 or radiu@-2255 d) in some
apparatus. On human timescales, the amount of radium-226 will remain essentially
unchanged and the apparatus will only become more radioactive (Figure 3.3). For the
case of radium-225, aftéd0 days, only arourtboof the starting material remains,

and by one year no radiation will be detectable (Figure 3.4), meaning the experiment
has essentially decontaminated itself. The design and disposal considerations for the
two situations will be di erent as a result.

In addition to its half-life that is simultaneously too long and too short, another
challenge unique to radium-226 is its rst decay product: radon-222. Radon is a
noble gas, whose lack of reactivity makes chemical sequestratior?éfiRuilt.

speci cally, is the radon isotope with the longest hal&lfe§+8 d), su ciently

long to migrate appreciable distances. Measures must be taken to avoid nonlocal
contamination or ingestion by inhalation.

The worldwide distribution of uranium-238 in soil and seawater produces varying
amounts of radon near ground level. Because itis infeasible to eliminate it entirely,
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Figure 3.3: Log-scale buildup of radium-226 daughters as a function of elapsed time,
starting with a pure 1 mCi (1 mg) sample of radium. At one day, the total activity of
the sample is already twice that of the initial sample, and plateaus to around 6 times
higher after 10 days. Note that the y-axis is activity and not quantity to convert to
guantity, use Equation 3.1.

the US Environmental Protection Agency recommends limiting radon levels to 4 pic-
ocuries per liter of air, with the average level across US homes being 1.3 pCi/L [82].
For radon-222, this corresponds to a recommended maximroo@d atoms,

or1+17 107*° mol, per liter. Background radon levels can be mitigated by either
physical restriction of the radon or by maintaining su cient air turnover in the region

of generation.

Roughly ve alpha particles, four beta particles, and numerous gammarays are emitted
as??®Ra progresses towattffb, presenting challenges from all main types of radia-
tion8. Of these beta emissions, most of them are quite energeticlindhéeV

range. Following Figure 3.1, betas with this energy can travel an appreciable distance in
air, meaning some form of physical shielding is advisable during the handling process.

8t is true that neutrons emission and cluster decay are possible branches in the radium-226 decay
chain, but they are so vanishingly rare as to not require consideration at any experimentally-relevant
guantities. If one is working with enough radium such that the neutron emission from thallium-210
becomes relevant, it is doubtful they will be reading this thesis for any inspiration.
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Figure 3.4: Log-scale buildup of radium-225 daughters as a function of elapsed time,
starting with a pure 1 mCi (1 mg) sample of radium-225. Compared to radium-226,
the shorter half-life of this isotope means that 99% of the initial material has decayed
away by 100 days.

Gammas are emitted primarily during the dec&ytfand*'“Bi and are also on

the energetic side. Under normal handling conditions, these gammas contribute to
the majority of the biological exposure. Without gamma attenudtioGigl mg)

sample of radium will lead to a biological dose rate ofrem/h at a distance of

1 meter away. Dose rates at other distances will follow from the inverse square law.

All isotopes of radium exhibit the same chemical toxicity, originating from its alkaline
earth chemistry. This causes the body to treat radium as it would calcium, leading
it to accumulate in bongdn fact, radium is considered the most toxic radioactive
element [83]. Safe handling of radium requires considerable measures to prevent
ingestion, not just for the radiological risks, but the chemical ones as well.

9This preferential uptake in the bones is the reasaf#¥RaClb sees use as a metastatic bone
cancer treatment.
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Chapter

1V

Tabletop cryogenic apparatus -
the Minifridge

Before a molecule may be studied spectroscopically, or used in a precision measure-
ment experiment, it must be made; only an in nitesimal fraction of the total possible
molecules are readily available in nature. Even more complicating is that the optical ad-
dressability and relatively simple electronic structure that we desire are consequences
of a highly reactive electron con guration. Thus, study and use of these molecules
requires producing them in an environment that isolates them from anything they
may react with, including themselves.

Furthermore, for a molecule to be useful for most modern precision studies it must
also be low-energy (cold), both internally and translationally. As described in Chap-
ter 2, molecules have a mess of internal quantum states, a consequence of their vibra-
tional and rotational structure. To illustrate the consequences of this, consider the
distribution of molecules across rotational states temperatujegiven by the
Boltzmann distributioh

o120 104 I )
%1 0 = I 1_0 12 104 1 ,l°°i ) - (4'1)

Hhis assumes a rigid rotor model of rotational states.
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Figure 4.1: Visualization of the rotational state distribution as a function of tempera-
ture for a molecule with a similar rotational constant to RaF [84]. Left: Rotational
state occupation fractién? °as a function of temperature for a few selected values.
Right: Number of rotational levets that make up 90% of the total occupied states,
guantifying the spread of the molecular population.

with the resulting rotational distributio¥g °shown in Figure 4.1. Since optical
control involves the resonant excitation of molecules from speci ¢ ground states to
speci c excited states, being able to condense the molecules into a small number of
ground states has the same e ect as increasing the total number of usable molecules in
the experiment. If these molecules are to be used in a measurement that involves any
sort of coherent time evolution which includes every variation of modern molecular
EDM searches then they also need to be traveling slowly or captured in a trap.

