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The vibrational branching ratios of SrOH for radiative decay to the ground electronic state, X2X T, from the
first two electronically excited states, A2IT and B2Z*, are determined experimentally at the ~ 10~ level. The
observed small branching ratios enable the design of a full, practical laser-cooling scheme, including magneto-
optical trapping and sub-Doppler laser cooling, with > 10* photon scatters per molecule. Ab initio calculations
sensitive to weak vibronic transitions are performed to facilitate the experimental measurement and analysis,

and show good agreement with experiment.

I. INTRODUCTION

Experimentally observable time variation of fundamental
constants are predicted by many dark matter models [1-10],
inspiring diverse laboratory and cosmological searches [11—
35]. Recently, spectroscopy of SrOH vibrational states was
proposed for measuring proton-to-electron mass ratio varia-
tion to probe dark matter candidate particles in the mass range
of 10722 — 10~'% eV [36], a region of notable theoretical and
cosmological interest [37-39]. Ultracold SrOH molecules
would also be powerful probes for measurements of nuclear-
spin-dependent parity violation [40] and the electron electric
dipole moment (eéEDM), potentially improving upon current
eEDM measurements by two orders of magnitude [41, 42].

All of the proposed experiments mentioned above rely on
high precision spectroscopy, which greatly benefits from the
low velocities and long interaction times provided by cooling
molecules into the ultracold regime. SrOH was the first poly-
atomic molecule to be laser-cooled in one dimension [43],
followed by CaOH [44], YbOH [45], and CaOCHj3 [46].
Recently, a magneto-optical trap (MOT) was achieved for
CaOH molecules [47], demonstrating a pathway that other
polyatomic molecule laser cooling experiments can follow:
molecules are produced in a cryogenic buffer gas beam,
slowed via radiation pressure from counter-propagating laser
light, and then captured into a MOT. These processes together
generically require ~ 10* photon scatters per molecule, neces-
sitating the identification and repumping of vibrational states
that are populated with probability > 10~* following laser ex-
citation in the optical cycle [48, 49].

In this work, we present calculations and measurements of
vibrational branching ratios (VBRs) of SrOH molecules upon
excitation to the A’II;/,(000), B*£7(000), A /;(100),
and B2X*(100) states, where vibrational states are labeled
(v vém), vy is the excitation of the Sr-O (symmetric) stretch-
ing mode, v; is the excitation of the Sr-O-H bending mode,
£h is the angular momentum of the bending mode, and v3 is
the excitation of the O-H (anti-symmetric) stretching mode.
We obtain sufficient experimental sensitivity to design a laser-
cooling scheme with > 10* photon scatters per molecule be-
fore leakage to an unaddressed vibrational state in the elec-

tronic ground state, X 2y +. The calculations, which inform the
target sensitivity of measurements and facilitate the estima-
tion of branching ratios among spectroscopically unresolved
decays, are in excellent agreement with experimental results.
These measurements enable the first steps toward trapped, ul-
tracold StOH molecules.

II. THEORY

An optical cycle in an alkaline earth hydroxide such as
SrOH involves transitions between the A1, , or B?S7 states
and the electronic ground X2Y*t state.  Spin-orbit cou-
pling (SOC) and linear vibronic coupling (LVC) between the
A2, /2 and B?X* states borrow intensities for nominally for-
bidden vibronic transitions to the X2X T state, e.g., that from
AT 2(000) to X2X¥(010) [48, 49]. Although these transi-
tions are relatively weak, at the level of 1073 — 1072 or be-
low, they play essential roles in laser-cooling experiments. To
reliably guide such experiments, the computational treatment
must therefore go beyond the Born-Oppenheimer approxima-
tion. Our calculations thus use a multi-state diabatic Hamil-
tonian [50] as constructed in Ref. [49] comprising the B2yt
state and the two degenerate A’IT states as well as the SOC
and LVC among these states.

