High-sensitivity molecular spectroscopy of SrOH using magneto-optical trapping
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Polyatomic molecules are projected to be powerful tools in searches for physics beyond the Standard Model
(BSM), including new CP-violating (CPV) interactions and ultralight dark matter (UDM) particles [1, 2]. Cer-
tain degrees of freedom present in polyatomic molecules enhance the sensitivity of these searches, as well as
reject systematic errors, but necessitate extensive high-precision spectroscopy to identify pathways for optical
cycling and quantum state readout. Here we show how a magneto-optical trap (MOT) can be used to locate
weak optical transitions and identify rovibronic states for optical cycling and quantum control. We demonstrate
this spectroscopic approach with strontium monohydroxide (SrOH), which is a candidate for both CPV and
UDM searches [1-3]. We identify two new repumping transitions in SrOH and implement them in a deeper
optical cycle to achieve 32400(4700) trapped molecules, a 4.5-fold increase over the previous, shallower cycle.
In addition, we determine the energy spacing between the X2£+(200) and X2+ (0310) vibrational manifolds
of SrOH, confirming the existence of numerous low-frequency rovibrational transitions that are sensitive to
temporal variations of the proton-to-electron mass ratio, a predicted effect of the existence of UDM.

I. INTRODUCTION

Molecules offer rich structures with several degrees of free-
dom that cover a wide range of energy scales. Despite the
complexity of even small molecules, much has already been
achieved, including simultaneous quantum control of elec-
tronic, vibronic, and rotational degrees of freedom, and laser
cooling [4, 5]. Driven by potential applications in quantum
computing [6-8], quantum simulations [9, 10], and precision
searches for physics beyond the Standard Model (BSM), a
large variety of ultracold molecules, both laser cooled and as-
sembled, are currently under study [11-19].

In the area of searches for BSM physics, cold diatomic
molecules have set the strictest bounds on the CP-violating
(CPV) electron electric dipole moment (eEDM) [20, 21],
broadly constraining new CPV physics in the 1-10 TeV
range. Heavy polyatomic molecules are new candidates for
both electronic and nuclear CPV searches [2, 19, 22-24].
Molecules are also sensitive probes of dark matter. The spec-
tra of molecules will shift due to temporal variations of the
proton-to-electron mass ratio, u = my,/m,, through differen-
tial shifts between rovibronic levels [11, 25]. In polyatomic
molecules, the different degrees of freedom of vibration (e.g.,
bend and stretch) generically allow for near-degenerate vibra-
tional states, offering accessible transitions sensitive to y in
the convenient microwave regime. Probes of such shifts pro-
vide a direct window onto many models of bosonic ultralight
dark matter (UDM) [26]. The molecule we study here, stron-
tium monohydroxide (SrOH), has sensitivity to both eEDM
and UDM [1, 2].

Control over single quantum states and the trapping of large
numbers of molecules are desirable to achieve optimal condi-
tions for precision measurements and other quantum science
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applications. Ultracold, trapped neutral molecules have been
produced via opto-electric Sisyphus cooling [27], association
of ultracold atoms [28], and direct laser cooling [3, 29]. One
key distinction of laser cooling in molecules, as opposed to
atoms, is the existence of radiative decays to vibrationally ex-
cited states. Molecules populating these states must be re-
turned (i.e., repumped) to the vibrational ground state to sus-
tain an optical cycle and continue the cooling process. By ad-
dressing ten rovibrational states with lasers, a magneto-optical
trap (MOT) of SrOH was recently achieved [3]. In that work,
a large fraction of molecules still populated unaddressed vi-
brational states over the course of cooling and trapping, mo-
tivating further spectroscopy to identify additional repumping
transitions. Driving new repumping pathways would increase
the number of trapped molecules and the concomitant sensi-
tivity of any precision measurement.

In this work, we develop the MOT as a spectroscopy re-
source to probe weak transitions and present methods to fully
identify discovered vibronic levels. Using this MOT-based
spectroscopy, we report two new repumping transitions for the
previously unaddressed X2+ (12°0) and X2+ (1220) states
in SrOH and implement them to realize improved laser cool-
ing and trapping. The addition of these repumps provides a
4.5-fold increase in the number N of SrOH molecules trapped
in a MOT. Combining this increase with additional techni-
cal improvements, we realize N =32400(4700), an order of
magnitude improvement over previous work. This, in turn,
recently enabled >10° SrOH molecules to be captured in an
optical dipole trap (ODT) [30]. Also, for the first time, we
locate the vibrational manifolds that are key to proposed mea-
surements of UDM with SrOH [1] and demonstrate a pathway
to directly populate it. In doing so, we identify many low-
frequency (5—-100 GHz) rovibrational transitions with sensi-
tivity to small variations in yu, thus validating precision STOH
spectroscopy as a platform for near-future probes of UDM

[1].
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II. EXPERIMENTAL METHOD

A MOT offers long interaction times and—through the
many repump pathways used to laser cool—easy access to
numerous excited vibrational states within the ground elec-
tronic state manifold. Taking advantage of rapid optical cy-
cling, MOT fluorescence measurements have the potential to
be a very useful tool for identifying weak transitions and find-
ing excited vibrational states, in both ground and excited elec-
tronic manifolds. Here, we develop the MOT as a vibrational
spectroscopy tool to identify new, very weak optical cycling
transitions. Our apparatus and laser cooling procedure was de-
scribed in [3], with the few minor changes to the optical cycle
for this work described in the Appendix A. We first capture
molecules in the MOT from a laser-slowed cryogenic buffer
gas beam [3]. After initial capture, the molecules cool in
the MOT over a time period of ~20 ms to a temperature of
~1 mK. A molecule can decay out of the optical cycle, such
as to a dark vibrational state that is not repumped; it is then no
longer confined by the MOT forces. However, due to its finite
velocity, this molecule will remain in the spatial region of the
MOT for ~10 ms and, if repumped out of its dark state, can be
recaptured in the MOT and returned to the optical cycle. This
free flight time allows for sensitive "repumper spectroscopy,"”
as described below.

A. Repumper spectroscopy for ground states

Consider a transition of interest as a two-level system with
no loss from the ground state and finite loss from the excited
state, to outside of the two-level system. During “repumper
spectroscopy,’ this “loss” from the two-level system is into
the optical cycle and manifests itself as increased MOT fluo-
rescence. In this repumper spectroscopy, we start in the situ-
ation where the energy of the excited state is known and we
seek to accurately determine the energy of the ground state,
referred to as the “target state.” From Appendix C, the popu-
lation removed from this two-level system after time ¢, in the
large detuning limit, is

v @
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where 7 is the decay rate from the excited state (to a state out-
side of the two level system under consideration), Q is the
Rabi frequency, and A is the detuning. The characteristic re-
moval time is T, = 2A?/(yQ?). Defining the saturation param-
eter s = 2(Q/Y)?, typical values for spectroscopy with STOH
in the MOT are s = 1, Y= 2% X 7 MHz, and 1, = 10 ms, yield-
ing a characteristic detuning of A = 27 x 2.3 GHz. Thus, at
a detuning about 10° times larger than the natural linewidth,
optical pumping out of the target state can be observed be-
cause decay out of the two-level system under consideration
populates the optical cycle and manifests itself as increased
MOT fluorescence. From a practical perspective, this sensi-
tivity at very large detunings is a feature and a huge advantage
of repumper spectroscopy in the MOT, enabling much quicker

searches compared to measurements in molecular beams with
short interaction times.