Many methods have been implemented to circumvent some or all of these challenges.
One way of directly making cold, trapped molecules involves starting with already
laser-cooled and trapped atoms, leveraging the advanced and comparatively simple
experimental techniques to bring these species to ultracold temperatures. In the for-
mation of neutral molecules, these trapped atoms are brought together and bonded
together through coherent optical transfer to a molecular ground state through a
weakly-bound excited vibrational state [85]. In fact, this technique was recently applied
to form a Bose-Einstein condensate of polar molecules, the hallmark of quantum de-
generacy, for the rsttime [86]. However, formation of ultracold assembled molecules
requires starting with atoms that are themselves laser coolable, severely restricting the
space of possible products.
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Foregoing laser forces entftatyn trapping is a means of con ning atoms and
molecules simply through the application of DC and RF electric elds [87]. As arela-
tively species-agnostic method, they can possess trap depthsE¥siae/d88]

( 10 ° K) a trapping potential around a billion times deeper than conventional
neutral atom tweezer potentials [89]. These potentials have no trouble capturing
simple molecules as long as they are not originating from accelerated beam sources.
While this seems like a massive experimental simpli cation, only charged particles
will experience an appreciable force in these electric elds, restricting the application
to atomic and molecular ions. Because of Coulomb repulsion of the trapped ions,
the density of molecules in ion traps is many orders of magnitude less than can be
achieved in optical traps of neutral molecules, with a practical upper limit for ion
traps of around focm?® [90].

For the vast majority of neutral species which lack the necessary criteria for ultracold
assembly, molecule production occurs via laser ablation, where target materials for
the desired molecules are vaporized by high energy laser pulseytypicdliynJ

delivered in0ns. In the resulting ablation plasma, the reagents present in the tar-
get react to form energetic molecules with temperatures of thousands of kelvin [91,
92] much too hot to be of any use in a precision experiment, necessitating removal

of entropy in some way or another.

A general-purpose way of producing cold and slow molecules, and that which is
the basis of this work, is cryogenic bu er gas cooling [52]. In this method, the laser
ablation occurs in a cryogenic cell, a metallic enclosure xed at some low temperature,
often onthe order df 10 s of kelvin. This cellis lled with an inert noble gas which

s itself at cryogenic temperatures due to collisions with the cold cell wall. Energy is
removed from the hot molecules via elastic and inelastic collisions with the cold bu er
gas (Fig. 4.2). Through this process, molecules are cooled electronically, vibrationally
rotationally, and translationally, without any experimental techniques that are speci ¢
to the molecule of interest besides the choice of ablation target. From this already
internally cold starting point, molecules may then be studied directly in the cell or
extracted into a beam, with characteristic bu er gas beam velocities on the order of
50 200 m/s [52]; these velocities are su ciently slow to allow for direct laser cooling
into optical traps [94].

2Foregoing laser forces for the trapping force; lasers are still typically used to achieve cooling to the
trap motional ground state.

Collisional cooling of vibrational energy is much less e cient than that for electronic and ro-
tational energy, owing to the signi cantly lower cross section for vibrational-state-changing colli-
sions see for example the review in [52] and in-depth treatment in [93].
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Figure 4.2: Diagrammatic representation of bu er gas cooling of laser-ablated
molecules. a) The cryogenic cell made of copper is lled with helium gas, which
thermalizes with the cell at 4 K. b) Pulsed ablation lasers vaporize material o of solid
reagent targets which react to form various energetic atoms and molecules. c) Elastic
and inelastic collisions with the bu er gas cool the ablated species.
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Figure 4.3: Photos of the Minifridge on the optics table from two di erent angles.
Features are easier to see on the rendering, Figures 4.5 and 4.6. Note that the cold
head orientation is ipped 180 degrees between this photo and the renderings, but all
other components match.