Previous calculations [49] show that SrOH features vi-
bronic branching ratios smaller than those in CaOH for the
transitions from the A%I1; /2(000) state to vibrational excited
bending modes of the X?X* state. This finding indicates
that it is possible to form an optical cycle closed enough
to enable loading of SrOH molecules into a MOT. Here we
compute vibronic branching ratios for transitions from the
B£7(000), B*£7(100), and ATT, 5 (100) states to the vibra-
tional levels of the X?X* state to facilitate the design of an
efficient repumping scheme. The discrete variable represen-
tation [51] calculations for vibronic energies and wave func-
tions employ the parameterization of the multi-state diabatic
Hamiltonians as documented in Ref. [49]. This parameter-
ization consists of the potential energy surfaces as well as
SOC [52] and LVC [53] parameters computed at equation-of-
motion coupled-cluster electron attachment singles and dou-
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Figure 1. (a) Level diagram showing a single vibronic transition ad-
dressed by a laser (e.g., X(000) <> A(000)), resulting in decay to
many vibrational states with sequentially smaller decay strengths.
Stimulated absorption and emission from the laser is represented a
straight double-headed arrow, while spontaneous emission is repre-
sented by wavy single-headed arrows. (b) Schematic of the apparatus
viewed from above. A 6 K copper cell in a cryogenic chamber con-
tains a strontium metal target, which is ablated by a pulsed Nd:YAG
laser. The ablation products react with water to form SrOH, which
is cooled by helium buffer gas and entrained in a beam out of the
cell. A vertical retro-reflected laser excites molecules, which sub-
sequently decay to numerous vibrational states. The fluorescence is
collimated and directed toward the spectrometer outside of the cryo-
genic chamber.

bles level [54, 55] using triple-zeta basis sets [56, 57] with
scalar-relativistic effects considered using spin-free exact two-
component theory in its one-electron variant [58—60]. The
present calculations apply a shift of 300 cm™! to the computed
separation of the B?L* and AIT electronic states and obtain
a separation of 1840 cm™! between the computed B>X*(000)
and A?TT; (000) levels, which compares favorably with the
measured value of 1835 cm™! [61, 62]. This shift helps cap-
ture the coupling of the B>X*(000) state with the vibrational
excited states of the A’IT state. We employ the CFOUR pro-
gram package [63, 64] for all of the calculations presented
here.

III. EXPERIMENT

Designing a laser-cooling scheme sufficient for producing
ultracold, trapped molecules necessitates identifying all de-
cays whose probabilities sum to ~ 10~#. We therefore conser-
vatively aim to determine all states populated by an optical cy-
cling scheme with probability ~ 10~ per spontaneous emis-
sion event. We measure VBRs from both A%IT; ,(000) and
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B2X7(000) at the ~ 107> level of sensitivity in order to deter-
mine which state should be coupled to X2X*(000) and hence
contribute the majority of spontaneous emissions. In order to
maximize the photon scattering rate, an optical cycle ideally
does not couple excited vibrational states in X?L to the same
excited state that is coupled to X?2*(000). The dominant
leakage channel—expected to be X?2+(100) based on the cal-
culations described in Sec. II and previous spectroscopy per-
formed at the ~ 5 x 1073 level [65]-should therefore be cou-
pled to whichever of A?TT, /2(000) and B*X7(000) is not cou-
pled to X2X*(000) in the optical cycle. Finally, since calcula-
tions and previous spectroscopy suggest that fewer than 1%
of decays from A%II, /2(000) or B*X7(000) populate states
other than X2X*(000) or X?Z*(100), the VBRs from other
excited states used for repumping can be determined at the
level of only ~ 1073, Therefore, VBRs from A?IT, ;,(100)
and B>2£7(100) are measured at the level of ~ 10~ sensitiv-
ity.

The principle of the measurement is to excite molecules
with a laser and compare the intensities of fluorescence to
different vibrational states (see Fig. 1(a)). Briefly, molecules
in a cryogenic buffer gas beam are excited by a laser to
the J¥ = 1/2" rotational state of A?IT;/,(000), B*£*(000),
AT, 5(100), or BX*(100), where J is the total angular mo-
mentum excluding nuclear spin and P is the parity. Flu-
orescence photons are dispersed on a Czerny-Turner style
spectrometer and imaged on an electron-multiplying charge-
coupled device (EMCCD). The intensities of observed wave-
lengths are proportional to the probability of populating corre-
sponding vibrational states following a single photon scatter.

In more detail, cryogenic buffer gas beams of StOH are pro-
duced in a copper cell held at 6 K by a pulse tube refrigerator;
see Fig. 1(b). A pulsed Nd:YAG laser at 532 nm (20 mJ/pulse)
ablates a strontium metal target to release atoms. Simultane-
ously, water vapor flows into the cell through a 275 K capillary
and reacts with atoms to produce SrOH molecules. Cold he-
lium thermalized with the cell walls cools the molecules and
entrains them into a beam through a 7 mm diameter hole at
the front of the cell.

