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Abstract

A study of the intensity-borrowing mechanisms important to optical cycling transi-
tions in laser-coolable polyatomic molecules arising from non-adiabatic coupling, contri-
butions beyond the Franck-Condon approximation, and Fermi resonances is reported.
It has been shown to be necessary to include non-adiabatic coupling to obtain computa-
tional accuracy that is sufficient to be useful for laser cooling of molecules. The predicted
vibronic branching ratios using perturbation theory based on the non-adiabatic mech-
anisms have been demonstrated to agree well with those obtained from variational dis-
crete variable representation calculations for representative molecules including CaOH,
SrOH, and YbOH. The electron-correlation and basis-set effects on the calculated tran-
sition properties, including the vibronic coupling constants, the spin-orbit coupling
matrix elements, and the transition dipole moments, and on the calculated branching
ratios have been thoroughly studied. The vibronic branching ratios predicted using
the present methodologies demonstrate that RaOH is a promising radioactive molecule

candidate for laser cooling.


czhan119@jhu.edu

1 Introduction

Compared to atoms, cold molecules possess more intrinsic degrees of freedom and have

Uand

emerged as a promising platform to cold chemistry,*™ quantum information science,**
precision measurement to the search for physics Beyond the Standard Model (BSM).HH4
Direct laser cooling and trapping of molecules have recently been shown to be effective tools
for preparing ultracold molecules.?4=% An experimental laser-cooling scheme has been es-
tablished for molecules:*® molecules are produced by laser ablation and then cooled with
cryogenic buffer gas, slowed via radiation pressure from counter-propagating light, captured
into a three-dimensional magneto-optical trap (3D MOT), and then transferred to a conser-
vative trap, typically an optical dipole trap (ODT). A variety of diatomic molecules have
been slowed!#¥ 20 and loaded into 3D MOTs.2H22:24252981584 The molecular temperature has
been reduced to a few pK after sub-Doppler cooling.“#332 While the extra internal degrees
of freedom in polyatomic molecules are expected to provide unique applicability in quan-
tum computing and precision measurements,*?42 the laser cooling of polyatomic molecules
is more challenging because of the more complicated vibrational and rotational structures.="
Several polyatomic molecules have been successfully laser-cooled in one dimension, including
SrOH, CaOH, YbOH, and CaOCHj;. 202858037 Very recently, the CaOH molecule has been di-
rectly laser-cooled in three dimensions, loaded into a 3D MOT,*% sub-Doppler laser cooled to
around 20 K, and loaded into an optical dipole trap.”” We also mention that the polyatomic
molecules CH3F4". and H,CO%# have been cooled and trapped via optoelectrical cooling,
in which HoCO molecule has been cooled to submillikelvin temperatures*?, and CH3*3 has
been magnetically trapped.

The laser-slowing step constitutes a major bottleneck for applying the laser-cooling
scheme described above to polyatomic molecules. To successfully slow molecules and load
them into a 3D MOT, about 10*-10° photon scatterings per molecule are required. 81744

This requires the leakage of an optical cycling to be smaller than 10~* —1075. In polyatomic

molecules, the upper molecular state in an optical cycling can spontaneously decay to the



vibrational states of the lower electronic state. All the decays with significant branching
ratios, typically higher than 107 need to be addressed using repumping lasers to maintain
the closedness of the optical cycling. This renders the laser systems for laser cooling of
molecules not only technologically challenging, but also molecule specific and expensive.

Therefore, the identification of promising laser-coolable molecules using both high-resolution
spectroscopy and quantum-chemical calculations plays a key role in laser cooling of molecules.
The experimental measurements of vibronic branching ratios using high resolution laser spec-
troscopy #4293 have recently been combined with optical cycling to further enhance the
sensitivity of the measurement.” Theoretical and computational tools are also being devel-
oped aiming to provide useful information about optical cycling transitions. Several criteria
have been discussed concerning laser-coolability of molecules.192?%% [saev and Berger have
proposed that excitations localized at an atom in a polyatomic molecule leads to small
structural differences between the ground and excited states.”” This gives nearly diagonal
Franck-Condon factors with the branching ratio of the origin transition close to unity. Many
computational studies have been carried out following this criterion to look for promising
candidates with quasidiagonal vibronic branching ratios.?®®* On the other hand, a critical
experimental parameter is the number of repumping lasers required to address the branching
ratios at the 99.99% to 99.999% level. The knowledge of weak transitions with branching
ratios above 107°, including both weak symmetry-allowed transitions and the nominally
symmetry-forbidden transitions, is therefore necessary in the design of deep-laser-cooling
schemes. Take CaOH as an example. While the branching ratios for Ca-O stretching mode
decays with the increase of vibrational quantum number as fast as those for Ca-F stretching
mode in CaF, it has been found that it is necessary to repump a number of weak transi-
tions for the bending modes that are nominally forbidden.?” In general in the laser-coolable
linear triatomic molecules, relevant transitions can occur or be enhanced by means of "bor-
rowing" intensities from strong transitions via spin-vibronic perturbations.#*** A thorough

investigation of intensity-borrowing mechanisms with accurate treatments of spin-vibronic



perturbations is required to assign mixed vibronic states and to provide insights into the
weak transitions.

In a previous study,” we have developed a computational scheme to calculate vibronic
branching ratios by combining accurate potential energy surfaces and variational multi-state
vibronic calculations. In this scheme, spin-vibronic perturbations are taken into account to
enable an accurate description for weak transitions. The computed vibronic energy levels for
the A%II and X2%* states of CaOH and YbOH as well as the vibronic branching ratios for
the A%II — X2X T transitions agree very well with the experimental measurements, including
for the nominally symmetry-forbidden transitions between states with bending angular mo-
mentum quanta differing by an odd number. The calculations for the STOH molecule have
shown that it requires fewer repumping lasers to saturate vibronic branching to 99.999%
for the transitions from the vibrational ground state of the A%II, /2 state to the vibrational
states of the X2?X* state. These results have facilitated the experimental measurements of
the branching ratios and the design of a laser-cooling scheme for StOH.** This paper fea-
tures a first thorough study of the intensity-borrowing mechanisms for weak transition using
perturbation theory (PT) together with variational discrete variable representation (DVR)
calculations, in which the accuracy of calculated transition properties and branching ratios is
systematically analyzed. In Sec. [2| we recapitulate the quasidiabatic Hamiltonian with the
spin-vibronic perturbations coupling the electronic excited states and discuss the intensity-
borrowing mechanisms. The computational details are summarized in Sec. [3] A comparison
between the vibronic branching ratios obtained from perturbational and variational calcula-
tions is presented in Sec. [, followed by benchmark calculations for the CaOH, SrOH, and
YbOH molecules. Predictive calculations for RaOH are then presented to demonstrate that
this molecule is a promising candidate for laser cooling. Finally, we give a summary and an

outlook in Sec. [G



2 Theory

We focus our discussion on the metal-containing linear triatomic molecules of the type M-A-
B, with the optical cycling center on the metal atom M. In laser cooling of these molecules, the
most commonly used optical cycle involves the transition from the vibrational ground state
of a low-lying electronic excited state, e.g., the A*IT;2(000) state, to the vibrational states of