This chapter is intended to serve as a general introduction to our cryogenic bu er
gas apparatus, detailing the design and principles of operation; speci cs of working
with radioactive species will be described in the subsequent chapter. However, itis
worth a brief mention of the advantages of cryogenic bu er gas cooling as they pertain
speci cally to radioactive molecule production. As described in the introduction,
gas-phase molecules containing radioisotopes are typically produced in the beamline
of a collider facility, which produces them at speeds reaching an appreciable fraction
of the speed of light. Slowing these molecules to the point where they could be used in
a Ramsey-type measurement or captured in a trap will be a formidable task requiring
facility-level infrastructure. Apart from those with the shortest halglives {day),

there is no reason why a generic radioisotope would not be compatible with the bu er
gas cooling methods described in this chapter; this claim is validated in Chapter 5.

4.1 Cryostat design

The tabletop cryostat constructed for this work which | nicknamed the Minifridge
since it makes things cold and is smaller than our other cryostats was designed
to minimize the cooldown cycle time while also simplifying the construction over
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Figure 4.4: Temperatures of cryostat stages across di erent thermal cycles. Room
temperature corresponds to a reading of 280 K as these diodes are not calibrated for
accuracy at high temperatures. For all three plots the 4 K adapter and cell temperatures
are within a fraction of a degree and thus the traces are overlapped. Left: Cooldown
to 4.2 K fromroom temperature. The cell reaches its base temperature at just over two
hours from the start of cooldown. Center: Warming up to room temperature without
heating. After around a day and a half the cryostat is above the dew point, meaning it
can be opened without introducing moisture into the system due to condensation.
Right: An example of a forced warmup, achieved by driving the 30 K top and 4 K
adapter cartridge heaters with 0.5 A. Solid lines are data and dotted lines are tsusinga
simple model based on Newton's Law of Heating. Data after two hours was modeled
rather than taken experimentally as we run the heaters on a timer to mitigate the
potential to overheat and damage the system. Because of the lower thermal mass and
better conductance, the 4 K stage warms up more quickly. If desired, up to four times
more current may be run through the heaters to further expedite the warmup.

previous cryogenic bu er gas sources (see [95]). A main reason that both of these are
possible simultaneously is the usage of a sealed cryogenic cell versus an open beam
source; in a sealed source, the total thermal mass can be signi cantly smaller and allow
for a less powerful cryocooler, whereas for a beam source with continual bu er gas
ow a larger volume is often desired to reduce the background pressure caused by the
bu er gas, necessitating more cooling power. Initially, the Minifridge was intended to
be an assistant to the existing beam sources in the lab, where we would test ideas that
were interesting but would divert the attention of the more sophisticated apparatuses
away from their main goals. However, as we will see later on in Chapter 5, the speci c
design features of the Minifridge made it uniquely suited for work with radioactive
species. A selection of custom or modi ed part les for the cryostat and cell can be
found in [96].

Cooling to 4 K is achieved via a Gi ord-McMahon (GM) style cryoéoGem-

4Sumitomo RDK-205D with F-40L compressor
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pared with pulse tube&M coolers are around half the size, have around half the
cooling power at 4 K, and at the time of this writing cost around half as much.

One notable di erence between the two that could limit the use of a GM cooler

Is vibrations; because the regenerator in the cold head physically moves during the
cooling cycle, the cryocooler produces vibrations that are strong enough to be felt by
hand on the table and surrounding components. Thankfully, our optical setup and
measurement protocol is insensitive to small movements, so we do not need to worry
about mitigating this vibration. Experiments with stringent alignment requirements
however, such as tweezer arrays or quantum gas microscopes, would need to further
decouple the vibration from the optics table.

The moving regenerator of a GM cooler has another consequence: every so often, the
cold head needs to be replaced. For our model, we were quoted a lif€tH00@f

hours, equal to just over one year of continual operation. Unless the experiment is
designed to allow for easy removal of the cold head, this creates quite the headache.
We extend this replacement period by only running the cold head as necessary; when
we leave for the day, we turn o the cryostat. Overnight, the system ambiently warms
up a little (see Fig. 4.4). In the morning, an automated script turns everything on to
start cooling down, so that when we arrive the cell is at 4 K. This allows us to run the
cold head only as needed, and if we assume it is only on for eight hours a day (and not
weekends), this extends the lifetime to around ve years much more in line with a
typical PhD timescale.

Vacuum chamber

Because our lower cooling requirements allow for a more compact cryocooler com-
pared to the pulse tubes used in typical beam experiments, the overall vacuum region
can be much smaller. The vacuum chamber we chose is made from components
sourced by IdealVacuum and is largely comprised of stock parts with minimal custom
machining required.

Another reason we chose this type of design was its modularity; given that this was
initially a prototyping and testing apparatus, we wanted the ability to easily recon gure
the setup without the need for expensive and time-consuming custom parts. There
was also the possible idea to convert the Minifridge to a mini-beam at some pointin
the future, which could be achieved by simply adding on more cube frames. After we

SThe reference for comparison is a Cryomech PT415 pulse tube, as it is common within the
community
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