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The spin allowed electronic transition dipole moments (ETDM) of rubidium and cesium
dimers are calculated among the states converging to the lowest three dissociation limits.
The ETDM functions are evaluated for a wide range of internuclear distances R in the basis
of the spin-averaged wavefunctions corresponding to pure Hund's coupling case (a) by
using small (including the 8 subvalence þ1 valence electrons) effective core pseudopo-
tentials (ECP). The dynamic correlation is accounted for in a large scale multi-reference
configuration interaction (MR-CI) method applied to only two valence electrons. The core-
polarization potentials (CPP) are implemented to implicitly take the residual core–valence
effect into account. The reliability of the present EDTM functions is discussed through
comparison with preceding ab initio calculations and their long range perturbation theory
counterparts. The achieved accuracy allowed us to quantitatively support the asymptotic
behavior of the ETDM functions predicted in Marinescu and Dalgarno (1995 [4]). The long
R-range transition moments could be useful to optimize stimulated Raman processes
employed in ultracold molecule production.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Comprehensive knowledge of the transition prob-
abilities between the ground and excited diatomic states is
important in studying the cold collision processes as well
as laser cooling, assembling and trapping of atoms [1]. In
particular, the radiative lifetimes, branching ratios,
absorption and emission Einstein coefficients play a deci-
sive role in optimization and control of laser synthesis of
ultracold molecular ensembles [2]. Reliable electronic
transition dipole moments (ETDM) possessing the correct
long range behavior and the relevant accompanying
ilable: the resulting
ments and potential
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potential energy curves (PECs) are certainly needed to
design the photoassociation (PA) and stimulated Raman
adiabatic passage (STIRAP) processes exploited in ultracold
molecule production [3].

Considerable attention has been given to establishing
the adiabatic PECs and ETDM functions of alkali metal
dimers in a wide range of internuclear distances R. How-
ever, in contrast with PECs [4,5] the long range behavior of
relevant dij(R) functions is little known so far [6,7]. The
most ab initio electronic structure calculations have been
carried out for rubidium and cesium dimers within the
framework of both (a) and (c) Hund's coupling cases using
alternative effective core potential (ECP) methods. Indeed,
both alkali metal dimers were considered in Refs. [8–10] as
the two electron system in which the interaction between
the valence electrons and each atomic ion is modeled by
means of a non-empirical relativistic one electron ECP. The
residual core–valence correlation effects were taken into
ange studies of the electronic transition dipole moments
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Table 1
The dipole static polarizability of the cation (αc) and the cut-off radius (rc)
used to build the core-polarization potentials (CPPs) of the Rb and Cs
atoms. All parameters in a:u.

Atom αc [27] rc [PW]

Rb 9.096 0.39
Cs 15.687 0.275

Table 2
The transition dipole moments dS�P and energies ES�P between the
ground and first excited states of Rb and Cs atoms as well as the relevant
ionization potentials IP and the dipole static polarizabilities αS of the
ground state.

Method dS�P ES�P IP αS
a:u: cm�1 cm�1 a:u:

Rb
ECP 3.408 10,759 33,437 319
ECPþCPP 3.160 12,702 35,041 271
Expt. 2.992a 12,737.36a 33,690.80a 319b

E.A. Pazyuk et al. / Journal of Quantitative Spectroscopy & Radiative Transfer ∎ (∎∎∎∎) ∎∎∎–∎∎∎2
account by the l-depended core polarization potential
(CPP). Recently, the Rb2 molecule was treated as a system
of effectively 18 electrons [11,12]. Scalar relativistic effects
were included by the small-core fully relativistic energy-
consistent ECP from Ref. [13] while the electronic wave-
functions were obtained using the multi-reference con-
figuration interaction (MRCI) method restricted to single
and double excitations with a large active space.

