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Laser-induced fluorescence �LIF� spectra �4� 1�+→A 1�+–b 3� and collisionally enhanced A 1�+–b 3�

→X 1�+ LIF spectra measured by Fourier transform spectrometer with the resolution of 0.03–0.05 cm−1

provided about 1160 term values of the e-symmetry rovibronic levels of the fully mixed A 1�+ and b 3� states
of a NaCs molecule. Direct deperturbation treatment of the experimental data field, covering rotational quan-
tum numbers J� �5,151� of the A-b complex in the energy region E� �10577,13668� cm−1, was accomplished
in the framework of the inverted channel-coupling approach by means of the 4�4 Hamiltonian constructed on
Hund’s coupling case �a� basis functions. The nonequidistant spin-orbit splitting of the b 3��=0,1,2 substates
and the indirect coupling A 1�+–b 3��=1 matrix element were introduced in the Hamiltonian phenomenologi-
cally to account for the regular perturbations by remote states manifold. The expanded Morse oscillator model
was used to approximate both potential energy curves of the mutually perturbed states and spin-orbit coupling
matrix elements as an analytical function of internuclear distance. Overall 31 fitting parameters have been
required to reproduce 98% of experimental term values with a standard deviation of 0.006 cm−1, which is
consistent with the uncertainty of the experiment. The term values deperturbation analysis was confirmed by a
calculation of relative intensity distributions in the A–b→X LIF progressions. The predicted probabilities for
both weakly and strongly perturbed levels agree with their experimental counterparts within the accuracy of
measurements. The evaluated nonadiabatic A-b wave functions were applied for a prediction of radiative
lifetimes of the A-b complex as well as transition probabilities of the a→A–b→X cycle proposed in Stwalley,
Eur. Phys. J. D 31, 221 �2004�, for efficient transformation of ultracold molecules to their absolute ground
level vX=0; JX=0.
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I. INTRODUCTION

Heteronuclear alkali-metal diatomic molecules are a
popular object of theoretical and experimental studies, in
particular due to recent progress in the production and trap-
ping of ultracold species; see, for a review, several special
issues of journals �1–7�. Particular attraction is caused in
heteronuclear alkali-metal diatomic molecules mainly be-
cause of their permanent electric dipole moment, which
makes them susceptible to controlled manipulation by an ex-
ternal electric field �8�. After accomplishing most of the
work on the ground electronic states, there is growing need
in high-accuracy conventional spectroscopy data on the low-
est excited electronic states of heteronuclear alkali-metal
dimers. Indeed, such mixed singlet-triplet states as
A 1�+–b 3� and B 1�–c 3�+, being coupled by spin-orbit
�SO� interaction, may provide intermediate levels for effi-
cient absorption-emission cycles �in the � scheme� into sin-
glet and triplet ground states for ultracold molecules forma-
tion; see �3� for a general analysis. Some promising
applications have been recently accomplished for RbCs
�9–12�, NaCs �13,14�, and LiCs �15� dimers. Besides, such
systems provide a window to the higher excited triplet states
�in a ladder scheme�.

Favorably for the above applications, strongly mixed
A 1�+–b 3� complex is formed in alkali-metal diatomic
molecules containing the heaviest Cs atom, when the A 1�+

and b 3� states may be considered as fully coupled elec-
tronic states due to the large value of spin-orbit interaction
mainly determined by the Cs �6 2P� atom: �Cs
= �E6 2P3/2