(000), X2%1,,(100), X2} ,(02°0), and so on. Here

the electronic ground state, i.e., X?X7 12 1

1/2
(v1v4v3) denotes a vibrational state with v; quanta of the excitation in the M-A stretching
mode, v, quanta of the bending excitation, and v3 quanta of the A-B stretching excitation.
The superscript ¢ denotes a vibrational angular momentum due to bending excitations. In
metal monohydroxide, the excitations from the ground state to the A2Il and B?X* states
are mainly localized on the metal atom.®” They correspond to the metal valence-shell s — p
transitions. A number of small perturbations“*> % involving the A%II and B?Y 7 states play
important roles in the calculations of the A®IT;/5(000) — X?%7,(v1v5v3) transitions. These
include the Renner-Teller (RT) effects of the A%IT states and the spin-orbit coupling (SOC)
and the linear vibronic coupling (LVC) between the A?Il and B?*X7" states. A full-fledged
calculation of vibronic wave functions and branching ratios for linear triatomic molecules
must include these effects.®*™ It is necessary to account for the RT effects and SOC between
A?II, and A1, states to obtain an accurate description for the vibronic levels of the AT,/
state. The SOC and LVC between A?Tl, (p = z or y) and B*LT states are responsible for
the non-zero vibronic branching ratios for nominally symmetry-forbidden transitions.

A powerful computational framework to treat non-adiabatic effects is the multi-state
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Képpel-Domcke-Cederbaum (KDC) quasidiabatic Hamiltonian. We parametrize a six-

state KDC Hamiltonian with the scalar quasidiabatic basis functions chosen as the A*IT,(«),
AT, («), B*YH (), A%IL(B), A%IL,(B), and B*S"(3) states. Here o and J refer to S, = 1/2
and —1/2. The leading diabatic coupling between A®II, and A*II, states is quadratic in
normal coordinates of molecular bending modes, while the leading diabatic coupling between

AT, (p =z or y) and B*Y" states is linear in normal coordinates. This KDC Hamiltonian



takes the form®*

9 - VRT 1in3Q viY© 0 0 r3Q
VET —in8Q EZ‘;Hy viye 0 0 5%
Ve VRS e, R R o
(1)
0 0 -r33 EZ"znz VRT —in8Q  viy©
0 0 in]Q VET 48] Ei‘ény viye
| g o we e e |

Ej{;nz, ijgny? and E%C;w denote the potential energies of these quasidiabatic states. V®1’s

LVC» SO»
%4 h

represent RT coupling, s represent LVC, and s denote SOC matrices.

We have obtained the adiabatic potential energy surfaces for B?X*+ and the two scalar
adiabatic A%II states, i,e., the A?TI and A%II_ states, from quantum-chemical calculations.
To treat the RT effects, the A%I1, and A%II_ states have been transformed into the quasidi-
abatic A?II, and AIl, states with a second-order vibronic coupling between them.”* Next,
we have included the LVC and SOC between the scalar electronic states and obtained the
Eqn. (1). The vibronic coupling matrix elements are given as terms linear in the normal

coordinates @, or Q,. For example, the linear vibronic coupling between B*Y+ and A%II,

is given by
Ver© = VE© = Q,, 2)

in which X is the corresponding linear diabatic coupling constant.”™

Weak transitions, including the nominally symmetry-forbidden |Awvy| = 1,3,5, -+ transi-
tions, are closely relevant to the design of deep-laser-cooling schemes.**™ For the |Avy| = 1
transitions, the branching ratios of the A*II;/5(000) — X2EIL/2(010) transitions range from
107* to 107% in CaOH, SrOH, and YbOH.***¥ The B*%,(000) — X*%7,(010) transitions
are stronger. In the STOH molecule, the branching ratio?® of the B>~

1/2(000) — X*%{,(010)

transition is 0.2% and about one order of magnitude larger than the value of 0.04% for the



A?TLL 15(000) — X 22;“/2(010) transition. While a variational calculation provides accurate re-
sults, a perturbational analysis of the intensity-borrowing mechanisms can provide valuable
insights into the dependence of the branching ratios to vibronic energy levels and transition
properties. In practice, the perturbational scheme enables estimate of intensities for the
weak symmetry-forbidden transition using vibrational energy levels and transition proper-
ties, without a full-fledged variational vibrational calculation. This is especially useful for
treating larger molecules, for which full-dimensional potential energy surfaces and variational
vibrational calculations are beyond the capability of present computational resources.

In the study using perturbation theory, it is simpler and more accurate to work with the

diabatic electronic basis functions chosen as A%Il; /5, A%Il, and B*X, instead of AIL,

1/2
and A2II, used in the DVR calculations to analyze the intensity-borrowing mechanisms. In
this representation, the SOC within the A%II states enter as diagonal energy corrections for
A?TL 5 and A?II3/5. The remaining perturbations are the spin-orbit coupling and the LVC
between A2II,; /2 and BZET/Q and the LVC between A2H3/2 and BzZIL/z. These couplings
contribute important intensity-borrowing mechanisms that will be discussed in Section [2.1]
Apart from vibronic coupling, the contributions from the derivatives of transition dipole
moments can also contribute intensities to the forbidden transitions. This will be presented
in Section [2.2] Furthermore, we will discuss Fermi resonances that redistribute intensities

among symmetry-allowed transitions and are responsible for the intensity borrowing for weak

symmetry-allowed transitions.

2.1 Intensity-borrowing mechanisms via non-adiabatic coupling

We have briefly discussed the intensity-borrowing mechanisms via non-adiabatic coupling

for the symmetry-forbidden AIL; 5(000) — X2%F

1/2(010) transition in Ref. 54l Here we give

a thorough discussion for this transition and extend the formulation to the A*II35(000) —
XQE;FM(OlO) and BZZIL/Q(OOO) — XQET/Q((HO) transitions.

We refer to a first-order mechanism as the “direct vibronic coupling” (DVC) mechanism.