Throughout, we employ the notation (vv5v3) denoting the
vibrational state with v; quanta of excitation in the Sr-O
stretching mode, v, quanta in the Sr-O-H bending mode with
vibrational orbital angular momentum ¢h, and v3 quanta in
the O-H stretching mode. To accurately determine the energy
of the target state, we seek to drive a transition from it back
into the optical cycle. However, the target state first needs to
be populated, which we accomplish in one of two ways using
the MOT. (1) The molecules may be directly pumped into the
target state, for example driving X>X*(010)-A(030)x>%, /25
which decays predominantly to X2X*(03'0). (2) Alterna-
tively, optical cycling may indirectly populate a state through
Avy = 1 decays due to off-diagonal branching. For example,
driving X2X*(02°0)-A(020)u’I1; ), populates XL (12°0),
beyond the already existing population from decays out of the
optical cycle.

Starting with molecules in the target state, we seek to re-
pump them through a known excited state. We scan a repump-
ing laser frequency to find the target state by recovering the
MOT. In our case, the MOT cloud of SrOH is addressed us-
ing a separate repumping spectroscopy light beam [31]. The
frequency of this light is scanned to search for MOT recovery
and so acts as a repump laser. The number of molecules in the
MOT is measured in the following three conditions for each
repump laser frequency: 1) baseline MOT number, Ny, 2) the
MOT number after depletion into the target state, NV,, and 3)
the MOT number after depletion and recovery via the repump
laser, N3. We show the ratio of the recovered MOT population
to the depleted MOT population, (N3 — N,)/(N; — N,), for an
example scan in Figure 2(b). Signal from repumper transitions
is observed at detunings as large as A ~ 21 x 6 GHz.

Once a repumping transition is found, we confirm its origin
by measuring MOT fluorescence in all four combinations of
depletion on or off, and repumping on or off. This determines
whether the transition recovers the population that had been
depleted from the MOT to a target state, or whether the tran-
sition improves the MOT fluorescence by adding molecules
to the cycle from some other state. Additionally, finer scans
with lower laser intensity, as in Figure 2(c) can then pro-
vide frequency resolution at the level of the natural linewidth,
Y~ 271 x 10 MHz.

B. Depletion spectroscopy for excited states

The long interaction times in the MOT lead to signal at large
detunings when finding a repumping line (above) and also al-
low weak lines to be driven with a high signal-to-noise ratio,
which is useful when searching for excited states.

For excited-state spectroscopy, a narrowband laser is di-
rected at the MOT and its frequency is scanned. When the
laser light frequency approaches resonance, the molecules are
driven to excited states, which, for the cases of interest here,
predominantly decay to optically unaddressed states. Thus,
molecules are driven out of the optical cycle, resulting in a
depletion of MOT fluorescence, as in Figure 2(a). We re-
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Table I. Term symbols and approximate angular momentum charac-
ter of states studied in this work. In the presence of the Renner-Teller
interaction, only K and P are good quantum numbers. In SrOH,
states predominantly have the angular momentum composition given
above because the Renner-Teller parameter is small compared to the
spin-orbit constant.

2
(=2 K1y
i 2Dy
=0 K13
(020) —< 'y 2%5/2
o \ a [T NEY
Al “ {= 0' A A R
(B)
=2 (A) A
(120) = 0 Iyt
XQE /= 2, B”) 2A
(020) o @ 25+
(000) 2yt
H = Hy. + Hyarm. +Hso +Hanharm. +Hgr

Figure 1. Energy levels used for spectroscopy as well as repumping
transitions (not to scale; shifts below ~1 cm~! not shown). The
splittings are ordered by their size, which can be estimated from
the relevant constants: A = 263.5 cm™!, €2g22 =4x7.656 cm™ !,
and (e0,)%/A = (—30.72)2/263.5 = 3.6 cm~' [33]. Lines labeled
case (A) and (B) show the transitions relevant for X2X* (12°0) and

X?3%(1220) repumper spectroscopy, respectively.

fer to this method as “depletion spectroscopy.” For excited
state searches described here with StOH, the beam intensity
is I ~3.5 mW/cm? and the wavelength is ~640 nm [32].
Because of the many vibrational and rotational states within
a molecule, once a transition is observed, further measure-
ments are required to fully identify the ground and excited
states involved. For example, consider a depletion feature in
the MOT fluorescence at some frequency, corresponding to a
transition x, — x,, where x, (x) is a ground (excited) vibronic

manifold. For our cycling scheme in StOH, any observed state
in the vibronic manifold x, can have only / =1/2 and J =3/2
rotational levels populated, where J is the total angular mo-
mentum excluding nuclear spin, because all addressed excited
states in the optical cycle have J = 1/2. As a result, molecules
can be driven through rotational states up to J = 5/2 in the ex-
cited state, due to angular momentum selection rules. Identi-
fying each rotational feature and the rotational state splittings
provides information for assigning x,, since the lowest possi-
ble rotational level for the excited vibronic manifolds studied
in this work range from J = 1/2 to J = 3/2. Additionally, in
any excited manifold suitable for repumping, it is necessary
to find the J = 1/2 state in order to retain rotational closure.

The next step in confirming the assignment of x, is iden-
tifying x,, which is done using a depletion-based assignment
procedure as follows. After capturing molecules in the MOT,
light addressing one candidate ground state x; is turned off
for 3 ms during optical cycling, where i = 0,...,N, and i
labels a laser frequency employed in the optical cycle, and
N =10 in our experiment. This pumps a significant fraction
of molecules into x;. Next, only the depletion light is turned
on (for 10 ms in our experiment), resulting in depletion of
molecules out of x;. Finally, the molecules are recaptured
in the MOT with all repumps on. If x; = x, the depletion
light pumps molecules out of the optical cycle, lowering the
recaptured MOT fluorescence. For the other states x; where
Xj 7 X, the recaptured MOT fluorescence is unaffected. This
procedure determines the ground state of a given depletion
feature. The excited state rotational structure, laser frequency,
and ground state assignment are typically sufficient to identify
the excited state in the transition. We sometimes also confirm
the state assignment by observing the decay fluorescence fre-
quency on a spectrometer, as described in Appendix B.