-E6 2P1/2
� /3=184.68 cm−1 is the experimental

atomic SO parameter �16,17�. The challenging issue lies,
however, in the very strong perturbation of the regularity of
the rovibrational structure and spectra. Therefore, although
the spectra to and/or from the A-b complex are recorded with
the highest possible accuracy of conventional spectroscopy,
say within the Doppler width, there is no straightforward
recipe for a direct transformation of the available experimen-
tal information on term values into the deperturbed structure
parameters that would reproduce the empirical spectroscopic
data within accuracy of measurements by solving a direct
problem. Moreover, as was demonstrated in the recent work
on the A 1�+–b 3� complex of a RbCs dimer �9�, even vi-
brational assignment of the upper rovibronic terms based on
the Fourier-transform spectroscopy data remains question-
able. There were doubts expressed in Ref. �9� whether it is at
all possible to describe a large fraction of the A-b RbCs
spectroscopic data with accuracy better than 0.25 cm−1 with-
out accounting for the influence of the higher-lying states.
The goal of the present work is to resolve this challenging
issue in the NaCs A-b complex by performing high-
resolution spectroscopy studies and applying the adequate
data processing to get empirical molecular structure param-
eters, namely the deperturbed A 1�+ and b 3� potential-
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energy curves �PECs� and relevant spin-orbit interaction ma-
trix elements, that would reproduce the spectroscopy data
with experimental accuracy of the order of 0.01 cm−1.

The motivation to choose in the present study the NaCs
molecule as a Cs-containing dimer is as follows. Na and Cs
cold collisions were studied in a Na+Cs trap �18�; ultracold
NaCs molecules were successfully formed and studied in
�13,14�, followed by a complementary study �7� of the Na
+Cs pair interaction based on a conventional spectroscopy
method. Regarding necessary ground electronic state data,
previous studies �5,7� yielded high-accuracy adiabatic PECs
for the lowest X 1�+ and a 3�+ states up to their dissociation
limit Na�3 2S�+Cs�6 2S� �Fig. 1�. The B�1� 1� state was re-
cently studied as well in Ref. �19�, and, hence, the next logi-
cal step is to investigate the A 1�+–b 3� complex converg-
ing to the same atomic asymptote Na�3 2S�+Cs�6 2P�.

Spectroscopic studies of the A-b mixed states in hetero-
nuclear alkali-metal diatomics are greatly facilitated by the
recent high-quality electronic-structure calculations per-
formed in pure Hund’s coupling cases �26� �a� �20–24� and
�c� �25�, respectively. In particular, the recent quasirelativis-
tic calculations of spin-orbit coupling matrix elements be-
tween the low-lying NaCs electronic states �22� are found to
be a crucial point for making a reliable initial guess on the
explicitly r-dependent SO interaction parameters of a deper-
turbation model used. Furthermore, it is suggested in the
present work to include the best available ab initio PECs and
SO matrix elements, when properly weighted, into the non-
linear fitting procedure of the experimental data set in order
to regularize the resulting empirical functions at small and
large internuclear distances. This, on a more general level,
provides a natural step toward closing the gap between the
vast majority of good-quality ab initio calculations and the
extremely scarce and fragmentary amount of empirical data,

regarding even low-lying excited electronic states of alkali-
metal diatomic molecules.

Regarding the recent experimental studies of the A-b
mixed states in alkali-metal diatomic molecules by Fourier
transform spectroscopy, the investigations in Na2 �27�, K2
�28�, Rb2 �29,30�, Cs2 �30� and RbCs �9� are to be men-
tioned. As far as heteronuclear alkali-metal diatomics are
concerned, the most comprehensive information was ob-
tained for NaRb �31–33� and the present research is for us a
natural next step after the recently performed deperturbation
studies of the A 1�+–b 3� complex in the NaRb molecule.

In Ref. �33�, 2300 experimental term values of the NaRb
A 1�+–b 3� complex were measured using a Fourier trans-
form spectrometer with about 0.01 cm−1 accuracy and have
been reproduced, for both Na85Rb and Na87Rb isotopomers,
with a standard deviation of 0.012 cm−1 exploiting a direct
deperturbation analysis by means of the inverted channel-
coupling approach with Hund’s-coupling case �a� basis func-
tions. The situation for the A 1�+–b 3� complex in NaCs is,
however, much more complicated since the ab initio estimate
of the SO coupling between the A 1�+ and b 3��=0 states
�Ab0