At a distance of 2.5 cm from the cell exit, a retro-reflected
laser beam propagating perpendicular to the direction of the
molecular beam excites the N¥ = 1~ state of X>X¥(000) to
E(v), where N = J —§ is the total angular momentum ex-
cluding spin, E = A’I1, /2 or B2Y " is an electronic state, and
(v) = (000) or (100). When the laser excites a state with
(v) = (000), the ground state spin-rotation splitting of 107
MHz is addressed with a sideband generated by an acousto-
optic modulator (AOM). This closes the rotational structure of
the optical cycle and allows up to ~20 photons to be emitted
per molecule (limited by decay to vibrationally excited states),
proportionally increasing the fluorescence signal. When the
laser excites a state with (v) = (100), the molecules decay pre-
dominantly to X?X*(100) after only a single photon scatter,
and addressing both spin-rotation components of the ground
NP = 1~ state in X?2*(000) would only increase the fluo-



rescence signal by a factor of order unity. Therefore, we do
not add a frequency sideband to the laser when exciting to
(v) = (100). The optical cycling (closed to the = 20 photon
level) when exciting to a (v) = (000) state enables the target
sensitivity of ~ 107 to be reached with fewer than 1% as
many experimental repetitions as would be required with no
frequency sideband.

Molecular fluorescence is collimated by a 25 mm diame-
ter lens and sent to a 0.67 m Czerny-Turner style spectrom-
eter. A 25 mm diameter mirror opposite the lens increases
the collection efficiency. For each excited state, the observed
emission wavelengths are linearly calibrated so that the peaks
arising from decays to X2X*(000) and X2X*(200) agree with
the known 1049 cm™! splitting of those states. The intensity
sensitivity is calibrated as described in the SI of [49] to an
estimated 5% relative uncertainty across wavelengths.

In order to isolate the signal arising from molecular fluores-
cence, it is necessary to subtract the backgrounds associated
with scattered laser light, fluorescence from ambient excited-
state strontium atoms, and EMCCD signal offsets. Therefore,
the experiment is repeated for all combinations of the ablation
laser ON or OFF, and the excitation light ON or OFF. Only
the linear combination of images corresponding to molecular
fluorescence is used to compute VBRs. The EMCCD can im-
age approximately 39 nm of fluorescence dispersed from the
grating at one time, so data taken over different wavelength re-
gions are stitched together. Typically ~15,000 experimental
cycles are averaged for a particular wavelength range when
exciting (v) = (000), and ~5,000 cycles are averaged when
exciting (v) = (100). Broad (tens of nm) drifts in the signal
baseline at the level of < 10~* decay probability are further
fit and subtracted prior to calculation of VBRs.

The dispersed fluorescence spectrum upon excitation to
AT, /2(000) is shown in Fig. 2. Vibronic transitions are as-
signed based on the match to known or expected emission
wavelengths. We assume the calculated ratios of transition
probabilities among unresolved states (namely, emission to
(02°0) and (0220), (12°0) and (1220), (200) and (03'0), or
(22°0) and (05'0)). Peak intensities are computed by inte-
grating the signal over the width of a feature. Statistical un-
certainties in the branching ratios are typically ~ 107> for
(v) = (000) states and ~ 2 x 1073 for (v) = (100) states,
usually dominated by imperfections in background subtrac-
tion and EMCCD read noise. The uncertainty in a decay
probability is computed by adding statistical uncertainty in
quadrature with the systematic uncertainty of the system’s
wavelength-dependent intensity sensitivity. Calculated and
measured VBRs from E = A1, /2 are given in Table II, and
from E = B’L* in Table III. Vibrational state energies are as-
signed by fitting the peak locations relative to the (000) peak,
and are shown together with calculated energies in Table I.
Uncertainties in peak locations are obtained by adding wave-
length calibration uncertainty in quadrature with statistical un-
certainty in the fit location.
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Figure 2. Dispersed fluorescence spectrum upon laser excitation to
A(000), showing relative decay strengths to vibrational states in the
X electronic manifold. Labels above peaks identify the ground state
vibrational level populated. Vertical bars below 0 denote the wave-
lengths of hypothetical emissions to all vibrational states of StTOH
below 1630 cm~!. Inset: Additional detail near the noise floor,
showing decays with VBRs as small as 0.003%.