The linear vibronic coupling can mix a B2

1/2(010) component directly into the AT 15(000)

wave function. The dipole strength, i.e., the square of the norm of the transition dipole
moment, borrowed through the DVC mechanism can be evaluate using perturbation theory

as
|(A?TL12(000)[AYC| B2E ,(010))

(AEag + wB(010))2

ldovel* = [hE%I, (3)

+

in which ALY is the electronic transition dipole moment between the X2 s, and B2

1/2

states, AE4p is the energy splitting between the A®II; /5 and BZET/Q states, and w?(010) is

the level position of BZZT/Q((HO) relative to BQZT/Q(OOO).
In a “spin-orbit-vibronic coupling” (SOVC) mechanism, the A*II;/2(000) state is mixed

with the BQZT/Q(OOO) state via SOC and the B*%}

1/2(000) state is then coupled with A?13/5(010)

via LVC. The dipole strength obtained from the SOVC mechanism can be calculated using

perturbation theory as
[{AZIT, 2 (000) 50 B25S{,, (000)) (B85, (000) €| AZTT, 5 (010))

dip |2
(AEp)*(AEaa +wA(010))? hA%I%, (4)

|CZS'OVC’|2 =

in which 7% is the electronic transition dipole moment between the X QZT/Q and A1
states, AE 44 is the energy splitting between the A2H1/2 and A2H3/2 states, and wA(Olo) is
the level position of A?II;5(010) relative to A%II; /2(000).

The mixing of A*IT3/5(010) and B?X{ ,(010) components into the A*II; 2(000) wave func-
tion arising from the DVC and SOVC mechanisms is illustrated in Fig. [l In terms of
intensity-borrowing, the A?II; 5(000) — X 2ZIF/Q(OlO) transition can borrow intensity from
the A’IT3/5(010) — X?%,(010) and the B2X{,(010) — X% ,(010) transitions via SOVC
and DVC mechanisms, respectively, as indicated by the arrows in Fig. [l We note that the
Equs. and resemble the Eqns. (8) and (9) in Ref. 49 with the difference lying in
the choice of basis functions in the perturbation theory. The A%II; /2 and A2, /2 states have

been used as the basis functions in our work, while the scalar A%II, and A2Il, states have

Y

been used in Ref.49. This leads to a major difference that the spin-orbit corrections to the
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Figure 1: The mixing of A®Il3,,(010) component into the A*II;/5(000) wave function via
SOVC mechanism and the mixing of BQETQ(OIO) component into the A?II;/5(000) wave
function via DVC mechanisms.

energies of the A1, /2 and A1, /2 states can be included in the denominators in the present
analysis. Since the magnitude of spin-orbit splittings between A?Il; and A%Il;, states
become comparable or larger than the vibrational spacing for molecules containing heavy
atoms, it is important to use a denominator with the inclusion of the spin-orbit splitting
AFE44. Interestingly, the DVC mechanism still dominates for the YbOH molecule, which
exhibits strong spin-orbit coupling. The reason is that the large magnitude of the spin-orbit
coupling matrix element (ATl /Q(OOO)IESO]BQZTM(OOO» in the numerator is offset by the
equally large magnitude of the spin-orbit splitting AF 44 in the denominator.®

Since the spin-orbit coupling matrix elements vary slowly with respect to the geometrical

displacement, we use the electronic spin-orbit matrix elements for (A?II; 5(000) |hSO |B2Ef/2(000)>.

_l’_

1/2 states share

Within the harmonic approximation assuming that the A*IL,, A*Il, and B?%
the same set of vibrational wave functions, the linear vibronic coupling matrix elements in

Eqns. and take simple forms, i.e.,

A

(Bt oL (5)

1/2

(000)|A™VC| AT, (010))| ~

where A is the linear quasidiabatic coupling constant defined in Eqn. (2)). The intensities

borrowed from these two mechanisms are proportional to the corresponding dipole strengths,



leading to

AI”
(AEAp + wP(010))

Ipve | AT 2(000) — X25F,(010)] o 5 S|hd) (6)

and

hSO 2)\2 .
’ AB| ’ ’ dp|2’ (7)

I A?T14 5(000 X2xt. (010 h
Sovce 1/2( )_) 1/2( ) X (AEAB)2(AEAA+WA(010))2| AX

respectively. Similarly, the corresponding intensities of the A*II5/5(000) — X QZT/Q (010) and

B*%1,,(000) — X?%7,(010) transitions can be evaluated as

AP
(AEap — AEa4 + wB(010))

Ipve [A2H3/2(000) - X221+/2(010)] x S|haR2, (8)

|hi(])3 2|)‘|2 ‘hdip|2
(AE g — AE 4 +wB(010))2(AE 4 — wA(010))2" AX17
(9)

Isove [A2H3/2(000) = X221+/2(010)] o

and

A]”
(AEAB — wA(()l()))2
A]° e
(AEAp — AEq4 — wA(010))2" A%

Ipve [322;2(000) = X221+/2(010)} x |ha% |

(10)

T3

Note that the BQET/Q(OOO) — XQEIL/2(010) transition does not borrow intensities via the
SOVC mechanism. Instead, it borrows intensities from both A?II; 5(010) and A?II3/5(010)

states via the DVC mechanism.

2.2 The transition dipole moment derivatives mechanism beyond

the Franck-Condon approximation

The Franck-Condon approximation neglects the geometrical dependence of the electronic

transition dipole moments. We refer to the intensity borrowing due to the geometrical

10



dependence of the transition dipole moments as the “transition dipole moment derivatives”
(TDMD) mechanism. Of particular interest here is that the derivatives of the electronic

transition dipole moment between the A%IIl, (or A%Il,) and X?%, states contribute to

1/2

the nominally symmetry-forbidden A®II,/5(000) — X*%,(010) transition. This leads to a

first-order corrections to the intensities proportional to

dip

hAX,z
50~ ((000)]Q.](010) (1)

and B
hax .
70, ((000)[Qy|(010)), (12)

in which hdAi;}’z is the z-component of the electronic transition dipole moment h‘g;, @, and Q,

are the normal coordinates for the molecular bending along x and y directions, respectively.

2.3 Intensity borrowing from Fermi resonance

Fermi resonances mix vibronic states that are close in energy.™ Some weak transitions can
be enhanced by Fermi resonances, when they are nearly degenerate to a strong transition.
As a result, Fermi resonance redistributes the intensities between these transitions and in-
duce more branching ratios non-negligible in laser-cooling experiments. This mechanism is
particularly important in molecules of the M-A-B type when the vibrational energy of the
(020) state are close to that of the (100) state. Similar consideration applies to the (120),
(210), and (040) states. In Section [£.2.3 we present calculations to demonstrate the effects

of Fermi resonances on the intensities of these states.