SO �22� is about 90 cm−1, to be compared with the har-
monic vibrational frequencies of the virtually isolated A 1�+

and b 3� states �e
A�60 cm−1 and �e

b�100 cm−1 �20�, re-

spectively. The adiabaticity parameter 	=
�Ab0

SO

��e
A�e

b , being close

to unity, provides the considerable systematic nonadiabatic
energy shifts of practically all levels of the complex. Thus, it
is hopeless to find out weakly perturbed term values to be
used for preliminary diabatic or adiabatic processing corre-
sponding to pure Hund’s-coupling cases �a� or �c�, respec-
tively. For a comparison, the characteristic �Ab0

SO value of the
A-b complex in a NaRb dimer �33� is about 2.5 times smaller
than in NaCs. This allowed one to observe and to include
weakly perturbed levels in the initial steps of analysis in
order to obtain the correct v-assignment from the intensity
distribution in LIF progressions from the A 1�+–b 3� com-
plex in NaRb �31–33�.

What is even more important, the natural NaCs sample
does not consist of different isotopomers that may facilitate
v-numbering. Therefore, a main feasible tool to unambigu-
ously confirm the term value deperturbation analysis has to
be based only on checking laser induced fluorescence �LIF�
intensity distribution �see Refs. �31,32��. It should be
stressed, however, that a rigorous vibrational assignment of
the strongly mixed A 1�+ and b 3� states cannot be achieved
in principle due to the breakdown of the oscillation theorem
�34� for multichannel nonadiabatic states. Thus, a subsequent
presented vibrational identification vA ,vb of the NaCs A-b
complex relates only to the conventional vibrational quantum
numbers of the deperturbed �diabatic� A 1�+ and b 3��=0
states, respectively.

The paper is structured as follows. A brief description of
the experiment as well as the procedure of rovibrational as-
signment and term values determination of the A-b complex
is given in Sec. II. The elaborated model Hamiltonian and
nonlinear fitting procedure used for a direct deperturbation
analysis of term values of the complex are explained in Secs.
III A–III D, while the resulting empirical interatomic PECs
and SO coupling functions are discussed and compared with
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FIG. 1. �Color online� Scheme of the selected lowest electronic
states of the NaCs molecule �20� along with the laser excitation and
FTS fluorescence observation used in the present experiment.
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their ab initio counterparts in Sec. III E. The estimated nona-
diabatic A-b wave functions are used in Sec. IV A to simu-
late relative intensity distributions in the observed A–b→X
LIF progressions. The radiative lifetimes of the A-b complex,
as well as the wave numbers and probabilities of the pump-
dump transitions for the optical conversion cycle a→A–b
→X, are predicted in Sec. IV B.

II. FOURIER TRANSFORM SPECTROSCOPY OF THE A-b
COMPLEX

A. Experiment

The NaCs molecules were produced in a stainless steel
heat pipe similar to the one developed for the NaRb �35,36�
and NaCs ground-state �5,7� studies. The heat-pipe was filled
with 10 g Na and 5 g Cs �both metals in ampoules from Alfa
Aesar�. A 5 g ampoule with Cs was loaded into the side
container �7� at the central part of the heat pipe. Typical
operating pressure of Ar buffer gas was 3–5 mbar. During
the experiments, the heat pipe was kept at about 300 °C by a
Carbolite furnace.

The laser beam was sent into the heat pipe through a
pierced mirror. The backwards LIF was collected by the
same mirror and focused, by two lenses, on the input aper-
ture of the Fourier transform spectrometer �FTS� Bruker IFS
125HR. For the �LIF� detection in visible spectral region we
used a broadband photomultiplier, while for the infrared light
detection we used an InGaAs diode operated at room tem-
perature. In order to suppress the He-Ne laser built in the
FTS for path difference calibration, a notch filter was placed
in front of the detectors. The resolution of the FTS was typi-
cally set to 0.03–0.05 cm−1. In order to ensure a sufficient
signal-to-noise ratio for the lines of medium strength, the
number of scans for each recorded spectrum varied from 20
to 40; averaging over a number of repeated measurements
was applied in some cases.