This depletion spectroscopy method applied to StOH is suf-
ficient to fully identify and label the states for the A(020) sys-
tem by driving from X?2£*(000) to one of the A(020) states.
Specifically, the A%IT; /5 (020)4I1; /, and AIT; /5 (020) K11,
states are used for repumping X2X*(12°0) and X2X*(1220),
respectively.  The A(020)u’IT; /2 state had already been
identified for previous work [3]. Furthermore, the excited
state A(OB’O)KZEI /2, mainly of ¢ =1 character, was identi-
fied with these methods using the transition X2X*(010) —
A(030)K?%, /5. Several other excited states were identified and
are listed in the Appendix B. By performing the excited state
spectroscopy using depletion of the MOT, we achieve high-
contrast signal even for weak transitions such as those with
AVQ =2.

Using the methods described above, we find
X?r*(12°0), X%r*(12%0), and X22*(03'0), as well
as the excited states A(020) with IT vibronic symmetry
and A(030)x°%, 2. With the precise knowledge of the
X?x*(03'0) state energy from this work, we determine that
many energy spacings between low-lying rotational levels
in the X?Z+(200)-X22*(03'0) band lie in the 1-100 GHz
range, confirming the viability of a proposed UDM search
using temporal variations of u [1], as discussed further in
Appendix D.
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Figure 2. Spectrosopy data (a) scan over X?X+(0220)-A(020;J =
1/ 2)K2H1 /2, showing both excited state parity components, split
by ~280 MHz. (b) repumper spectroscopy of X2Xt(1220)—
A(020)°11, /2 atlow resolution. Measurable repumping is observed
over 4 GHz detuned from the transition, as expected from the long
spectroscopic interaction times achieved in the MOT, see Sec. II. (c)
a finer scan of the same transition with 0.1% of the full power in the
repumping light, revealing the parity doublet splitting in the excited
state.

III. DESCRIPTION OF SPECTROSCOPY RESULTS

Before we began our work with SrOH, it had been stud-
ied in the spectroscopic literature by several authors over the
course of more than a decade [33-38]. These earlier results
provide an essential background for predicting the transitions
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and estimating the splittings in this work. The A’IT state in
SrOH is a Hund’s case (a) state with molecule-frame elec-
tronic orbital angular momentum projection A = %1 and elec-
tron spin projection £ = +1/2. The spin-orbit interaction cou-
ples A and X to split the A°IT state into AIT, , and A?TI; 5,
which are separated by 263 cm~!. In states with |¢| > 0, the
electronic and vibrational angular momenta combine to form
K = A+ ¢, which determines the vibronic symmetry of the
state. The molecule-frame projection of total angular momen-
tum excluding nuclear spin is P = A+ {4+ X. A state’s char-
acter is designated by the term symbol 257! |K ||p|> where K|
is labeled as {¥,IT,A,...} for values of |[K| ={0,1,2,...}.
States with the same term symbols are distinguished by u
and x to designate lower and higher energies, respectively, as
seen in Figure 1. The term symbols relevant for the A(020)
states are additionally written explicitly in Table I, and we
use the vibronic notation described here throughout. It is im-
portant to note that in the A’IT state, the actual eigenstates
of the molecule are a mixture of £ = 0 and 2 due to Renner-
Teller interactions with strength governed by the parameter
€ =—0.0791 [33]. Thus, for example, theA(OZO),uzﬂl/z state
is primarily ¢ = O character but is mixed with £ = 2 at the
~ 2% level (see Figure 1).

When searching for excited states, the long interaction
times in the MOT enable near-complete depletion even for
weak transitions. By either driving directly from the ground
X?X7(000) state or repumping one of the X?X+(120) states,
the A*T1(020) states of w*T1; 5, 4° 135, k%115, and KT1; )
vibronic symmetry were identified and are listed in Table III.
The vibronic *®s , and 2®; , states were not observed.

When searching for ground states, long interaction times
likewise enable large step sizes of 100s of MHz to observe
initial signal, with non-negligible repumping signal up to
~ 6 GHz from the nearest resonance as shown in Figure 2(b).
This effect is ~1,000 times broader than the molecule’s nat-
ural linewidth of 2tx7 MHz. This is an important, defining
feature of our technique. Subsequently, employing smaller
step sizes (~10 MHz) while lowering the intensity of the re-
pumping light allows for finer mapping of the line shape as
shown in Figure 2(c). With this finer mapping, we identify
the X?2+(120) states to ~10 MHz resolution, with all transi-
tions listed in Table IV.

In addition to the most relevant states already listed, we
found several other states consistent with Av, = +2 bands. In
each case, excited states were later identified with dispersed
laser-induced fluorescence, as described in Appendix B.

IV. CHARACTERIZATION OF MOT IMPROVEMENT

With the new knowledge obtained from both repumper
and depletion spectroscopy, we add the repumping laser
frequencies addressing the X2X*(12°0)-A(020) 11, /2 and
X2x(1220)-A(020)xT1; , transitions to the optical cycling
scheme during the laser slowing and magneto-optical trap-
ping. We observe more efficient trapping due to the improved
optical cycle. Both new transitions are driven by ECDLs with
sufficient power to not limit the overall photon scattering rate
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Figure 3. Increase in MOT lifetime with sequentially added

repumping lasers at a “hold” MOT laser power of 6.0 mW.
The data and fit for adding only the X2r*(12°0) repumping
laser is omitted for visual clarity. The baseline MOT includes
all ten lasers in the original optical cycle, described in [3].
For conditions:{Baseline, Baseline + X22*(12°0), Baseline +
X232+ (1220), Baseline + X22(1200) + X22+(1220)}, the lifetimes
are {39.4(3.7), 49.4(3.9), 50.4(4.5), 66.3(8.0)} ms, respectively.
Images show fluorescence from trapped molecule clouds with peak
molecule numbers of 7200(1400) and 32400(4700), corresponding
to optical cycles without (left) and with (right) the X 2E'*'(IZZO) re-
pumping lasers. The same color scale is used in both images.

during slowing. As with other repumpers, the light is broad-
ened to ~350 MHz by an over-driven electro-optic modula-
tor. Adding these transitions extends the average number of
photons cycled before loss to an unaddressed state, which
in turn increases both the maximum trapped molecule num-
ber and the MOT lifetime. With these additional two light
frequencies, the highest observed MOT lifetime increased
from 99(7.6) ms to 210(35) ms as shown in Figure 8. Ad-
ditionally, the loss probability in the optical cycle decreased
from 1.0(13) x 10~ to 3.3(20) x 107>, as discussed in Ap-
pendix E. As a result, the MOT number increased by a factor
of 4.5 from N = 7200(1400) to N = 32400(4700), as a direct
consequence of the addition of these repumpers.

Several mechanisms contribute to improving the number of
trapped molecules. The most significant contributor is the di-
rect increase of the average photon scatters before 1/e decay
to an unaddressed state, i.e., “photon budget.” To slow SrOH
from the molecular beam’s peak velocity around 110 m/s to
near 0 m/s, ~20,000 photons are scattered. We estimate
that an additional ~10,000 photons are scattered in the MOT
to trap the molecules. Thus, increasing the photon budget
from 9800(1000) to 15000(1400) decreases the number of
molecules lost to dark states by about an e-folding. Next, slow
molecules continue to arrive in the MOT region for ~14 ms
after the end of laser slowing. The longer MOT lifetime allows
molecules loaded early to survive until late-arriving molecules
load, thus increasing the number loaded by ~ 12%. Finally,
we re-optimize the slowing parameters for the improved opti-
cal cycle. These factors all contribute to the 4.5 increase in
trapped molecule number due to the added repumpers.