In the present work we have performed independent
ab initio calculations of the ETDM functions of Rb2 and Cs2
molecules in a wide range internuclear distances R focus-
ing on the asymptotic behavior of dij(R) functions at R-1.
We have also assessed the accuracy of the present calcu-
lations by comparing them with preceding ab initio ETDM
functions and their long-range perturbation theory (LRPT)
analytical counterparts [4,14]. The LRPT functions deviate
from the limiting atom value as βn=R

n with the degree
n¼ 3;4, where the coefficients βn may be calculated using
the atomic wavefunctions and energies. The result could
be applied for the correct long-range extrapolation of the
point-wise ab initio functions and for probing their quality.
Cs
ECP 3.694 9596 31,296 405
ECPþCPP 3.413 11,509 32,821 333
Expt. 3.182a 11,547.65a 31,406.47a 401b

a Refs. [25,26].
b Ref. [27].
2. Computational ab initio approach

The singlet–singlet and triplet–triplet electronic tran-
sition dipole moment functions dijðRÞ ¼ 〈Ψ el

i jdjΨ el
j 〉jr

(where d¼Pieiri is the dipole momentum operator) of
both rubidium and cesium dimers were evaluated on the
basis of the zeroth-order (spin-averaged) MRCI wave-
functions Ψ elðr;RÞ corresponding to the pure Hund's cou-
pling case (a). All electronic structure calculations were
performed by means of the MOLPRO v.2010.1 program
package [15]. The computational details can be found
elsewhere [16,17].

Briefly, the inner core shell of the rubidium and cesium
atoms was replaced by spin-orbit averaged non-empirical
effective core potentials (ECPs), leaving 8 subvalence and
1 valence electrons for explicit treatment. Both shape
[18,19] and energy [13] consistent ECP basis sets were used
in the present quasi-relativistic calculations to monitor the
sensitivity of the resulting matrix elements to the parti-
cular basis set. The relevant spin-averaged Gaussian basis
sets used for each atom were borrowed from the above
references. Shape-consistent ECPs were augmented by the
diffuse part of the all-electron basis for electric property
calculation [20] and were extended by additional diffuse
and polarization functions [21]. The relativistic energy
consistent basis sets (ECP28MDF and ECP46MDF for the Rb
and Cs atoms, respectively) borrowed from MOLPRO basis
library [15] and Ref. [13] were fully decontracted and
augmented by the comprehensive set (6s6p6d3f1g) of
bound functions [22] centered in the middle of inter-
nuclear separation.

The optimized molecular orbitals (MOs) were obtained
from the solutions of the state-averaged complete active
space self-consistent field (SA-CASSCF) problem for all 18
electrons and the lowest ð1�5Þ1;3Σþ

u=g ; ð1�3Þ1;3Πu=g and
ð1Þ1;3Δu=g electronic states taken with equal weights [23].
The dynamical correlation effects were introduced
through the internally contracted MRCI method [24] which
Please cite this article as: Pazyuk EA, et al. Ab initio and long-r
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was applied only for two valence electrons keeping the
rest frozen.

The l-independent CPPs of both atoms were introduced
to implicitly take the residual core-polarization effects into
account. The corresponding CPP cut-off radius (see
Table 1) were adjusted to reproduce experimental energies
of the lowest 2P atomic states [25,26]. The transition dipole
moments, lowest energies, ionization potentials and the
dipole static polarizabilities obtained within the frame-
work of “test” atomic calculations are presented in Table 2.

The present ETDM calculations were complimented
with the relevant potential energy curves (PECs). The ori-
ginal electronic energies are suffered by the pronounced R-
dependent systematic error. First of all these are basis set
superposition error as well as dispersion and repulsive
correction to large core potential estimates. Since the
systematic error of the electronic energies weakly depends
on the vertical energy excitation the main part of the error
could be compensated for the excited states through the
semi-empirical relation [28]:

U�
i ðRÞ ¼ ½Uab

i ðRÞ�Uab
X ðRÞ�þUemp

X ðRÞ ð1Þ

where Uemp
X ðRÞ is the highly accurate empirical PECs

available for the ground X1Σþ
g state of the Rb2 [29] and Cs2

[30] in a wide R-range.
3. Asymptotic long-range behavior

The spin-allowed molecular Λ″�Λ0 ¼ 0; 71 transition
moments dij(R) are known [6,7] to converge at large
ange studies of the electronic transition dipole moments
pectrosc Radiat Transfer (2016), http://dx.doi.org/10.1016/

http://dx.doi.org/10.1016/j.jqsrt.2016.01.004
http://dx.doi.org/10.1016/j.jqsrt.2016.01.004
http://dx.doi.org/10.1016/j.jqsrt.2016.01.004
http://dx.doi.org/10.1016/j.jqsrt.2016.01.004


Table 3

The angular factor Sl
0 l″

Λ0Λ″ of the homonuclear transition moments calcu-
lated by Eq. (4) for the dipole allowed S–P and P–D atomic transitions.