Two excitation-observation schemes were used for the
A-b complex data collection, see Fig. 1, similarly to the
NaRb A-b complex studies in Ref. �33�. First, the NaCs mol-
ecules were excited by the Ar+-laser lines 501.7 nm �multi-
mode operation regime� and 514.5 nm �single-mode opera-
tion regime�. The corresponding LIF series to the A-b
complex were measured within the �6000,12000� cm−1 spec-
tral range while the strongest signal was observed in the
�7000,8500� cm−1 spectral range. Figure 2�a� represents
such a spectrum detected for a particular single mode at
514.5 nm line excitation. It is known from the preceding
experiments �5,7,19� that these Ar+-laser lines excite both
�3� 1� and �4� 1�+ states of the NaCs molecule. However, as
was estimated in Ref. �23� by means of the relevant ab initio
transition dipole moments, the �3� 1�→A–b emission is ex-
pected to be very weak and can be practically neglected.
Hence, the spectrum shown in Fig. 2�a� can be attributed to
the �4� 1�+→A–b transitions. In order to simplify the as-
signment of the observed infrared �ir� transitions, LIF spectra
to the ground state were also recorded in the visible spectral
region at the same excitation conditions, see Fig. 2�b�. The
transitions around 17 600 cm−1 represent the �3� 1�

→X 1�+ LIF while the transitions around 15 200 cm−1 be-
long to the �4� 1�+→X 1�+ LIF.

Another excitation-observation scheme consisted in a di-
rect excitation of the A-b complex by various diode lasers
followed by observation of the A–b→X 1�+ LIF, see Fig. 1.
Three laser diodes, namely 850 nm �LD850/100 from Top-
tica Photonics�, 980 nm �L980P200I from Thorlabs�, and
1020 nm �LD1020/400 from Toptica Photonics�, were
mounted in homemade external cavity resonators �Littrow
configuration�, with a grating serving as a feedback source.
The respective frequency tuning ranges were �11550, 11940�,
�10209, 10515�, and �9700,9940� cm−1. Excitation frequen-
cies were measured by a wavemeter HighFinesse WS6 with
about 0.015 cm−1 accuracy. A fine tuning of the grating was
achieved by a piezoelectric actuator. Temperature and current
stabilization have been provided by Thorlabs controllers. The
power of the lasers at the entrance of the heat pipe varied
from 15 to 40 mW depending on a particular laser diode and
exploited laser current.

Overall 64 excitation frequencies were exploited with the
850 nm diode. A typical LIF spectrum recorded with this
diode excitation is shown in Fig. 3�a�. The LIF intensity
distribution in such a long progression as depicted in Fig.
3�a� with a last maximum at high vX is characteristic for

FIG. 2. �Color online� Examples of LIF spectra excited by an
Ar+ 514.5 nm line �single mode�. �a� The �4� 1�+�v*;J�=12�
→A 1�+–b 3��vA=10–37;J�=11,13� LIF progression. Each line
represents a narrow doublet with J�=11 and 13. Short vertical bars
�red� indicate the assigned doublets. �b� The respective spectrum to
the ground X 1�+ state at the same excitation. High-frequency re-
gion of the spectrum is cut off by a long pass edge filter. The
strongest progression from the �4� 1�+ state is excited in the tran-
sition �4� 1�+�v*;J�=12�←X 1�+�vX=1;J�=11�.
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highly excited vibrational levels vA of the A-b complex. In
order to go down in vA values, a 980 nm diode was used.
Unfortunately the relevant LIF signals were found to be very
weak if compared to 850 nm diode excitation, and, hence,
only a few spectra could be recorded at excitation frequen-
cies around 10 500 cm−1.