To determine the trapped molecule number, the pho-

ton budget itself is calibrated via separate measurements,
rather than relying on dispersed laser-induced fluores-
cence measurements of branching fractions [39], as dis-
cussed in Appendix E. The improvement in the number of
trapped molecules without the addition of new repumpers,
N =7200(1400), compared to the previously reported value of
N =2000(600) [3], is largely due to the increase in the power
on several repumping paths, as described in Appendix A. In
addition, with the improved calibration of the photon bud-
get obtained in this work, we infer an updated (marginally
increased) value of the previously reported number to be
N =2600(500) molecules.

Figure 3 shows the MOT lifetime increase as the
X?X7(120) repumpers are added to the optical cycle with ap-
proximately equal loss rates into £ = 0 and 2. For those mea-
surements, the main transition MOT light power was held at
6.0 mW. At the lowest MOT light power of 1 mW, we ob-
served a lifetime of 209.2(17.7) ms, which is limited by loss
to unaddressed states (see Figure 8).

V. CONCLUSION

We perform spectroscopy of weak vibronic transitions in
a MOT of SrOH by developing repump and depletion spec-
troscopy methods. We find several states in the A(020) man-
ifold that we then use to identify and repump X>X*(120)
states. Adding these repumpers to the optical cycling scheme,
we decrease the loss rate from the optical cycle and increase
the number of trapped molecules to N = 32400(4700). The
increase in the number of molecules in the MOT is benefi-
cial for future precision measurements using molecules in an
optical dipole trap (ODT).

The use of trapped molecules in this work provides long in-
teraction times, enabling a strong signal for scattering rates
on the order of 100 Hz. Furthermore, excited state spec-
troscopy is facilitated by continuous photon scattering at a rate
of ~1 MHz in the MOT, enabling efficient searches for vibra-
tional excited states while maintaining high resolution. The
continual scattering also ensures that the molecules sample
different vibrational states in this system, allowing the ground
state of a transition to be easily assigned across ~10 vibra-
tional manifolds.

In addition, for the first time, we locate the vibrational man-
ifolds that are the key to proposed measurements of UDM
with SrOH [1] and demonstrate a pathway to directly populate
the relevant rovibrational states. Our high-resolution measure-
ment of the X>X 1 (200)—-X>X*(03!0) spacing confirms the vi-
ability of driving the proposed vibrational transitions with mi-
crowaves for this precision measurement of temporal varia-
tions of u [1].

In closely related work, using the results obtained here,
SrOH is loaded from a cryogenic buffer gas beam (CBGB)
into a red MOT, sub-doppler cooled, and loaded into an ODT.
Loading efficiency into the ODT is increased by compression
using a conveyor-belt MOT [40, 41] to better spatially mode-
match the MOT cloud size to the ODT size [30]. With the
current initial red MOT numbers of N ~ 10%, we achieve a



trapped molecule number in the ODT of ~ 10° [30]. In fu-
ture experiments, transverse cooling of the molecular beam
during slowing can be used to further increase the number of
molecules in the red MOT by improving CBGB slowing ef-
ficiency [15, 42]. This will result in further improvements in
the sensitivity to ultralight dark matter using StOH [1].

ACKNOWLEDGMENTS

The authors thank Arian Jadbabaie for valuable discussions
on molecular structure. This work was done at the Center
for Ultracold Atoms (an NSF Physics Frontier Center) and
supported by Q-SEnSE: Quantum Systems through Entangled
Science and Engineering (NSF QLCI Award OMA-2016244),
the Alfred P. Sloan Foundation (G-2023-21036), the Gor-
don and Betty Moore Foundation (7947), AOARD: Asian Of-
fice of Aerospace Research and Development (FA2386-24-1-
4070), and AFOSR: Air Force Office of Scientific Research
(DURIP FA9550-24-1-0060).

Appendix A: Laser scheme

The optical cycling scheme to scatter on average
15000(1400) photons before decay to an unaddressed state,
i.e. the photon budget, is shown below in Figure 4. The
overall scheme remains similar to the one originally reported
in Ref. [3], but contains some changes to optimize the over-
all scattering rate of the optical cycle. This optimization
of the scattering rate allows for a higher number of trapped
molecules to a baseline of 7200(1400) without the addition
of the X 2Z*(IZO) repumpers. Each repumper must decrease
at least one vibrational quantum number in order to trans-
fer molecules back into the cycle. Most transitions will have
Vie—Vig = Avy = —1 or, if necessary, Av; = —1 or —2. In
the case of X2X*(02%0), we use a transition with Al = —2.

The transitions used in this updated cycling scheme are
given in greater detail in Table II. The majority of repumpers
are around 630 nm (typical of Av; = —1 transitions in the
X2y +-B?Y* band), suitable for summed frequency gen-
eration (SFG) from Yb-doped (~1060 nm) and Er-doped
(~1550 nm) fiber amplifiers. These systems also are high
power, which is necessary to tolerate the power losses due to
combining the different frequencies of light for slowing and
trapping. Additionally, as discussed in Ref. [3], in order to
reach higher scattering rates for systems with many lasers,
each repumper must drive molecules out of the ground state
much faster (ideally 2 10x faster) than the molecule falls in.
To achieve such scattering rates, higher powers in the repump-
ing lasers are required.

Improvements in the trapped molecule number compared
to Ref. [3] are primarily due to improved laser powers, partic-
ularly due to increasing the power of the X>X(010;N = 1)
repumper from 500 mW to 3 W. Additional increases of
other repump powers, including X2+ (02°0) and X2X*(200),
shift the optimal slowing times from 26-30 ms to 24-
28 ms, implying a higher effective photon scattering rate.
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Figure 4. Full optical cycling scheme. Line thicknesses represent
relative laser powers. X2Z+(010) and X?Z+(110) states require sep-
arate lasers to address both N=1 and 2 states, represented by thicker
and thinner lines, respectively. Energies not to scale.

Ground state (X2X)| Excited state Wavelength (nm) | Technology | Power
(000) AT, 1,(000) 687.6 SFG  [800 mW
(100) B2x*(000) 630.9 SFG W
(200) B2x*(100) 630.5 SFG* 100 mW

(010;N =1) B2x*(000) 624.5 SFG 3W
(02°0) B2X*(000) 638.0 SFG  |600 mW
(0220) A(020)T1y 687.7 VECSEL | 40 mW

(01N =2)  |A(010)K’E; ) 674.5 ECDL | 5mW
(300) AT, 1(200) 711.5 ECDL | 6 mW

(110N =1) B2+ (010) 629.1 SFG* | 20 mW
(12°0) A(020)T1y 711.4 ECDL | 5mW
(1220) A(020)%°T, 697.7 ECDL | 5mW

(110;N =2) B22*(010) 629.2 SFG* 5mW

Table II. Optical cycling scheme achieving 15000(1400) photons be-
fore decay to an unaddressed state. Most lasers are generated by
lower-power ECDLs or Summed Frequency Generation (SFG) sys-
tems. Daisy-chained SFG systems are noted with an asterisk and
described in detail in Ref. [3]. Powers are measured after all fre-
quencies are combined.