Transition Σ�Σ Σ�Π Π�Π Π�Σ Π�Δ

S-Pa
ffiffi
2
3

q
�

ffiffi
2
3

q
P-D 2ffiffiffiffi

15
p � 1ffiffi

5
p 1ffiffi

5
p � 1ffiffiffiffi

15
p �

ffiffi
2
5

q

a For heteronuclear molecules the data should be divided by
ffiffiffi
2

p
.

Table 4

The limiting atom values of molecular dipole moment datΛ0Λ″ (in a.u.)
obtained by Eqs. (3), (4) and (7) within the framework of the quantum-
defect theory approximation.

Transition Σ�Σ Σ�Π Π�Π Π�Σ Π�Δ

Rb–Rb
S–P 4.23 �4.23
P–D 3.76 �3.26 3.26 �1.88 �4.61

Cs–Cs
S–P 4.51 �4.51
P–D 3.19 �2.76 2.76 �1.59 �3.90

Table 5
The modified Le Roy radius RLR�m (in Å) obtained by Eqs. (5), (6) and (8).

Transition Σ�Σ Σ�Π Π�Σ Π�Π Π�Δ

Rb–Rb
S–P 16.2(2) 11.7(2)
S–D 17.0(6) 12.0(2)
P–D 22.1(3) 21.2(4) 17.8(4) 16.7(4) 12.2(2)

Cs-Cs
S–P 17.2(3) 12.4(3)
S–D 15.0(6) 12.7(3)
P–D 20.2(5) 19.4(4) 15.5(4) 14.7(3) 11.2(2)
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internuclear distances to the asymptotic form [4,14]:

dij R-1ð Þ ¼ datΛ0Λ″ þβΛ0Λ″

Rn ð2Þ

where nZ3 is an integer while dat and β are the R-inde-
pendent coefficients being functions of atomic energies
and wavefunctions [4,14]. The degree n¼ 3;4 and the ratio
βΣΣ=βΣΠ ¼ �2; �

ffiffiffi
3

p
were predicted in Ref. [4] for the

S�P and S�D transitions, respectively. In a case of the
dipole allowed l″� l0 ¼ 0; 71 atomic transitions the cor-
responding non-zero datΛ0Λ″ values can be estimated as [31]:

datΛ0Λ″ ¼ Sl
0 l″

Λ0Λ″ � 〈ν0l0jrjν″l″〉 ð3Þ
where

Sl
0 l″

Λ0Λ″ ¼ ð�1ÞΛ0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2l0 þ1Þð2l″þ1Þ

q

� l0 1 l″

0 0 0

 !
l0 1 l″

Λ0 q Λ″

 !
ð4Þ

is the angular matrix element with the q¼Λ″�Λ0 while
〈ν0l0jrjν″l″〉 is the appropriate atomic dipole matrix element
[32].

The long range perturbation theory (LRPT) representa-
tion (2) is valid only for RZRLR�m, where RLR�m is the
modified Le Roy radius [33]:

RLR�m ¼ 2
ffiffiffi
3

p ffiffiffiffiffiffiffi
ρl0

Λ0

q
þ

ffiffiffiffiffiffiffi
ρl″

Λ″

q� �
ð5Þ

with

ρl
Λ ¼ 1

3
�2
3

3Λ2� lðlþ1Þ
ð2lþ3Þð2l�1Þ

" #
� 〈νl r2 νl〉

���� ð6Þ

In the framework of the simplest single-channel
quantum-defect theory (QDT) approximation [34], the
radial matrix elements involved in Eqs. (3) and (6) are
defined as

〈ν0l0jrkjν″l″〉¼
Z 1

rc
Pl0

ν0 ðrÞPl″

ν″ ðrÞ rð1�κðrÞÞ½ �k dr ð7Þ

where k¼ 1;2 and Pl
νðrÞ are the radial wavefunctions of the

Rydberg electron available in the analytical form [34].
Aside from the numerical integration of Eq. (7) the quad-
ruple 〈νljr2jνl〉 matrix elements involved in Eq. (5) may be
estimated analytically [33]:

〈νljr2jνl〉¼ ν4 � 1þ3
2

1� lðlþ1Þ�1=3
ν2

� �� �
ð8Þ

where the required effective quantum numbers ν of the
states studied are readily calculated using the Rydberg
formula

ν¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðIP�ElνÞ

q ð9Þ

with the experimental atomic energies Elν and relevant
ionization potential IP.