3 Computational details

The calculations of the adiabatic potential energy surfaces (PESs) and the coupling param-

eters in the KDC Hamiltonian have been performed using the CFOUR program.™" The

11



potential energy surfaces of the electronic ground and excited states of CaOH, SrOH, and
YbOH have been obtained using the equation-of-motion coupled-cluster singles and doubles
for electron attachment (EOMEA-CCSD) method®*2 together with correlation-consistent
basis sets.® & We have used the cc-pCVXZ (X=T,Q) basis sets for the Ca atom, cc-pwCVTZ
and cc-pV'TZ basis sets recontracted for the spin-free exact two-component theory in its
one-electron variant (SFX2C-1e)® for the Sr and Yb atoms, respectively. We denote the
combination of the cc-p(wC)VXZ basis set for a metal atom and the cc-pVXZ basis sets for
the O and H atoms as the “XZ” basis. More details about the basis sets, the number of
frozen-core orbitals, and the choice of the grid points for the construction of the PESs in the
calculations for CaOH, SrOH, and YbOH have been documented in Ref. 54l

For the RaOH molecule, the PESs have been calculated at the SFX2C-1e-EOMEA-CCSD
level using the uncontracted ANO-RCC basis set®™ for Ra and the uncontracted cc-pVTZ
basis sets for O and H. The lowest 35 core orbitals and the virtual orbitals above 200 hartree
have been kept frozen in the coupled-cluster calculations. The calculations of RaOH have
been carried out for 2187 grid points on the potential energy surface of each state (11 evenly
spaced grid points covering the range [3.8979 bohr, 4.8979 bohr| for the Ra-O bond length,
11 evenly spaced grid points covering the range [1.6004 bohr, 2.1004 bohr| for the H-O
bond length, and 18 evenly spaced grid points covering the range [95°, 180°] for the Ra-O-H
angle). The analytical potential energy functions have been obtained by fitting the ab initio
energies into sixth-order polynomials in terms of three internal coordinate displacements from
the equilibrium structure of the X?X7 ) state, i.e., E(ri,72,0) = 37, . Ayn(1/(il5k!)) (r1 —
4.2979)¢(ry — 1.8004)7 (6 — 180°)%, where 71, 75, and 6 denote the Ra-O bond length, O-H
bond length, and Ra-O-H angle, respectively.

The scalar-relativistic effects have been treated using the SFX2C-1e method in the cal-
culations of STOH, YbOH, and RaOH. The spin-orbit matrix elements and transition dipole
moments have been calculated using the EOMEA-CCSD expectation-value formulation.?#%3

The molecular effective one-electron spin-orbit integrals have been calculated using the exact

12



two-component approach with atomic mean-field spin-orbit integrals (the X2CAMF scheme)

9394 The linear diabatic vi-

constructed for perturbative treatments of spin-orbit coupling.
bronic coupling constants \’s have been evaluated using the analytic scheme developed in
Ref.[73. For the RaOH molecule, these coupling matrix elements have been calculated using
the same basis sets as those used in the calculation of PESs with all the electrons correlated.

The vibronic energy levels and branching ratios have been obtained using the discrete
variable representation method®®” in the normal-coordinate representation. The conven-
tional rectangular kinetic energy formulae developed in Ref. [96/ have been used to evaluate
the nuclear kinetic energy matrix elements. The vibrational states of the X ZET/Q state have
been obtained from single-state calculations, since the ground state is well separated from
the other electronic states. The six-state quasidiabatic Hamiltonian defined in Eqn. have
been used for the calculations of vibronic states of the A%II; /5, A%Il3/, and BQZJIL/2 states.
The branching ratio for a transition from an upper state to a vibrational state u of the ground
electronic state, i.e., the XzEIL/z(,u) state, have been calculated using the (AE)2-weighted

formula
(AE)|d,|?

by = 7 1o (13)
2, (AE)|d,[?

where (AF), and @ refer to the transition energies and transition dipole moment vectors

between the upper vibronic state and the X 22;“/2(;1) states.

4 Results and discussion

4.1 The importance of anharmonic and non-adiabatic contributions

We first present a comparison between the harmonic approximation, a single-state DVR cal-
culation, a multi-state DVR calculation, and the experimental measurement for the branch-
ing ratios of the strongest ten A*II; 5(000) — X221’—/2('U1U2’03) vibronic transitions in CaOH.

Compared with the harmonic approximation, the single-state DVR calculation takes the

13



anharmonic contributions into account. The differences between the multi- and single-state
DVR calculations include the non-adiabatic effects and the spin-orbit coupling contribu-
tions. The deep laser cooling of CaOH has used nine repumping lasers to include all these
transitions in the optical cycle to ensure the closedness of the optical cycle.®® In order for
a computational method to be useful for facilitating laser-cooling experiments, it is neces-
sary to obtain accurate branching ratios for all these transitions. As shown in Figure
and Table [I the harmonic approximation and the single-state DVR calculation predicts
three and five of these transitions to have branching ratios above 10~°, which corresponds
to the use of 3 and 5 repumping lasers, respectively. Only the multi-state DVR calculation
is capable of accurately describing all nine transitions. It thus is absolutely necessary to go
beyond the harmonic approximation and to include both the anharmonic contributions and

non-adiabatic effects.

Harmonic
— B —Single-state | |
—-%-— Multi-state [}
---F-- Experiment |-

Branching Ratio A®II, ,(000) — X*%

CaOH X2%. Vibrational State

Figure 2: Comparison between the harmonic approximation, single-state and multi-state
DVR calculations, and experimental values® for the branching ratios of A®II;/»(000) to
vibrational levels of X2X% in the CaOH molecule.

The harmonic approximation gives accurate branching ratios for the A%l /2(000) —

X2yt

K /2(000) transition. However, the branching ratios decay too quickly as v; (the Ca-O

stretching mode) increases, and the branching ratios of the A*IT;»(000) — X?X,(200) and

14



X 22;?2(300) transitions are underestimated. For the molecular bending mode, since the
PESs along the bond angles are flat and the anharmonic effects are more significant, the

branching ratio of A*IT;/5(000) — XQET/Q

(020) obtained from the harmonic approximation
is one order of magnitude smaller than the measured value. The calculated branching ratios
obtained from single-state and multi-state DVR calculations agree very well with each other
for the origin transition and the A®II;/5(000) — X2Ef/2(v100) transitions for v; = 1,2,3.
However, the single-state calculation without taking into account the non-adiabatic effects
misses all the nominally symmetry-forbidden transitions. The inclusion of the linear vi-
bronic coupling and spin-orbit coupling in the multi-state calculation enables capturing the

transitions with |Avy| = 1,3,5,---. In addition, the Renner-Teller effects redistribute the

(v12°0) and X?2XF

1/2(1)1220) states with v; = 1

intensities among the transitions to the X 221“/2

and 2.