Marginal optimizations to many other experimental param-
eters also partially contribute to the improved number of
trapped molecules.

Appendix B: Additional observed vibronic states

All observed transitions are noted in Table I'V. Since spec-
troscopy is not performed up to high J levels in the ob-
served vibronic manifolds, we do not attempt to infer rota-
tional Hamiltonians or determine precise molecular constants.
For any excited state used in repumping, it is necessary to de-
termine the rotational state to ensure rotational closure. To
estimate the rotational spacings in A(020) states, we use the
deperturbed Hamiltonian from Ref. [43] with molecular con-
stants from Ref. [33], which investigated the StOH A(010)
state. These resulting estimates are consistent with the ob-



Energies (cm™ 1)
1051.350(4)
1217.875(1)
1247.105(1)
15275.842(1)
15304.801(1)
15551.081(1)
15581.396(1)

State Labels
Xt (03'o;N =1)
X2rt(12°0;N = 1)
X2 (12°0;N =2)

A(020;J = 1/2)u’I1, 5
A(020;J = 3/2)u’Tl5 ),
A(020;J =3/2)x°Tl3 ),
A(020;J = 1/2)x°T1,

Table III. Energies of important states for repumping or future preci-
sion measurements, determined from transitions in Table IV. Com-
bined with the rotational analysis of X2£*(0310) in Ref. [35], we
determine its vibrational energy in the absence of the rotational or
{-doubling contributions to be Tyz1o = 1051.107(4) cm™!.

served spacings, implying that the Hamiltonian captures the
low J spacings in StOH and the rotational constants in the
A(020) state are similar to those in A(010).

We scan for the X2+ (000)-A (020) transitions with around
40 mW of 640 nm light directly overlapping the MOT to
drive MOT depletion. When a new excited state is found, it
pumps molecules out of the optical cycle, causing depletion
of the trapped numbers and lowering the MOT fluorescence.
Durmg this process, other transitions in the X>X* (v{,v2,0) —
A2TI5/5(v1,v2 +2,0) band are observed with the same signa-
ture of depletion of the MOT fluorescence. This band is ad-
ditionally overlapped with the X>XF (vy,v,,0) — AT, s2(vi+
1,v2,0) band in SrOH, allowing for some ambiguity in state
assignment, which we resolve as described in Sec. B 1. For
each transition, the ground state is determined as described in
Sec. II.

To calibrate the offset in the wavemeter we use to measure
laser frequencies, we observe the strontium intercombination
line ('So—>P) in our apparatus with a precision of 0.3 MHz,
limited by the finite doppler broadening. By referencing this
measurement to the value of 434.829 121 311 (10) THz re-
ported in Ref. [44], we determine the wavemeter offset to be
+68.8 MHz and report the calibrated frequency in Table IV.
Due to drifts in the calibration of a frequency reference dur-
ing data collection, we estimate the minimum frequency un-
certainty in Table IV to be 20 MHz.

1. DLIF spectroscopy to identify excited vibronic states

Ambiguity in observed excited-state vibronic labels is re-
moved using dispersed laser-induced fluorescence (DLIF)
spectroscopy. DLIF measurements can also reduce the un-
certainty of a previously unobserved vibronic state in the
X?x* manifold before attempting high-resolution measure-
ments. Before high-resolution MOT repumping spectroscopy,
DLIF spectroscopy is a useful tool to initially narrow the
X?x7(03'0) energy so that MOT spectroscopy can proceed
more quickly.

The apparatus and methodology of our DLIF are as fol-
lows. Cold (~4 K) SrOH is created in a cryogenic buffer
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Figure 5. Fluorescence from a decay in StTOH compared to narrow-
line light from a laser. Inset shows the fit centers in pixels versus the
known frequency. The line is fit to the known frequencies and used
to calibrate the decay fluorescence.

gas beam source, and then spectroscopy is performed 1 inch
from the cell aperture using a retro-reflected probe laser trav-
eling perpendicular to the molecular beam axis, as described
in Ref. [39]. The fluorescence from the molecules is collected
by a lens and curved mirror, after which the photons are dis-
persed onto an EMCCD by a Czerny-Turner-style spectrome-
ter.

The fluorescence observed is from molecules driven from
the natural population in the X?2+ manifold, without any
state preparation. We drive the transition of interest, using the
same light source from MOT spectroscopy, and observe the
decay fluorescence frequency. The horizontal pixel scale is
calibrated to frequency by dispersing narrow-band (~2 MHz)
laser light at several different, known frequencies, determin-
ing the center of the resulting peak, and performing a linear
fit, as in Figure 5. The peak centers are fit using a center-
of-mass fit procedure. This line is used to determine the de-
cay fluorescence frequency, after fitting the peak center, to a
highest possible resolution of ~0.5 px, which corresponds to
~1 cm~! uncertainty. From spectroscopy in the MOT, the
ground-state assignment X2 (15,15, £8,15), labeled Xy, and
transition energy are already known. The decay ﬂuorescence
is then measured on the spectrometer. For an excited elec-
tronic manifold M = A’IT or B’L* and vibrational quantum
numbers (v§,v5,0¢,v5), where M(v§,v5,£¢,v5) is labeled x,,
the strongest fluorescence, typically ~ 90% of the total, ac-
companies the decay to X2X* (v v§,v5,£¢,15), labeled x,. Thus,
assigning the ground state from the dominant decay fluores-
cence assigns the excited-state vibronic quantum numbers.

To assign x, and thus x., the energy of the probe light is
added to the energy of the assigned ground state to give the
energy of the excited state: Ey, = Ex/ —x, +Exé. Next, after
the decay fluorescence energy ( xrxg) is measured, then the
ground state energy can be calculated as Exg =FE — Exy,xg.
The energy E,, is sufficient to determine its vibronic label

X25T(v§,v5,£¢,v4), which then assigns x, as well.
In the case of A(030;J = 3/2)k?As,, which is predomi-



Transition frequency (THz)| Ground state Excited state assignment
467.103477/587(20) X2xF(000) A(020;J = 1/2)K°, 15
467.125827/937(20) X2£+(000) A(020;J = 3/2)x°I1, ),