The usage of 1020 nm laser diode was more efficient, and
a rather strong LIF signal made it possible in a number of
cases to detect spectra even without filtering of scattered la-
ser light. Thus, full LIF progressions could be recorded,
which was important for establishing vibrational assignment
of the upper state. The example of such a full LIF progres-
sion recorded for the vA=1 level, with characteristic two
maxima in intensity distribution, is given in Fig. 3�b�. Over-
all 37 excitation frequencies within the �9807,9930� cm−1

range allowed us to observe about ten vibrational levels of
the A 1�+ state starting from the lowest vA=0.

In a number of cases, wide groups of satellite lines ap-
peared around the strong LIF lines due to collision induced
distribution of the population of the directly excited rovi-
bronic level over neighboring rotational levels.

B. Spectra analysis

The fully mixed character of the A-b complex leads to
strong irregularities in the vibrational and rotational spacings

in this system. Moreover, due to this mixing the transitions to
both components �one of mostly singlet character and an-
other one of mostly triplet character� of the complex could
be observed simultaneously. Hence, direct rovibrational as-
signment of the �4� 1�+→A 1�+–b 3� transitions is ambigu-
ous, if at all possible, without a preceding detailed knowl-
edge of the rovibrational levels position in the A-b complex.

Thus, the A 1�+–b 3�→X 1�+ LIF spectra have been
analyzed first, since progressions could be easily assigned
because of a very accurate ground X 1�+ state PEC �5�. The
term values of the A-b complex were obtained by adding the
corresponding ground-state rovibronic level energy to a tran-
sition wave number. The data field of the A-b complex term
values was substantially enlarged after analysis of the satel-
lite lines appearing due to collision induced rotational relax-
ation; see, for instance, Fig. 4. Due to a rich rotational relax-
ation, in some spectra both mixed singlet and triplet states
were simultaneously observed. Figure 4�a� represents such a
situation when an initial population of the optically excited
levels vA=1; J�=42 and vA=1; J�=52 is collisionally distrib-
uted within two mixed rotational level manifolds. In addition

FIG. 3. �Color online� Examples of A 1�+–b 3�→X 1�+ LIF
spectra at diode laser excitation. �a� Laser frequency was fixed at
11 906.718 cm−1 to excite the A 1�+–b 3��vA=29;J�=75�
←X 1�+�vX=1;J�=76� transition. LIF intensity signal toward the
high-frequency region is gradually suppressed because of diminish-
ing spectral sensitivity of the InGaAs detector and by the presence
of the long pass edge filter cutting off the transitions above
11 000 cm−1. �b� Laser frequency fixed at 9807.85 cm−1 is used to
excite the A 1�+–b 3��vA=1;J�=49�←X 1�+�vX=7;J�=50�
transition.
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FIG. 4. �Color online� �a� A fragment of the A 1�+–b 3�
→X 1�+ LIF spectrum to vX=16 recorded at 9814.967 cm−1 diode
laser excitation. The excitation transitions are A 1�+–b 3��vA=1,
J�=52�←X 1�+�vX=7,J�=51� and A 1�+–b 3��vA=1,J�=42�
←X 1�+�vX=7,J�=43�. The short vertical bars indicate assigned P
and R transitions from neighbor collisionally populated A-b rota-
tional levels. Indicated J values correspond to the ground state. �b�
A fragment of the A 1�+–b 3�→X 1�+ LIF spectrum to vX=17
recorded at 9855.176 cm−1 diode laser excitation. The excitation
transition is A 1�+–b 3��vA=1,J�=79�←X 1�+�vX=6,J�=78�.
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to the relaxation lines surrounding the strong central P, R
lines originating from the directly excited levels with J�
=52 and 42, two groups of weaker lines around 9020 cm−1

can be easily seen. The assigned relaxation lines are marked
with black and red vertical bars, respectively. These weak
groups of P, R branches without clear central lines are origi-
nating from the collisionally excited rotational levels just in
the region of a strong local perturbation. Figure 4�b� gives an
example of a weak local perturbation observed for the same
vA=1 vibrational level at higher rotational levels with the
perturbation center at JA=80 /81. This local perturbation can
be clearly recognized from the two gaps �“windows”� in the
P, R branches. It should be noted that in most recorded spec-
tra the laser excited the levels with a dominant singlet char-
acter. However, an opposite situation was observed in some
cases, namely optical excitation of a predominantly triplet
state level. The main body of the A-b rovibronic levels as-
signed from the rovibronic A 1�+–b 3�→X 1�+ transitions
covers the range vA� �0,35� and J� �5,151�.