4.2 Numerical assessment of the intensity-borrowing mechanisms
4.2.1 DVC and SOVC mechanisms

In the perturbation theory, we assume the same vibrational wave functions for the X ZE;F/Q,
A?TLY o, A%TI5)5, and BQEI“/2 states. The dipole strength of the A*II;2(000) — XQZI“Q(OOO)
2.

transition is therefore approximated as |hii§ Using the dipole strength expressions in

Eqns @ to , we calculate the ratio between the dipole strengths of a symmetry forbid-

den transition and the ATy 5(000) — X?X7,(000) transition. The branching ratio of the

1/2
symmetry-forbidden transition is then approximated as the product of this ratio of dipole

strengths and the branching ratio of the A*Il;/5(000) — X?X7

1/2(000) transition obtained

from the DVR calculations.

A comparison between branching ratios obtained from the perturbation theory and DVR
calculations for CaOH, SrOH, and YbOH is summarized in Table 2] In the DVR calcula-
tions, the calculated branching ratios can be divided into the contributions from the A?II

and B*2" components. In PT, the contribution from the A%II, and A*II, components to the

15



branching ratio of the A*II;/5(000) — X 2EIF/Q(OlO) transition comes from the SOVC mech-
anism while the contribution from the BQEf/2 component comes from the DVC mechanism.
As a result, the “SOVC” and “DVC” contributions in PT are supposed to be comparable
to the contributions from the “A%II” and “B?%+” components in the DVR calculations, re-

spectively, for the A%II;/5(000) — X2El+/2(010) and A*II5/5(000) — X2%7F

1/2(010) transitions.

Similarly, the “DVC” contribution in PT corresponds to the contribution from the “A2II”
component in DVR for the B2} ,(000) — X?X{,(010) transition.

The calculated contributions to vibrational branching ratios obtained from DVR and
PT agree are in general consistent with each other. The perturbative formulae give quanti-
tatively correct prediction for these transitions except for the A*Il3/5(000) — X*37,(010)
transition in YbOH, which may be tentatively attributed to the stronger spin-orbit mixing in
YbOH. The branching ratios of the B3] ,(000) — X?%,(010) transition are one order of

magnitude larger than those of the AII; /5(000) — X?%7

1/2(010) transition in CaOH, SrOH,

and YbOH because of both smaller denominators in Eqn. (10) and larger transition dipole

moment. These results agree well with the experimental measurements.

4.2.2 TDMD mechanism

We have calculated the adiabatic electronic transition dipole moment derivatives (TDMDs)

and B2YF,. — X2XTF. transitions in the

for the A%l — X?%F 1/2 1/2

1/2 A2H3/2 — X2yt

1/2)
CaOH molecule at the SFX2C-1e-EOMEA-CCSD level by means of finite difference using
a step size of 0.1 unit of normal coordinate. The adiabatic transition dipole moments have
then been transformed to the quasidiabatic representation. The calculated quasidiabatic
electronic transition dipole moment derivatives for CaOH molecule are summarized in Table
[Bl The calculated derivatives are in general small since the quasidiabatic wave functions vary
slowly with respect to geometrical displacements by construction.

A comparison between the calculated branching ratios with and without electronic tran-

sition dipole moment derivatives is given in Table 4| The calculated derivatives of h{% along
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the molecular bending modes are less than 0.0003 a.u.. As a result, the changes in the

branching ratio of the A%II; 2 (000) — X*X7

1/2(010) transition due to the TDMD mechanism

are negligible. On the other hand, the branching ratio of the B?XF

1/2(000) — X*%7,(010)

transition is enhanced by around 50% since it has a larger transition dipole moment deriva-
tive of 0.0284 a.u.. The TDMD mechanism also slightly redistributes the branching ratios
among the symmetry-allowed transitions. In the case of the CaOH molecule, it does not
change the number of the transitions with branching ratios above 1075. Based on these
results, we may conclude that the TDMD mechanism is less significant than the DVC and
SOVC mechanisms; the Franck-Condon approximation works well in the quasidiabatic rep-

resentation.

4.2.3 Fermi resonances

The branching ratios of the transitions to near-degenerate vibrational states are redis-
tributed due to the Fermi resonances. Consequently, the intensity of the A®II;»(000) —

X?%],(020) transition in metal hydroxides will be enhanced when the X*X},(100) and

X 2232(020) states are energetically close to each other. Similar redistribution can also
lead to non-negligible vibrational branching ratios for the A*II; 2(000) — X QZIL/Q(HO) and

A% 5(000) — X?%,(220) transitions. The stronger Fermi resonances in CaOH compared
to SrOH is an important reason why a nearly closed optical cycling for CaOH involves more
transitions than for SrOH.*

We have calculated the branching ratios of the A%II;,5(000) state for the deuterated
species CaOD and SrOD as an example for the dependence of Fermi resonances to the vibra-
tional energies. The results are summarized in Table[5] The deuteration reduces the bending
frequencies. In SrOD the deteuration reduces the (010) frequency to 279 cm™!, which be-
comes close to half of the (100) frequency value of 523 cm™~!. This leads to significant coupling
between (100) and (020) and hence a redistribution of the branching ratios among the transi-

tions to these states. Consequently, the branching ratios of A%II; 5(000) — X*27

1/2(120) and
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X 22;%(040) transitions in SrOD are enhanced. This renders SrOD less favorable for laser
cooling than SrOH. In CaOD the difference between the (100) and (020) frequency values of
608 cm ™! and 522 cm™! is similar to that in CaOH. The Fermi resonance contribution thus is

also similar to that in CaOH. As shown in Table 5] CaOD exhibits slightly lower branching

ratios for the transitions from A*II; 5(000) to X*%7

15(020), X?%7,(120), and X%} ,(220).

1/2 1/2
We may conclude that it is in general desirable to minimize the coupling between the (100)

and (020) modes by increasing the energy gap between these states in search of candidate

molecules for laser cooling.