467.164325(20) X2£+(000) A(020;J =5 /2)1<2 )
421.433411(25) X2z F(12%) A(020;J = 1/2)*11, 5
421.449800(1200) X2z F(12%) A(020;J = 3/2)T1,
429.716296/549(20) X2z F(12%0) A(020;J = 1/2)x°4 5,
429.738520(320) X2z F(12%0) A(020;J =3/2)x’, 5,
429.698645(100) X5t (1200) A(020;J = 1/2)kT3 5
436.820271(30) X257+ (0220) A(020:] = 3/2)p’Tl5
436.867871(100) X232 F(02%0) A(020;J = 5/2)Tl5
468.114038(20) X?LF(110)  |A’TI5/5(130)K%As 5. unknown J
468.128320(20) X2ZF(010;N =2) A(030)k%A3 /5,* unknown J
468.120317/422(20) X2£+(010) A(030;J =3/2)K°A3 5
468.134076/186(20) X257(010) A(030)k%As /5,7 unknown J
477.658754(55) X?2F(02%) A(220)K’I15 /,* unknown J
477.675991(20) X227 (02°) A(220)K’I15 /,* unknown J
477.614434(26) X2y +(1290) B2 7 (02°0), unknown N
423.900543(26) X2zt (0310) A(010;J = 1/2)x°%
423.919453(20) X2+ (0370) A(010;J =3/2)x’L
426.409689(20) X2xF(03T0; N =2) A(020;7 = 1/2)p%T1,
426.870765(20) X2xF(03T0; N =2) A(010;J = 1/2)x’%
423.889685(20) X252t (03T0;N =2) A(010;J =3/2)x’%
466.434125/221(20) X2z F(0170) A(0370)x%X, unknown J

Table IV. Observed transitions. The rotational state is noted for the excited state if known. The rotational state for each ground state is the
lowest odd-parity state unless otherwise noted. The minimum uncertainty noted is 20 MHz due to a conservative estimated drift in the frequency
reference used in this work. Asterisks (*) denote states that are assigned using DLIF spectroscopy, described in Appendix Section B 1. For all
DLIF measurements, the inferred energy of the ground state populated upon decay is expected to match a known or predicted vibrational state

in the X2t manifold to within ~3 cm™!
state only to within 10 cm™

nately of ¢ = 3 character, the rotational state is also assigned.
First, the vibronic assignment is confirmed in the usual way
from the X22+(01'0; N = 1)-A(030) 2A3/2 transition, as de-
scribed in Section II. Then, the rotational state is further as-
signed by driving £2£*(01'0; N = 2)-A(030)k?As  and ob-
serving the parity doublet splitting of ~ 71 MHz on top of the
spin-rotation splitting of 181 MHz in the ground state. Seeing
transitions from both J = 1/2 and 3/2 split by the known spin-
rotation splitting confirms that the excited state must be either
J=1/2 or 3/2, due to the selection rule of AJ =0, 1. Observa-
tion of the parity doublet splitting implies that the excited state
parity is unresolved, since the parity doublets are resolved in
the ground states. In addition, the decay fluorescence is con-
sistent with the energy of X?X+(0330) [35]. Together, the
known spacings and selection rules confirm the assignment as
A(030)K%A3 /2. This observed excited state is approximately
(32 —1%)ga = 8%7.55 cm™! above the A(030)K’%; /, state,
of mostly ¢ = 1 character, up to rotational energies and pertur-
bations to these states by Renner-Teller interactions. Thus, as-
signing the X2X*(01'0; N = 1)-A(030)K?A; 5 state provided
a helpful starting point for X2+ (01'0; N = 1)-A(030)«x> i
transition frequency estimates.

Additionally, the spectrometer is used to provide an initial,
lower-resolution energy for X?2*(03'0). For this measure-

. A dagger (") denotes states for which the inferred energy of the populated state matches a vibrational
! suggesting a small unidentified systematic error. States labeled with daggers are therefore provisional.

ment, we drive the transition X22*(01'0; N = 1)-A(010;J =
1/2)x%%, /2 and average the dispersed fluorescence on the
spectrometer to see the Avy = +2 decay to X2X*(03'0). The
branching fractions are expected to be similar to the observed
A?TI, /,(000)-X?£7(020) decays of ~0.03% [39]. The de-
cay is observed and confirmed to be ~ 20, ~ 2 %377 cm™!
redder than the main diagonal decay. We expect the rovi-
bronic decay to primarily populate X>X*(03'0;N = 1) but
contain a non-negligible amplitude to X2X*(03'0;N = 2).
The observed decay that is 2(1) cm~ ! above X 2Z*(ZOO;N =
1) is consistent with the energy determined at high resolu-
tion of X222+ (0310;N = 1), which lies 2.275(4) cm~! above
X2XF(200;N = 1).

In two cases, noted in Table IV, the measured energy Exg
did not agree with any known or predicted energies for excited
vibrational levels in the X>2+ manifold within the expected
uncertainty. The vibrational state x, is still significantly closer
to one known/predicted state than any other (i.e. 10 cm™!
from the assigned state but >50 cm~! from any other). Re-
gardless, to account for the higher error, an additional asterisk
is given.



2. Repumping X2 "(12°0) through B(02°0)

Initially, one potential pathway for repumping X>X* (12°0)
involved driving it through the B state with the X2X*(12°0)—
B?2+(02°0) transition, since the excited state had already
been observed in Ref. [34]. As we scan the frequency of a
narrow-band dye laser around the X?X*(12°0)-B>2*(02°0)
band at 627 nm, resonance should appear as increased MOT
fluorescence. Some repumping is found at 15931.49 cm™!,
but the increase in MOT fluorescence is ~ 10x weaker
than the increase in fluorescence from the X2+ (12°0) —
A(020)21T, /2 repumping pathway. Furthermore, only one
rotational state is found, despite broad scans around the ob-
served resonance.

It remains unclear why this repumping pathway is less suc-
cessful than repumping X2X*(12°0) through A~(020),u2H1/2.
To study the B?2+(02°0) state further using the MOT,
X22+(02°0)-B>27(02°0) can be driven for depletion spec-
troscopy, which would provide higher SNR for detecting
rovibronic states in the B>X*(02°0) manifold, compared
to repumping measurements. The measured energy of
B*x7(02°0), subtracting the rotational energy using constants
reported in Ref. [34], is approximately 17151.8 cm™!, which
is in some disagreement with the value of 17148.577(2) cm ™!
from Ref. [34]. The difference cannot be resolved by assum-
ing the excited state is in fact B2X*(0220), and the source of
the disagreement is unclear. Additionally, despite B>X*(200)
being predicted, significant spectroscopy efforts had previ-
ously failed to find it as a repumping pathway for X2X*(300),
as discussed in Ref. [3]. Due to the inability to use either
B*X7(02°0) or B>Z*(200) as states for effective repumping,
we speculate that there could be some amount of dissociation
in high-lying vibrational states within B”X*, which cannot
be observed through fluorescence spectroscopy. Depletion-
based spectroscopy in the MOT could determine the location
of these lines and may be pursued at a later date.