The correction term κðrÞ and the mean radius of the
core rc in the integral (7) can be taken in the modified form
[35]

κ rð Þ ¼ αc

r3
1�exp½�ðr=rcÞ�3
� 	

; rc ¼ α1=3
c ð10Þ
Please cite this article as: Pazyuk EA, et al. Ab initio and long-r
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where αc is the static dipole polarizability of the core
(cation) [27]. The dipole operator defined by Eq. (10)
accounts for the core-polarization effect [36] leading to
systematic diminishing of the datΛ0Λ″ estimates (3) by about
a few percents compared with the standard dipole
operator with κðrÞ � 0.
4. Results and discussion

The angular factors Sl
0l″

Λ0Λ″ , limiting atom values datΛ0Λ″ and
modified Le Roy radius RLR�m evaluated for the molecular
transitions under consideration are presented on Tables 3,
4 and 5, respectively. The alternative ETDM functions cal-
culated using the shape-consistent and energy-consistent
pseudopotentials coincided within a margin of error of 1–
2%. To elucidate the core-polarization effect the atomic and
molecular ETDM functions were calculated with and
without CPP but with the same shape-consistent ECP basis
set. The machine-readable tables of the resulting point-
wise ETDM and PEC functions corresponding to the
ECPþCPP calculations are given in the Supplementary
ange studies of the electronic transition dipole moments
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Fig. 1. Comparison of the dipole allowed ETDM functions of Rb2 calcu-
lated between the ground X1Σþ

g , a3Σþ
u and excited 11Σþ

u , 11Πu , 13Σþ
g ,

13Πg states converging to the second (52S�52P) dissociation threshold.
The dash and solid lines denote the present ECP and ECPþCPP results,
respectively. The solid, open and star symbols correspond to the ab initio
data borrowed from Refs. [8,10–12]. The original ab initio functions were
uniformly scaled to match at R-1 the relevant “atomic” moment. The
inset displays the long-range fragment of the present dij(R) functions
with respect to the 1=R3 coordinate.

Fig. 2. The present (solid lines) and preceding (open symbols [10]) ETDM
functions calculated between the ground X1Σþ

g , a3Σþ
u and excited 11Σþ

u ,
11Πu , 13Σþ

g , 13Πg states of Cs2 converging to the second (62S�62P)
dissociation threshold. The original ab initio functions were uniformly
scaled to match at R-1 the relevant “atomic” moment. The inset dis-
plays the long-range fragment of the present dij(R) functions with respect
to the 1=R3 coordinate.
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material for future modeling of the radiative properties of
Rb2 and Cs2.

The ETDM functions corresponding to parallel ΔΛ¼ 0
and perpendicular ΔΛ¼ 71 transitions of both dimers
are presented in Figs. 1–8, where they are compared with
their preceding ab initio counterparts [8–12]. It should be
noted that, in contrast to the Rb2, extensive ETDM data are
available for Cs2 only in Ref. [10] except for the dAX(R)
function depicted for the A1Σ þ

u �X1Σ þ
g transition in

Fig. 1 of Ref. [9].
It is clearly seen that at intermediate and large inter-

nuclear distances the present ECPþCPP functions are in a
good agreement to their ab initio counterparts calculated
using the 1-electron l-depended ECPs [8–10]. The most
pronounced deviations take place for triplet–triplet tran-
sitions at short internuclear distances. The largest sys-
tematic deviations reaching 15–20% are observed with the
recent MRCI results on Rb2 [11,12] based on 9-electron
energy consistent ECPs [13]. It could be attributed to
residual core-polarization effects which have been appar-
ently accounted for large (1-electron) and small (9-elec-
tron) ECP basis sets though significance different ways.
Indeed, the present ETDM functions calculated for Rb2
without CPP contribution are found to be remarkably close
Please cite this article as: Pazyuk EA, et al. Ab initio and long-r
among the low-lying states of Rb2 and Cs2 molecules. J Quant S
j.jqsrt.2016.01.004i
to their MRCI counterparts [11,12] (see dash lines on
Figs. 1, 3, 5, 7, and 8).