4.3 Benchmark studies of electron-correlation and basis-set effects
4.3.1 Core-correlation and basis-set effects on the transition properties

Since the accuracy of the calculated branching ratios depends critically on that of the com-
puted transition properties, we have performed benchmark calculations for the basis-set and
core-correlation effects on these parameters. The transition properties have been calculated
at the SFX2C-1e-EOMEA-CCSD level using the TZ and QZ basis sets for CaOH, SrOH, and
YbOH. The TZ and QZ basis sets recontracted for the SFX2C-1e scheme have been used in
the calculations of LVC constants and transition dipole moments for STOH and YbOH, while
the uncontracted basis sets have been used in the other calculations. All the electrons have
been correlated in these calculations. To study the inner-shell correlation effects in YbOH,
we have also carried out frozen-core calculations for YbOH with 24 core orbitals kept frozen
in the CC calculations. The results are summarized in Table [6l

The QZ SOC matrix elements only differ from the TZ values by around 1%. The inner-
shell correlation contributions in YbOH have the same magnitude, i.e., less than 1% for
transition dipole moments and about 2% for the SOC matrix elements. These contributions
thus are insignificant. On the other hand, the diabatic linear vibronic coupling constants A
are more sensitive to both basis-set and core-correlation effects. The QZ LVC constant in

CaOH is 20% smaller than the TZ value. Since the branching ratios for |Av,| = 1 transitions
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are proportional to the square of the norm of A\, a 20% reduction in A induces a more than

40% decrease in the branching ratio for the A®II; 5(000) — X2

1/2(010) transition. The

core-correlation contribution in YbOH is in the same direction as the basis-set effect. The
complete basis set limit value for the LVC constant with all the electrons correlated is

estimated to be around 100 cm™!.

4.3.2 The quality of the potential energy surfaces

The accuracy of the calculated vibronic energy levels and branching ratios depends on the
quality of the potential energy surfaces. To estimate the remaining errors in the DVR results

due to the errors of potential energy surfaces, we have compared the vibronic energy levels

and branching ratios of the A*II; 5(000) — XQZI“/Q

using the EOMEA-CCSD/TZ, EOMEA-CCSD/QZ, and EOMEA-CCSDT/TZ potential en-

(v1v9ug) transitions in CaOH calculated

ergy surfaces in Tables [7] and [§

The differences between the DVR vibrational energy levels obtained using these three
variants of potential energy surfaces are in general small. The X 2232(010) frequency ob-
tained using the EOMEA-CCSD/TZ PES differs by —3 cm ™! and 6 cm™! from those obtained
from the EOMEA-CCSD/QZ and EOMEA-CCSDT/TZ PESs, respectively. The correspond-
ing differences for the X*%},(100) frequency are —7 cm™" and 2 cm™'. We note that the
variations of the level position for the A*II3,,(100) state are larger than those of the other
states. A strong anharmonic mixing between the A®Il3/5(100) state and the A®II;5(020)
state leads to unusual sensitivity to the quality of the potential energy surfaces.

As shown in Table[§] the residue basis-set effects and high-level correlation contributions
are less significant for the branching ratios of the A%Il;/»(000) — X*%f,(v100) transitions
with v; = 1,2,3. In contrast, their contributions to the transitions involving the molecular
bending modes are more substantial. The CCSD/QZ branching ratio for the A%II; /2(000) —
X2t

| /2(0200) transition is around 40% smaller than the CCSD/TZ value. Furthermore, the

triples correction is observed to enhance this transition by around 30% when comparing the

19



CCSD/TZ and CCSDT/TZ values. More accurate PESs may be required to obtain a better
agreement with the measured branching ratios for the A®II;5(000) — X 2Ef/2(0200) and

AT (000) — X285

1/2 (04°0) transitions.

The branching ratios for the symmetry-forbidden transitions, e.g., the A%II; /2(000) —
X 22;?2

CCSD/QZ, and CCSDT/TZ results in Table (8] This is consistent with the discussion of the

(010) transition, vary only slightly when using the different PESs. The CCSD/TZ,

intensity-borrowing mechanisms that the intensities for these transitions are dominated by
the transition properties rather than the finer details of the PESs. On the other hand, the
branching ratio for the A*II; »(000) — X%,

transition properties (the CCSD/TZ* results in Table |8) is larger by about 50% than that

(010) transition obtained using the CCSD/TZ

obtained using the CCSD/QZ transition properties (the CCSD/TZ results). This difference
in the branching ratio is consistent with the corresponding difference in the linear vibronic
coupling constant A as shown in Table [0} Similarly, the energy splittings arising from SOC,
i.e., the energy difference between ATl 5(000) and AII3/5(000) states, are dominated by the
computed spin-orbit matrix elements and are relatively insensitive to the basis-set and high-
level-correlation effects on the potential energy surfaces. We emphasize that the numbers
of repumping lasers predicted using various PESs stay largely constant, demonstrating the

robustness of the present computational scheme for the study of laser cooling of molecules.

4.4 Prediction for the vibronic branching ratios of RaOH

The RaOH molecule possesses a large effective electric field based on recent computational

9899 6 o, relativistic coupled-cluster calculations have given an effective electric field

results,
value of 55 GV /em.*® RaOH thus has high sensitivity for the precision measurement search
of electron’s electric dipole moment (eEDM). Furthermore, radium isotopes with non-zero
nuclear spin, static octupole deformation, and low-lying nuclear states of opposite parity,

such as ?**Ra and ?*Ra, have enhanced sensitivities to a nuclear Schiff moment'" by around

three orders of magnitude compared to species with spherical nuclei.*"**%2' The use of the
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parity doubling of the (010) vibrational level in RaOH, or other types of parity doublets in
other radium-containing polyatomics, have experimental advantages due to high polarization
in low-fields and methods to reject systematic errors.1203

Laser cooling can play an important role in enhancing the sensitivity of these measure-
ments via the ability to access long coherence times and advanced quantum control,*? and
RaOH is expected™™ to have similar electronic and vibrational structures as those in CaOH
and SrOH, thus rendering it laser-coolable. RaOH is an interesting species, as it is fairly
unique in its combination of laser-coolability, parity doubling, high sensitivity to eEDM,
nuclear structure enhancements, and relatively simple structure.

We have applied our computational scheme to predict the vibronic branching ratios for the

A2H1/2 (000) — XQE;F/Q

(v1v9v3) optical cycling transition in RaOH to investigate the laser-
coolability of this molecule. The calculated linear vibronic coupling constant \ as well as
the spin-orbit coupling matrix elements h3Q and k33 in RaOH amount to 11.9 em™!, 731.0
cm™!, and 709.7 ecm™!, respectively. The calculated electronic transition dipole moments
AP and AP are 2.6 a.u. and 2.1 a.u.. The calculated branching ratios above 1075 for the

AL 5(000) — X253

1 /2(1)1”0203) transitions and the corresponding vibrational energy levels

on the X QZT/Q state are summarized in Table @

The calculated Ra-O bond-length difference between the X?X7

1/, and A?TLL )5 states at the

SFX2C-1e-EOMEA-CCSD level is 0.012 A. Tt is smaller than the corresponding metal-oxygen
bond-length differences in CaOH, SrOH, and YbOH, which amount to 0.021, 0.022, 0.034 A,
respectively. This small bond-length difference leads to more diagonal branching ratios for
the Ra-O stretching mode, with a 99% branching ratio for the A®II;5(000) — XQZI“/Q(OOO)
transition. Besides, the linear vibronic coupling constant A in RaOH is less than 12 cm™!, one
order of magnitude smaller than those in CaOH, SrOH, and YbOH. As a result, except for a
small branching ratio of 0.001% for the A1, 5(000) — X?%7 ,(010) transition, the nominally

symmetry-forbidden transitions with odd values of Avy possess negligible branching ratios.