Appendix C: Spectroscopic line shapes in the MOT

To provide insight into the advantages offered by the MOT
for broadband spectroscopic searches, we present a simple
model of the expected depletion and repumping line shapes.
We consider the states involved in a target transition as a
lossy two-level system, with |1) = |g),|2) = |e), and loss rates
Y1 = 0,72 = 7. We assume that all population begins in the
ground state. The resonance frequency is defined to be @,
and the transition is driven at frequency ® such that the detun-
ing is A = 0 — ®. We define Q to be the Rabi frequency. This
system has analytic solutions [45],

Py (1) =|APExp[—(y— Y )] + |1 — APExp[~(y+Y)1] (C1)
+2]A(1 —A)| cos(Q't + ¢1)Exp[—t]

Py(1) =|BI*Exp[—(y—Y)1] +B"Exp[—(y+Y 1]
— 2|2 cos(1)Exp[—],

(C2)

where
Q' —A+i(Y +7)
2V +iy)
o Q
S 2(Q+iY)’
Y = 1/V2[(X? +4A%7) "2 —X]'/2,
Q' = 1/V2[(X> +4A%7)' 2 + X]'/2,
X= |Q‘2+A2 _’sz

B

and ¢, is the complex phase of A(1 —A).

We are interested in the population after some interaction
time ¢, which is typically on the scale of ms or longer when
performing spectroscopy in the MOT. In this case, vt > 1,
where typically Y~ 2w x 7 MHz in the excited electronic
states of SrOH. Furthermore, ¥ > 0 so terms proportional to
both exp[—7r] and exp[—(Y+7Y )] are vanishingly small. Then
Egs. C1-C2 become

Pi(1) z\A|2e7(77Y)’
Po(t) ~|Be 00

Expanding Y2 in the large detuning limit where 7,Q < A
to second order results in Y2 — y?(1 — Q?/A?). Taking ¥ —

T/ 1—Q2/A? ~y(1 — Q?/(2A%)), the populations are
_10?
Pi(1) =|APe 2 s
_10?
Py(t) ~|B|*e 22",

The total population moved outside of the two-state system is

2 2 1%
Host(t)zl_(P1+P2)%1_(|A| +|B‘ )e A

Finally, note that P (0) = 0, so by inspection |A|*> 4+ |B|*> = 1
and the result simplifies to Eq. IT A:

ye?
2A2_

Plost(t) ~l—e

As discussed in Section 11, this model accounts for the non-
zero repumping we observe for detunings 6 GHz from the
X2 (12%0) — A(020)K’IT; ), resonance.

Appendix D: High-resolution measurement of X2~ " (03'0)
energy for a y-variation probe

Both X?2+(200) and X?2*(03'0) were observed previ-
ously in Refs [36] and [35], but the absolute energy of
X?x7(03'0) had not been measured. In this work, the N = 1
and 2 states of X2X*(03'0) are both observed to high reso-
lution and found to be consistent with the rotational spacings
reported in Ref. [35].

During this work using the apparatus described in Ap-
pendix Section B 1, the X>X7(03'0) state is measured ini-
tially using DLIF on a Av, = +2 decay from X227 (01'0; N =



030N—1) OIOJ_1/23/2)
- 08
S
D061 A ]
<
H
o 041 ]
[
o
g o021 ]
=}
& ol /\ |
. 1
4239005 4239005 4239006 239194 4239195
Frequency (THz )
X(03'0; N =2) — ,4(011 )] =1/2,3/2)
o 08 ; H—
.2
B 06
<
&
o 04f
[
=
= 02
3
B o \/—\/\“\N Mﬁw
438700 4238707 423871 423889  423.8899

Frequency (THz)

Figure 6. Repumped fraction of molecules after depleting the MOT
into X2£+(03'0). The upper plot shows X22+(0310;N = 1) re-
pumped through the lowest two rotational levels in A(0110) (here
the excited state is written explicitly with its predominate ¢ = 1 char-
acter), separated by the known rotational spacing in the A state. The
lower plot shows the X227 (0310; N = 2) level repumped through the
same excited states. These data confirm the assignment of the rota-
tional levels in X>2+(03'0) and are consistent with Ref. [35].

1)~ A(010;J = 1/2)k?%, ), and found to be 2(1) cm™" above
X2X*(200; N = 1). Although we have not made a definitive
assignment of the rotational state observed in A(030)k?Z; /21t
can still be used to selectively populate X*£+(03'0), which is
a vibrational manifold of interest for probing u-variation. Af-
ter depleting the MOT into X2£%(03'0), the repumping light
is tuned to the prediction for X?£7(03'0) — A(010)x?%; , and
scanned. The X?2*(03'0;N = 1,2) levels are observed and
repumped through A(010;J = 1/2, 3/2) K?%; /». Furthermore,
the transition X?£7(03'0;N = 2)-A(020;J = 1/2)4*11, , is
driven.

We report the energy of X2X*(03'0) by subtracting the ro-
tational energy (1B) from the measured energy of N = 1, us-
ing the spectroscopic constants from Ref. [35]. The predicted
spin-rotation splitting of 106.7 MHz is not observed. We ob-
serve only one parity, and the splitting of the parity doublet is
predicted to be ~24 MHz in N = 1. Thus, although the tran-
sition was measured to an uncertainty of <10 MHz, we report
an uncertainty of 120 MHz on the energy to account for the
lack of J assignment in the ground state.

With these assignments, the spacings between the low-lying
rotational levels in X?>X*(03'0) and X?2*(200), which are
of interest for u-variation measurements, are calculated. The
ladder of low-lying rotational states in Figure 7 illustrates the
many options for transitions in the X>X*(200)-X>2*(03'0)
band that lie in the microwave regime. These measurements
confirm the estimates in Ref. [1].
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Figure 7. Diagram of rotational spacings in X?Z*(200) and

X23+(03'0) using the measured X2+ (03'0; N = 1,2) levels. The
energy of X221 (200;N = 0) is defined as zero. Spin rotation and
{-doubling are included in the Hamiltonian when appropriate but the
spacings are not visible on this scale.

Appendix E: Characterization of improved optical cycle

With the addition of the X?2*(12°0) and X?X*(1220) re-
pumpers, the average number of photons cycled before (1 —
1/e) molecules are lost to unaddressed states is improved.
We define this as the ‘photon budget’ and label it as N. It
is important to have an accurate measurement or estimate of
the photon budget since it is used to calibrate the trapped
molecule number in the MOT. The original DLIF measure-
ments in Ref. [39] had estimated the size of the XX (120)
decays, but the decays were near the noise level of the mea-
surement. Additionally, these estimations of the photon bud-
get assumed that the measured decays comprised all possible
decays. This model holds when only stronger decays are ad-
dressed but the model is no longer accurate when the weaker
measured decays are also addressed since they are expected to
be a similar strength as the unmeasured decays. Thus, adding
the X?2*(120) repumps makes it necessary to determine the
photon budget with a new method, which we describe here.

1. Impact of photon budget on MOT lifetime

Data on the MOT lifetimes as a function of MOT light beam
power and closure of the optical cycle is consistent with the
MOT lifetime continuing to be limited by decays to unad-
dressed states. With all 12 repumpers, the lifetime can be
extended to 210(35) ms, beyond the previous best lifetime
with 10 repumpers of 99(7.6) ms. MOT lifetimes also scale
with the beam powers, as in Figure 8, since the power de-
termines the scattering rate and therefore sets the speed with



which molecules fall into unaddressed states.
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Figure 8. Extension of the lifetime with lower MOT holding pow-
ers, with initial population normalized. At lower hold powers, the
molecules scatter more slowly and so remain in the optical cycle for
longer. This is consistent with the MOT lifetime being limited by
decay to unaddressed states.