The resulting ETDM functions behave correctly at large
R. All present figures and Table 6 demonstrate that at
R-1 the ab initio functions vanish or converge to the
relevant limiting atom values datΛ0Λ″ given in Table 4. The
coincidence is slightly better for Rb2 than Cs2 as well as for
the P�D transitions than for the S�P and S�D. According
to correlation principle, the most pronounced molecular
moments should correspond to the dipole allowed S�P
and P�D atomic transitions. Indeed, for both dimers we
observe strong (reaching 5 a:u:) parallel A1Σ þ

u �X1Σ þ
g and

13Σ þ
g �a3Σþ

u transitions (see Fig. 1 for Rb2 and Fig. 2 for
Cs2) from the ground to the excited states converging to
the second dissociation limit. A similar situation takes
place for the ETDM functions between the excited states
converging to the second and third dissociation limits (see
Figs. 3–7). There are also several spectroscopically impor-
tant dipole forbidden transitions between the ground and
excited states converging to the third dissociation limit
which have rather strong moments in the intermediate R-
region while vanishing at R-1 (see, for example, Fig. 8).

The long-range behavior of the present ab initio dij(R)
functions corresponding to the S�P, P�D and S�D atomic
ange studies of the electronic transition dipole moments
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Fig. 3. The dipole allowed 1;3Σþ
u;g�1;3Σþ

g;u (a) and 1;3Πu;g�1;3Πg;u

(b) transition dipole moments of Rb2 between the states converging to
the second and third (52P�42D) dissociation thresholds. The solid and
dash lines correspond to the present work, open symbols to [10] and stars
to [11,12].

Fig. 4. The dipole allowed 1;3Σþ
u;g�1;3Σþ

g;u (a) and 1;3Πu;g�1;3Πg;u

(b) transition dipole moments of Cs2 between the states converging to
the second and third (62P�52D) dissociation thresholds. The solid lines
correspond to the present work while open symbols to [10].

Fig. 5. The dipole allowed 1;3Πg;u�1;3Σþ
u;g (a) and 1;3Σþ

u;g�1;3Πg;u (b) tran-
sition dipole moments of Rb2 between the states converging to the second
and third dissociation thresholds. The solid and dash lines correspond to
the present work while open symbols to [10] and stars to [11,12].

Fig. 6. The dipole allowed 1;3Πg;u�1;3Σþ
u;g (a) and 1;3Σþ

u;g�1;3Πg;u(b) tran-
sition dipole moments of Cs2 between the states converging to the sec-
ond and third dissociation thresholds. The solid lines correspond to the
present work while open symbols to Ref. [10].

Please cite this article as: Pazyuk EA, et al. Ab initio and long-range studies of the electronic transition dipole moments
among the low-lying states of Rb2 and Cs2 molecules. J Quant Spectrosc Radiat Transfer (2016), http://dx.doi.org/10.1016/
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Fig. 7. The present (solid and dash lines) and preceding (open symbols
[10] and stars [11,12]) dipole allowed ETDM functions of Rb2 between the
1;3Πu;g and 1;3Δu;g states converging to the second and third dissociation
limits, respectively. The originally calculated functions were multiplied byffiffiffi
2

p
. The inset displays the long-range fragment of the present dij(R)

functions with respect to the 1=R3 coordinate. The resulting fitting
parameters (in a:u:) are dRbΠ�Δ ¼ 4:605, βΠu;g �Δg;u

¼ �425 and
βΠg;u �Δu;g

¼ �3080.

Fig. 8. The present (solid and dash lines) and preceding (open symbols –
[8], solid symbols [10] and stars [11,12]) dipole forbidden ETDM functions
of Rb2 calculated between the ground X1Σþ

g , a3Σþ
u and excited 21Σþ

u ,
21Πu , 2

3Σþ
g , 23Πg states converging to the third dissociation limit. The

inset displays the long-range fragment of the present dij(R) functions
with respect to the 1=R4 coordinate.

Table 6
The leading long-range coefficients in the ETDM function expansion of
the ground S and excited P and D states of the interacting atoms.