Detailed information about rovibronic structure of the A-b
complex, derived from the analysis of the A–b→X transi-
tions, ensures unambiguous assignment of the �4� 1�+

→A-b LIF transitions with the help of simultaneously re-
corded �4� 1�+→X 1�+ transitions. The energies of the A-b
complex levels were calculated using the wave numbers of
the assigned �4� 1�+→A–b transitions combined with the
respective experimental �4� 1�+ rovibronic term values. The
collisionally induced rotational satellites, when observed,
were analyzed in these spectra as well, providing additional
rotational term values of the A-b complex. In total, two
�4� 1�+→A–b LIF progressions with 514.5 nm line excita-
tion and one progression with 501.7 nm line excitation have
been recorded and assigned.

Summarizing, the FTS analysis of the �4� 1�+

→A 1�+–b 3� and A 1�+–b 3�→X 1�+ LIF spectra pro-
vided overall about 1160 term values assigned to the
e-symmetry rovibronic levels of the A 1�+–b 3� complex.
The resulting data field depicted in Fig. 5 and presented nu-
merically in the EPAPS tables �37� covers the rotational
quantum number range J� �5,151� and the energy range E
� �10577,13668� cm−1 of the A-b complex, including the
lowest vibrational level vA=0 of the singlet state. The main
contribution to the uncertainty of the experimental term val-
ues is given by the Doppler broadening of the absorption
transition in the NaCs molecule at working temperatures, its
full width at half-maximum �FWHM� being about 0.03 cm−1

in the visible spectral region, while diminishing to about
0.01 cm−1 in the spectral region around 8000 cm−1. A pos-
sible excitation frequency shift from the center of the absorb-
tion transition yields the respective shift in LIF transitions,
thus we conservatively estimate here the term values uncer-
tainty as 0.010–0.015 cm−1. Indeed, a detailed inspection of
the individual term values derived from different spectra
confirms that their dispersion does not exceed 0.01 cm−1.

For several of the observed A 1�+–b 3�→X 1�+�vX� LIF
progressions, the relative intensity distribution has been ana-
lyzed. Taking into account the spectral sensitivity of the In-
GaAs detector and the spectral transmission of the long pass
edge filters, the overall uncertainty of the intensity distribu-
tion measurements could be roughly estimated as 15–20 %.

Although the non-Hönl-London factor behavior of inten-
sities in the P and R lines was observed for some strongly
perturbed progressions, these intensity anomalies are not
pronounced enough to be quantitatively analyzed, since they
are comparable with experimental errors.

III. DEPERTURBATION ANALYSIS OF THE TERM
VALUES OF A-b COMPLEX

Direct deperturbation analysis of the experimental term
values obtained above has been accomplished in the frame-
work of the inverted channel-coupling approach �31,33,38�,
which is outlined as follows.

The total nonadiabatic rovibronic wave function 
CC of
the A 1�+–b 3� complex with the fixed quantum number J
and well-defined e-symmetry is approximated by a linear
combination of the symmetrized electronic-rotational wave
functions �i belonging to a pure Hund’s coupling case �a�
�26� as 
CC=�i=1

M ci�i, where M is the number of coupled
channels �e.g., electronic substates� explicitly involved into
consideration; ci�r� are the fractional components of the total
nonadiabatic vibrational wave function �CC�r�, which is de-
termined by a solution of the close-coupling radial equations
on the infinite interval of the internuclear distance r
� �0,
�,