2. Determination of trapped molecule number

The MOT fluorescence is directly proportional to the num-
ber of trapped molecules, N,,. To calculate the number accu-
rately, we use the following process. We start by considering
the number of counts on the imaging camera N, = SYget, Where
S is the sensitivity of the camera at the detection wavelength
of 611 nm and 7y is the total number of detected photons.

We also determine Yger = Yemitfyfsa, where Yemi is the to-
tal number of emitted photons, fy is the proportion of de-
tectable photons (within the bandwidth of the spectral filters
used) and fsp is the fraction of photons incident on the optical
imaging system, calculated using the NA given by a Zemax
simulation of the imaging system. The imaging system in-
cludes bandpass filters to detect fluorescence at 611 nm, emit-
ted from B2X* (vivav3) — X2Z+(vivav3) decays, free from
background arising from any laser. From known branching
fractions [39], we compute fy ~ 4%, primarily due to de-
cay from B>X*(000) due to the X>X*(100)-B>L*(000) re-
pumping transition. Finally, the number of emitted photons is
Yemit = NmNp, where Ny, is finally the number of molecules in
the MOT and N}, is the photon budget. Therefore,

Ne

N SN fufon ED

This expression assumes that a) there are effectively no un-
trapped molecules in the image, and b) the MOT is imaged for
much longer than the MOT 1/e lifetime. A full procedure to
calibrate the trapped molecule number, accounting for finite
MOT lifetime and temporally extended loading, is discussed
in Refs. [3, 46].

The number of molecules trapped in the MOT is measured
by imaging the MOT with a delay of 45 ms after the end of
slowing, to ensure that any untrapped molecules have passed

11

out of the MOT region. The lifetime of the MOT at this hold-
ing power is measured to be 66(5.6) ms. The loading time of
the MOT is 14(1.4) ms. These are used to calculate the peak
number trapped, as in Ref. [3].

3. Determining the photon budget

As can be seen in Equation E1, the overall computed num-
ber of trapped molecules, N,,, depends inversely on the photon
budget, Nj. In previous work [3], uncertainty in N,, was dom-
inated by the estimate of N, derived from measurements of
vibronic branching fractions relevant to the optical cycle [39].
Here, we describe a direct measurement of N, as a function of
the number of optical cycling lasers.

In Equation E1, N, = 1/N}, provided that the MOT is im-
aged to ~4 e-foldings and no untrapped molecules are im-
aged. Using this, we can relate the ratio of MOT fluorescence
increase to photon budget increase. Since the photon budget is
known with high certainty for lower closure (corresponding to
lower photon budget and lower number of repumping lasers),
we can use the measured brightness increase to calculate the
photon budget increase beyond the well-known value.

Specifically, for some number of repumpers, #, correspond-
ing to photon budget, Nj,, and with measured fluorescence,
Ng;:

Ny= 2
" SNy, fyfsa

Then to compare the fluorescence for some number of re-
pumping lasers where i > 3 to the case with 3 lasers, we gather
all constant terms to one side and get:

Nin

N.N, = —
TS fy fsa

= N, N, (E2)

Thus, the increase in fluorescence can be directly related to
the increase in the photon budget, with
Ne, Ny,
Ney Ny,

(E3)

The photon budget is N, = 1/¢; = 1/({;+ ('), where { is the
loss probability to unaddressed states estimated from DLIF
measurements, and £ is an additional loss probability due to
decays beneath the noise floor of previous measurements. For
each set of i lasers, we have calculated 57,- with a Markov-Chain
model from the DLIF data [39]. Thus, the total loss for a set
of i lasers in the cycle is

G=10+0. (E4)

Then, substituting Equation E4 into Equation E3 and solving
for ¢’ yields

N0 — N,. 03
(=41 16T E5
Ne N, (E5)



MOT fluorescence is measured for several sets of lasers
within the total optical cycle as listed in Table V, with the
MOT fluorescence with i = 3 recorded concurrently as a direct
reference for each measurement, since for i = 3 173 > ('and
s0 f3 = f3. Thus, there are 5 measurements and each yields
a value for the additional decay ¢ through Equation E5, all
given in Figure 9. Each ¢ calculation based on the measure-
ments also incorporates the previously measured loss proba-
bility through known channels for an optical cycle with i re-
pumpers, /;.

=
3
T

=
o
T

&
T

o
T

Unmeasured loss £ (x107°)
e
»

&
:

5 6 7 8 9 10 11 12 13
Number of lasers in optical cycle

IS

Figure 9. Values for ¢ from measurements of MOT fluorescence
with different numbers of lasers in the optical cycle, relative to i = 3,
calculated with Equation E5. The line shows the weighted average
for ¢’ of all 5 measurements with the 26 uncertainty represented by
the shading. The final value of £ = 3.4(8) x 1072 is primarily deter-
mined by the last two measurements.

A weighted average of all measurements gives ¢ =
3.4(8) x 107>, As in Table V, the estimated loss based on
DLIF measurements gives /1, = 3.33(20) x 107>, These val-
ues are roughly the same size, implying that the loss channels

12

not observed in the original DLIF measurements add up to be
significant relative to the smallest observed decays. While the
DLIF measurements are a critical and useful tool for design-
ing the initial cycling scheme, the unmeasured loss channels
lead to significant error in photon budget estimations, after
most measured loss channels are addressed.

This measurement requires that both conditions have the
same number of trapped molecules and that all trapped
molecules are imaged. To ensure this assumption holds, we
pump all molecules into the lowest two vibrational ground
states, X2X*(000) and X?>X*(100). If all trapped molecules
are pumped into those two states, then all molecules can
be imaged regardless of the optical cycle. Molecules are
pumped into these states by first sub-Doppler cooling to
<100 pK using a A-enhanced gray molasses scheme de-
scribed in Ref. [30]. Then, all repumping lasers, other than
those addressing X>X*(000) and X2+ (100), are turned on.
Finally, the molecules are recaptured in the MOT and the flu-
orescence with two different optical cycles is measured. We
image for 100 ms total. With the full optical cycle of 12 lasers,
the trapped molecule lifetime is 24(3.2) ms. Thus, imaging
for 100 ms ensures that the MOT fluorescence is imaged past
4 e-foldings.

The most significant systematic error in this measurement
arises from not completely imaging the trapped molecules
and comprises ~2% of the overall number. Additionally,
though most decays from the B state are due to repumping
X2¥7(100), other ground states are also repumped through B
and thus are detectable, adding an additional uncertainty of
0.2%, to account for the slight differences in fy not incorpo-
rated into the model. Ultimately, we conservatively estimate
a systematic uncertainty of 5% and add it in quadrature to the
known statistical uncertainty of 5%, giving a total uncertainty
in the photon budget of 7%.
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