Transition dAt βΣ�Σ βΣ�Π Source

Rb–Rb
5S–5P 4.462/

4.470a
716 �361 Ab initio [PW]

4.290 697 �348 LRPT [4]
4.231 Expt. [25]

5S–4D 1:8� 104 �9:2� 103 Ab initio [PW]

1:66� 104 �9:55� 103 LRPT [4]

Cs–Cs
6S–6P 4.819/

4.827a
944 �466 Ab initio [PW]

4.577 932 �466 LRPT [4]
4.500 Expt. [26]

6S–5D 3:3� 104 �1:6� 104 Ab initio [PW]

4:69� 104 �2:71� 104 LRPT [4]

a is the present “atomic” calculation.
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transitions is represented as a function of the 1=Rn coor-
dinate on the insets of Figs. 1, 2, 7 and 8. As it should be
expected, the ETDM functions of the singlet-singlet tran-
sitions coincide with their triplet–triplet counterparts at
internuclear distances beyond the modified Le Roy radius
estimated in Table 5. Table 6 shows that the slope coeffi-
cients βΛ0Λ″ of the long range expansion (2) extracted from
the ab initio dij(R) functions for both dimers are remark-
ably close to their S�P atomic analogues evaluated in the
framework of the long range perturbation theory [4]. The
most significant deviation is observed for the dipole for-
bidden S�D transitions of the Cs2 molecule. It should be
noted that for the P�D transitions the corresponding LRPT
estimates are not available.

The asymptotic values dijðR-1Þ extracted by a linear
extrapolation of the ab initio ETDM functions overestimate
their experimental and QDT counterparts corresponding to
the S�P transitions of Rb and Cs atoms (see Tables 4 and 6
by about 5% and 7%, respectively). This is partly attributed
to the shortcut of the MOLPRO package [15] where the
operator dipole moment does not take into account the
polarization of the atomic cores. The values obtained by
the modified dipole operator (10) tell us that the negli-
gence of the core-polarization effect could lead to the
systematic increase of the ECPþCPP results by about 4%
Please cite this article as: Pazyuk EA, et al. Ab initio and long-r
among the low-lying states of Rb2 and Cs2 molecules. J Quant S
j.jqsrt.2016.01.004i
for Rb and 5% for Cs, respectively. Indeed, the uniformly
scaled original ab initio ETDM functions become remark-
ably close to each other at least at large and intermediate
internuclear distances.

For the most excited states of Rb2 and Cs2 the PECs
obtained by Eq. (1) from original ab initio data coincide
with their theoretical [8,10–12] and empirical counter-
parts within 50–150 cm�1 at least in vicinity of the
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equilibrium distances Re. However, the observed deviation
of the electronic energies Te still exceeds a few vibrational
quants. This circumstance does not allow ones to use the
current PECs for unambiguous vibrational assignment of
the experimental spectra. It should also be noticed that a
direct comparison of the theoretical and experimental
PECs does not actually reveals a quality of the ETDM cal-
culation since the latter mainly depends on the reliability
of the electronic wave functions involved.
5. Concluding remarks

The spin-allowed electric transition dipole moments
dij(R) between all states of rubidium and cesium dimers
belonging to both singlet and triplet state manifolds of the
g=u symmetry and converging to the lowest three dis-
sociation limits have been calculated for a wide range of
internuclear distances.

The small (�5–7%) systematic errors of the present ETDM
functions of Rb2 and Cs2 dimers are assessed by a comparison
with preceding ab initio calculations and their long range
theory counterparts. The accuracy could be even further
improved (reducing error to about �2–3%) by the uniform
scaling of the original dij(R) functions to smoothly match the
limiting atom value of the molecular dipole moment.

A good agreement of the present and preceding ab initio
calculations strongly supports overall reliability of the ETDM
functions derived through alternative computational meth-
ods. Furthermore, their asymptotic behavior (2) is found to
be very close to theoretical estimates obtained within the
framework of long range perturbation theory [4,14].

We believe that the ab initio ETDM functions, combined
with the relevant adiabatic PECs and recently calculated
spin–orbit coupling matrix elements [17] will be a good
starting point for understanding complex decay of
mutually perturbed states. The radiative properties could
be particularly useful for designing efficient laser synthesis
of stable ultracold molecular ensembles.
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