�− I
�2d2

2�dr2 + V�r;�,J� − IECC	�CC�r� = 0 , �1�
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FIG. 5. �Color online� The resulting experimental data field of
A-b term values as dependent on J�J+1�. Three double columns of
the open �red� circles represent the data from the �4� 1�+

→A 1�+–b 3� LIF progressions while the remaining data are de-
rived from the A 1�+–b 3�→X 1�+ LIF spectra.
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ci�0� = ci�
� = 0, �2�

Pi = 

0




ci
2�r�dr, �

i=1

M

Pi = 1. �3�

Here I is the identity matrix, ECC is the total nonadiabatic
energy of the rovibronic level of the complex, while V is the
symmetric M �M matrix of potential energy explicitly de-
pending on reduced mass � and rotational quantum number
J as a parameter. Pi is the fractional partition of a nonadia-
batic wave function.

A. Reduced 2Ã2 Hamiltonian

The simplest deperturbation model appropriate to the
present complex explicitly takes into account only the direct
strong spin-orbit interaction between the singlet A state and
the �=0 component of the triplet b state: 
CC=cA�A
+cb0

�b0
. The relevant symmetric 2�2 matrix of potential

energy V has the form �39�

V1�+ = UA + B�X + 2� , �4�

V3�0
= Ub0

+ B�X + 2� , �5�

V1�+−3�0
= − �2�Ab0

SO , �6�

where

B �
�2

2�r2 , X � J�J + 1� , �7�

while UA�r� ,Ub0
�r� are the diabatic PECs of the mutually

perturbed states and �Ab0

SO �r� is the relevant SO coupling ma-
trix element. Hereafter, all electronic parameters of the dep-
erturbation model used are assumed to be mass-invariant.
According to van Vleck’s pure precession hypothesis �26�,
the rotational part of the Hamiltonian was evaluated assum-
ing that the diagonal angular momentum matrix elements
L�L+1�=2 for all states of the p-complex. The validity of the
pure precession hypothesis for the A 1�+ and b 3� states of
NaCs has been justified by the ab initio calculations of the
L-uncoupling matrix elements between singlet B 1�–A 1�+

and triplet b 3�–a 3�+ interacting pairs performed in �22,40�
since both LBA�R� and Lba�R� functions were found to be
very close to the pure precession value �2 at small and in-
termediate internuclear distances.

B. Conventional 4Ã4 Hamiltonian

High rotational levels of the complex available from the
present experiment �J�151� require, however, an explicit
treatment of the pronounced spin-rotational interaction be-
tween different � components of the triplet b3�� state as
well �26�. It immediately leads to a more complicated four-
channels problem 
CC=�i=1

M=4ci�i, where i
� �A 1�+ ,b 3��=0,1,2� and the corresponding 4�4 V matrix
has the additional, in comparison with the simplest 2�2
model �Sec. III A�, nonvanishing matrix elements �39�,

V3�1
= Ub0

+ ASO + B�X + 2� , �8�

V3�2
= Ub0

+ 2ASO + B�X − 2� , �9�

V3�0−3�1
= − B�2X , �10�

V3�1−3�2
= − B�2�X − 2� . �11�

Here ASO�r� is assumed to be the equidistant splitting be-
tween the �=0,1 ,2 components of the triplet state.

C. Elaborated 4Ã4 model

In order to account for regular spin-orbit and electronic-
rotational perturbations caused by the remote 1� and 3�+

states manifold �first of all the nearest B 1� and c 3�+ states
converging to the same dissociation limit, see Fig. 1�, the
nonequidistant SO splitting between the b 3��=0,1,2 compo-
nents �A01