The branching ratios of RaOH are therefore calculated to be more favorable than CaOH or
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SrOH. As shown in Table[9] only seven transitions have branching ratios higher than 0.001%.
The sum of the branching ratios for the other transitions is lower than 107°.

Reliable computational results are valuable in determining whether the A?A3 /5 state is
an intermediate state lying between the AII;/; and X 221’/2, which is of critical importance
to the laser cooling of RaOH. We mention that the A?Ajy), state is an intermediate state
in YO,™ while it has been shown to lie above the A2H1/2 state in the case of RaF 100407
We have carried out geometry optimizations for the A*Il;), and A?Aj) states of RaOH
using X2CAMF coupled-cluster singles and doubles with a non-iterative triples [X2CAMF-
CCSD(T)] method™ ™% with the uncontracted ANO-RCC basis set for Ra and uncontracted
cc-pVTZ basis sets for O and H. The X2CAMF-CCSD(T) adiabatic excitation energy of the
A’2A3/2 state is more than 1500 cm ™! higher than that of the A2H1/2 state. Based on the
calculations of the energy differences using larger basis sets and the comparison between
the CCSD and CCSD(T) results, we conclude that the estimated remaining errors from the
residue basis-set effects and high-level correlation do not change the ordering of A?Aj),

and A%, /2 states. While the details of these calculations will be reported elsewhere, we

+

emphasize here that there is no intermediate electronic state between A%II; 2 and X 221 /9

in RaOH. Optical cycling with the seven transitions given in Table [9] enables the scattering
of more than 100,000 photons; based on a comparison to CaOH,*® taking into account the
heavier mass and longer wavelength transitions of RaOH, this should be able to provide
sufficient slowing and cooling for the molecules to be loaded into a 3D-MOT. RaOH thus is

a very promising polyatomic radioactive molecule for laser cooling.

5 Summary and outlook

We have analyzed the intensity-borrowing mechanisms for weak transitions in laser-coolable
linear triatomic molecules, including the mechanisms involving non-adiabatic couplings, tran-

sition dipole moment derivatives, and Fermi resonances. While these effects typically appear
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on the < 1072 level, understanding them is critical for laser cooling. Formulae to evaluate
transition dipole strengths have been derived based on perturbation theory. The PT results
for CaOH, SrOH, and YbOH are shown to agree well with those obtained from variational

DVR calculations. It has been shown that linear polyatomic molecules with small non-

+

adiabatic coupling between the A*II; /; and B?%] /2

states and insignificant Fermi resonances
are favorable candidates for laser cooling.

Benchmark calculations have been performed to study the accuracy of the calculated
transition properties and the vibronic branching ratios. The linear vibronic coupling con-
stants are the most sensitive to basis-set and core-correlation effects among the transition
properties. This leads to the sensitivity for the branching ratios of the symmetry-forbidden
transitions as well. The high-level correlation and spin-orbit effects on the vibronic coupling
constants will be studied in the future.

We have predicted the vibronic branching ratios for A%IL;5(000) — X 22;?2(1)11)21)3)
transitions in RaOH. These transitions have quasidiagonal Franck-Condon factors with the
A%, 5(000) — X?%7,(000) transition accounting for 99% of the transition intensities. Fur-
thermore, because the A*II;, — B2Zf/2 linear diabatic coupling constant in RaOH is an
order of magnitude smaller than that in CaOH, most nominally forbidden transitions in
RaOH have branching ratios negligible for laser cooling. With only seven transitions hav-
ing branching ratios above 107°, the RaOH molecule appears to be a promising candidate

for laser cooling. Future work includes the calculations of accurate transition energies to

facilitate the experimental preparation and detection of the RaOH molecule.
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Table 1: Branching ratios (in percentage) for the transitions repumped in the laser-cooling
scheme for CaOH"* from A®II;5(000) to the vibrational levels of X?¥* with the harmonic
approximation, single-state and multi-state DVR calculations, and experimental measure-
ments. The harmonic calculations were performed using the bond lengths and harmonic
frequencies obtained at the EOMEA-CCSD/QZ level.

Vibrational states Harmonic Single-state Multi-state®™® — Exp5¥

(000) 95.439 95.518 05.429  94.59(29)
(010) - - 0.063 0.099(6)
(100) 4.488 3.698 3.934 4.75(27)
(02°0) 0.013 0.596 0.298 0.270(17)
(0220) - - 0.079 0.067(12)
(110) - - 0.003 0.0064(7)
(200) 0.060 0.138 0.157 0.174(16)
(12°0) <0.001 0.041 0.022 0.021(3)
(1220) - - 0.005 0.005(1)
(300) <0.001 0.005 0.006 0.0068(8)
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Table 2: Contributions to the calculated branching ratios (in percentage) for the transi-
tions from the A®IT;/5(000), A*II3/2(000), and B*S],(000) states to the X*X],(010) state
in CaOH, SrOH, and YbOH using the perturbation theory (PT) and discrete variable rep-
resentation (DVR) calculations. The A%II and the B?*Y" denote the contributions to the
vibrational branching ratios from the A%Il and the B?Y*+ components in the DVR wave
function.