IV. DISCUSSION

As seen in Table I, the computed vibrational energies in
X2X* agree with experimental results to within 15 cm™!
for states below 1400 cm™! and to within 30 cm™! for all
states. The vibronic branching ratios reported in Tables II-III
in general show excellent agreement between experiment and
calculation down to the level of ~ 1072 branching probabil-
ity. While the present calculations are helpful to guide the
experimental design and enable assignments among spectro-
scopically unresolved decays, the highly sensitive measure-
ments also provide guidance for future improvement of com-
putations. The computed branching ratios decrease a bit too
quickly with increasing vibrational quantum numbers for the
B?X7(000) — X2X* decays. This results in underestimation
for the intensities of the B2X*(000) decays to X>X*(02°0),
X?X7(110), and X2X*(300) in Table III, as well as to a state
at 1389(9) cm~!. We tentatively assign this latter state to
(210), though it could plausibly be (04°0) or (0420). It would
be of interest to improve the computations by enhancing the
quality of the potential energy surfaces with the inclusion of
higher excitations in coupled-cluster calculations.

Furthermore, the calculations have difficulty capturing

borrowing mechanisms due to near degeneracy of vibra-
tional levels in electronic excited states. While the peak



States Calc. High-resolution ~ This work
(000) 0 0 0
(010) 367 364 [66] 364(3)
(100) 534 527 [61] 528(2)
(02°0) 702 703 [66] 699(4)
(0220) 736 734 [66] 735(4)
(110) 892 - 883(7)
(03'0) 1048 - -
(200) 1063 1049 [61] 1049
(12°0) 1223 - 1215(9)
(12%0) 1254 - 1249(6)
(210) 1411 - 1389(9)
(1310) 1566 - -
(300) 1595 - 1569(4)
(22%0) 1740 - -
(05'0) 1752 - 1720(8)
(15'0) 2269 - -

Table I. Calculated and measured X2Z*t vibrational energies in
cm~!. Energies known to < 1 cm~! from high-resolution spec-
troscopy are also given where available. Experimental energies are
linearly calibrated against known (000) and (200) energies.

A(000) A(100)

States Calc. Exp. Calc. Exp.
X?2F(000) 94767  95.63(20) 6.30 5.15(28)
X25F(010)  0.034 0.037(2) - -
X25t(100)  4.933 4.14(20) 83.83 86.88(45)
X%z +(0200)  0.012 0.008(1) - -
X%x*(0220)  0.037 0.027(2) - -
X25H(110)  0.002 0.006(3) - -
X25t(200)  0.203 0.148(8) 9.14 7.44(37)
X%x*(1220)  0.003 0.003(1) - -
X22+(300)  0.008 0.006(1) 0.57 0.54(15)

Table II. Calculated and experimental VBRs for decay from A(000)
and A(100). States are included if calculated or experimental values
are at least 0.001% or 0.1% for A(000) and A(100), respectively.

B(000) B(100)

States Calc. Exp. Calc. Exp.
X?£+(000)  96.787  97.116(11) 3.29 1.73(15)
X22+(010)  0.360 0.209(11) - -
X25+(100) 2636 2.32(11) 91.05 93.57(26)
X%x*(02°0)  0.037 0.125(6) - -
X25t(110)  0.010 0.039(2) 0.34 0.20(5)
X%x*t(03'0)  0.013 0.013(1) - -
X25+(200)  0.078 0.077(4) 4.95 4.30(21)
X2x*(12°)  0.008 0.015(2) - -
X2z+(210) < 0.001 0.006(2) - -
X2x*t(13'0)  0.001 0.010(1) - -
X22+(300)  0.002 0.020(1) 0.22 0.20(6)
x2x*(22°)  0.001 < 0.001 - -
X?z+(05'0)  0.063 0.047(2) - -
X25+(15'0)  0.003 < 0.003 - -

Table III. Calculated and experimental VBRs for decay from B(000)
and B(100). States are included if calculated or experimental values
are at least 0.001% or 0.1% for B(000) and B(100), respectively. The
assignment of (210) is provisional.
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at 1569(4) cm™! in the measured AT, /,(000) — X?EF
spectrum originates exclusively from one transition that can
be safely assigned to A’II, /2(000) — X?X*(300), the cor-
responding peak in the B>X*(000) — X?X* spectrum is
atypically broad, with center located at 1554(10) cm™!.
We therefore speculate that the peak tentatively identified
with B>Z*(000) — X?X+(300) contains significant contri-
bution from a second vibrational state ~ 20 cm™' lower,
presumably X?X*(13!0), with a combined branching ra-
tio of 0.030(2)%. The nominally forbidden B>L*(000) —
X?X*(13'0) transition borrows intensity from the coupling
between the nearly degenerate B2X"(000) and A%I1;,(13'0)
states. Similarly, the B>X¥(000) — X?2*(05'0) transition
borrows intensity from the coupling between BZX*(000) and
AT, /2(0510) states. The computed intensities for these tran-
sitions are very sensitive to the relative level positions of
vibrational states. The computations produce quite accu-
rate intensity for the BZX*(000) — X?X*(05'0) transition as
shown in Table III. However, they do not capture the cou-
pling between B2X*(000) and A%T1; /2(1310) accurately, and
consequently underestimate the intensity for B>X*(000) —
X?¥*(13'0). Note that the computational combined inten-
sity for B’X*(000) decay to X2X*(13'0) and X2X*(300)
is around one order of magnitude lower than the observed
intensity. Therefore, the calculations underestimate intensi-
ties for both of these spectroscopically unresolved transitions.
Even if the 0.030% VBR from B?£*(000) to states around
1554 cm™! could be attributed entirely to X2X*(13'0), it
would not limit the proposed photon cycling scheme de-
scribed below. However, measurements of the relative con-
tributions of B>X*(000) — X2X*(300) and B>L*(000) —
X?x*(13'0) would still be of interest to provide benchmark
results to guide refining calculations.

The measured branching ratios are sufficient to design a
laser cooling scheme that achieves more than 10* photon scat-
ters on average before a molecule decays to a vibrational state
unaddressed by any lasers. Only one rotational state is popu-
lated for each vibrational state manifold except in X>X*(010)
and X227 (110), where both N = 1 and N = 2 states are pop-
ulated (see [48] for details). In those states, it is possible to
repump with a frequency-modulated laser or to rapidly drive
between states using microwave radiation while a repumping
laser optically pumps one state. Alternatively, separate lasers
might be used to address each rotational level. Therefore, the
optical cycling scheme shown in Fig. 3 may be implemented
with 8—10 lasers, depending on what is most experimentally
convenient. We also note that the proposed optical cycle main-
tains a high scattering rate by coupling only a single ground
vibrational manifold to AT} /,(000), from which most de-
cays occur.

To estimate the degree of closure of the optical cycle, we
implement a Markov chain model similar to that described
in [48]. The transition probabilities from a vibrational state, v,
to all other vibrational states are set equal to the VBRs from
the excited state to which v is coupled in Fig. 3. On average,
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Figure 3. Example laser-cooling scheme. On average, more than
15,000 photon scatters occur before decay to an unaddressed vi-
brational state occurs. Vibrational states are organized by which
modes are active; from left to right: none ((v) = (000)), Sr-O stretch
(v1 > 0), Sr-O-H bend (v; > 0), and hybrid stretch/bend (v1, v, > 0).
Double-headed arrows denote the occurrence of both stimulated ab-
sorption and stimulated emission; hence, only one vibrational state
is coupled to A%IT, /2(000) to achieve the maximum scattering rate.
Laser wavelengths, in nm, are shown for each transition.

a molecule is excited more than 15,000 times before decay
to an unaddressed vibrational state, predominantly (1220) and
(05'0). The optical cycle is thus sufficiently closed to radia-
tively slow and magneto-optically trap molecules following an
experimental protocol like that used for CaOH. Remarkably,
we find that this optical cycle in SrOH achieves a higher num-
ber of scattered photons than that used to trap CaOH, while
requiring fewer lasers [47].

We emphasize that, as has been found with CaOH and
YbOH [49], extrapolating vibrational branching trends from
the first few populated vibrational states does not accurately
predict which states are populated after ~ 10* photon scatters,
due to small perturbations in the molecular Hamiltonian de-
scribed in Sec. II. Thus, while the seminal laser cooling work
in polyatomic molecules achieved one-dimensional Sisyphus
cooling of SrOH using only 200 photons per molecule, our
results provide the first definitive pathway to an optical cycle
that is sufficiently closed to produce ultracold, trapped SrOH
molecules.

In summary, we have measured vibrational branching ra-
tios at ~ 1077 relative sensitivity in SrOH, for both the
ATT, ,(000) and B2X*(000) excited states. Additional mea-
surements at ~ 1073 relative sensitivity for AIT, /2(100) and
B?X7(100) enable a full optical cycling scheme to be de-
signed for more than 15,000 photon scatters per molecule. We
have also performed high-accuracy calculations of vibronic

structure and vibrational branching ratios, which are validated
by good agreement with measurements and are used to assign
vibrational branching ratios among unresolved fluorescence
peaks. This work is a critical step to implementing an optical
cycle capable of producing trapped, ultracold SrOH molecules
for measuring proton-to-electron mass ratio variation.
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