DVR PT
A2 B2+ SOVC DVC
) 0.001 0.062 0.001 0.061

(000) 0.001 0.066 0.001 0.064

£,(000) 0511 0.000 -  0.596

(000) 0.003 0.023 0.003 0.023

SrOH AH3/2(OOO) 0.055 0.035 0.051 0.029
1/,(000)

(000)

(000)

1/,(000)

Initial state

AT, (000
CaOH A H3/2 000

0.234 0.000 - 0.283
0.017 0.038 0.014 0.042
0.073 0.045 0.084 0.095
0.517 0.004 - 0.670

YbOH  A?T,,(000
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Table 3: Calculated quasidiabatic transition dipole moment derivatives (in a.u.) in CaOH.
@, and @, denote the normal modes for the molecular bending along the x and y directions.
Qcao and Qo.g denote the normal modes for Ca-O and O-H stretching.

transition dipole 0/0Q, 0/0Q, 0/0Qca0 0/0Qo0.n
(T [A7TL) 00 0.0  0.0428  0.0002
(X25+|p, |AZL) 0.0 0.0 0.0 0.0
(X254 A2IL,)  -0.0003 0.0 0.0 0.0
(X2SF |, [A%TL,) 0.0 0.0 0.0 0.0
(X254, |AZTL,) 0.0 0.0  0.0428  0.0002
(X252 A2TL,) 0.0 -0.0003 0.0 0.0
(S| BPSS) 00280 0.0 0.0 0.0
(X25+|,|B2S+) 0.0 00284 0.0 0.0
(X254 | B2E) 0.0 0.0 00435  0.0004
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Table 4: Calculated branching ratios (in percentage) for the transitions from A?II; 5(000)

and B?X,(000) to the vibrational levels of X?%* in CaOH with or without the inclusion
of the transition dipole moments derivatives (TDMDs).
Initial state AT 15(000) B*%,(000)
without TDMDs with TDMDs without TDMDs with TDMDs

(000) 95.429 94.906 97.259 96.544
(010) 0.063 0.062 0.511 0.730
(100) 3.934 4.389 2.082 2.528
(02°0) 0.298 0.330 0.033 0.049
(0220) 0.079 0.077 <0.001 <0.001
(110) 0.003 0.003 0.012 0.021
(0310) <0.001 <0.001 0.001 0.001
(200) 0.157 0.188 0.092 0.116
(1200) 0.022 0.027 0.001 0.001
(1220) 0.005 0.006 <0.001 <0.001
(210) <0.001 <0.001 0.001 0.002
(050) <0.001 <0.001 0.001 0.001
(300) 0.006 0.008 0.004 0.006
(22°0) 0.002 0.002 <0.001 <0.001
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Table 5: Multi-state DVR branching ratios (in percentage) for the transitions from
A?TL 5(000) to the vibrational levels of X?X*% in CaOD and SrOD using the EOMEA-
CCSD/QZ potential energy surfaces and transition properties.

Vibrational state CaOD SrOD

(000) 05.292 94.626
(010) 0.083  0.038
(100) 4304 4.700
(02°0) 0.043  0.380
(0220) 0.076  0.032
(110) 0.003  0.001
(200) 0.178  0.129
(1290) 0.008  0.054
(1220) 0.005  0.001
(0310) <0.001  0.001
(04°0) <0.001  0.028
(0420) <0.001  0.002
(300) 0.007  0.005

other states 0.001 0.003
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Table 6: Calculated transition properties at the SFX2C-1e-EOMEA-CCSD level. The num-
bers in the parentheses denote the numbers of frozen-core orbitals in coupled-cluster calcu-
lations. The other calculations have correlated all the electrons.

CaOH SrOH YbOH

TZ QZ TZ QZ TZ (24) QZ (24) TZ
A/em™! 146.5 121.8 89.4  70.3 139.7 124.8  127.3
hSQ Jem™? 32.9 332 121.0 122.2 486.8 482.9 4974
h3%, /em™! 25.5  26.4 103.9 106.1 415.5 411.7  426.1
RN 232 2.30 2.52  2.49 2.30 228  2.32
AP Jau. 1.86 1.85 2.04  2.02 1.86 1.85  1.87
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Table 7: Calculated vibrational energy levels (in cm™?!) for the X 22]72, A?TL o, and A%II3)9
states in CaOH using a variety of EOMEA-CC potential energy surfaces. “CCSD” and
“CCSDT” in this Table stand for EOMEA-CCSD and EOMEA-CCSDT, respectively.

Vibrational state CCSD/QZB¥ CCSD/TZ CCSDT/TZ Experiments®®

X757,(000) 0 0 0 0
X5 ,(010) 355 352 346 352.9
X235 ,(100) 611 604 602 609.0
X?51,(02°0) 695 686 674 688.7
X?5,(02%0) 718 710 697 713.0
X257 ,(110) 955 944 935 952
X?5},(0310) 1045 1030 1013 1018
X?5{,(03°0) 1091 1077 1058 -
X5} ,(200) 1215 1202 1196 1210.2
X5} ,(120) 1293 1277 1264 1283
X?,(12%0) 1310 1294 1279 1302
X257 ,(04°0) 1388 1368 1346 -
X257, (0420) 1410 1390 1367 -
X257 ,(210) 1548 1531 1518 -
X257 ,(300) 1815 1798 1788 -
X2xF,(22°0) 1890 1869 1856 -
A1, ,(000) 0 0 0 0
A2TT3.,(000) 67 67 67 66.8
A2T14 5(010) 346 337 331 345
AT, 5(010) 362 355 349 360
A2TT3,5(010) 429 421 415 425
A2TT35(010) 446 442 435 445
AT, 5(100) 623 618 613 628.7
A2TT35(100) 682 704 699 695.9
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Table 8: Calculated branching ratios (in percentage) for the transitions from A?II; /5(000)
to the vibrational levels of X?X* in CaOH using a variety of EOMEA-CC potential energy
surfaces. All the calculations have been carried out using the EOM-CCSD/QZ transition
properties, except that the “CCSD/TZ*” column has used the EOM-CCSD/TZ transition

properties.

Vibrational states CCSD/QZ®¥ CCSD/TZ CCSD/TZ* CCSDT/TZ Exp5¥

(000) 05.429 04.392 94.371 04482 94.59(29)
(010) 0.063 0.053 0.076 0.060 0.099(6)
(100) 3.934 4.498 4.702 4.464 4.75(27)
(02°0) 0.298 0.491 0.487 0.633  0.270(17)
(0220) 0.079 0.099 0.097 0.101 0.067(12)
(110) 0.003 0.003 0.004 0.003  0.0064(7)
(03'0) <0.001 <0.001 0.001 0.001 0.0034(8)
(200) 0.157 0.201 0.201 0.181 0.174(16)
(12°0) 0.022 0.041 0.041 0.054 0.021(3)
(1220) 0.005 0.008 0.007 0.007 0.005(1)
(04°0) <0.001 0.001 0.001 0.001 0.0021(7)
(0420) <0.001 0.001 0.001 0.001 -

(300) 0.006 0.008 0.008 0.007  0.0068(8)
(22°0) 0.002 0.003 0.003 0.004  0.0020(7)
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Table 9: Calculated vibrational energy levels (in ecm™) on the X?Xy, state of RaOH
and the corresponding branching ratios (in percentage) above 107° for the transitions from

AT, 5(000).

Vibrational states energy level branching ratio

(000) 0 98.972
(010) 337 0.001
(100) AT5 0.863
(02°0) 646 0.138
(0220) 678 0.007
(200) 947 0.012
(12°0) 1111 0.005
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