SO�r��A12
SO�r��,

V3�1
= Ub0

+ A01
SO + B�X + 2� , �12�

V3�2
= Ub0

+ A01
SO + A12

SO + B�X − 2� , �13�

and the indirect SO coupling A 1�+–b 3��=1 matrix element
�Ab1

SO �r�,

V1�+−3�1
= − B�2X�Ab1

SO , �14�

were incorporated into the conventional 4�4 Hamiltonian
�Sec. III B�. These phenomenologically introduced matrix el-
ements appear due to the second-order contact transforma-
tions implicitly performed on the initially full electronic
Hamiltonian of infinite dimension �M→
�. Thus, the diaba-
tic PECs UA�r�, Ub0

�r� of the interacting A 1�+ and b 3�0

states, spin-orbit functions A01
SO�r�, A12

SO�r�, �Ab0

SO �r�, and the
r-independent matrix element �Ab1

SO are the adjustable fitting
parameters of the elaborated deperturbation model.

D. Fitting procedure

The required PECs UA�r� and Ub0
�r� of the interacting

states were analytically represented by the expanded Morse
oscillator �EMO� function �41�,

UEMO�r� = �Tdis − De� + De�1 − e−��r��r−re��2, �15�

where Tdis is the dissociation limit referred to the minimum
of the ground state, De is the well depth, re is the equilibrium
distance, and � is the polynomial function of the reduced
variable yp� �−1,1�,

��r� = �
i=0

m

aiyp
i , yp�r,rref� =

rp − rref
p

rp + rref
p . �16�

The diagonal A01
SO�r�, A12

SO�r�, and the off-diagonal �Ab0

SO �r�,
spin-orbit functions were also represented by the appropriate
EMO function VEMO�r� converging to the correct atomic
limit,
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VEMO�r� = ��Cs − Ve� + Ve�1 − e−��r��r−re��2, �17�

since the relevant ab intio spin-orbit functions ASO�r� and
�Ab0

SO �r� clearly demonstrate the Morse-like behavior �22�.
The initial parameters of the above EMO functions �15�

and �17� were evaluated in the framework of the weighted
nonlinear least-squares fitting �NLSF� procedure �42�,

�ab
2 = �

j=1

Nab �UEMO�rj� − Uab�rj��2

�� j
ab�2�Nab − mp�

, �18�

exploiting the ab initio PECs UA
ab ,Ub

ab and SO functions
ASO,�Ab0

SO corresponding to the pure Hund’s coupling case �a�
�20–22�. Here Nab is the number of used ab initio rj points
while mp is the number of fitting parameters. The ab initio
PECs of the A 1�+ and b 3� states and their uncertainty � j

ab

were estimated by averaging the independent results of Refs.
�20–22�, while the � j

ab values of the ASO�r� and �Ab0

SO �r� func-
tions borrowed from Ref. �22� were assumed not to exceed
15% of the relevant ab initio values.

Then, the refined parameters of the required UA, Ub0, A01
SO,

A12
SO, �Ab0

SO functions combined with the single r-independent
parameter �Ab1

SO �r�=const were determined iteratively during
the weighted NLSF procedure �26�,

�expt
2 = �

j=1

Nexpt wj�Ej
CC − Ej

expt�2

Nexpt − Mp
, �19�

where wj =1 /� j
2 is the weight of each level, Ej

expt is the ex-
perimental term value, and � j =0.010–0.015 cm−1 represents
its uncertainty. Here, Nexpt is the number of experimental
term values while Mp is the total number of adjusted fitting
parameters of the deperturbation model used. The robust
weighting procedure �43� wj =1 / �� j

2+� j
2 /3� was used at the

initial stages of the fitting process to diminish an undesirable
effect of strongly perturbed and/or incorrectly assigned lines;
� j =Ej

CC−Ej
expt is the deviation observed in the preceding fit

iteration.
During the final stages of the NLSF procedure, the experi-

mental data set was extended by the corresponding ab initio
PEC and SO points outside the experimental region to regu-
larize the resulting EMO function behavior at small and large
internuclear distances. The minimum of a sum of the relevant
�ab

2 �18� and �expt
2 �19� functions was searched by the modi-

fied Levenberg-Marquardt algorithm �44� realized in MIN-

PACK software �45�. The required partial derivatives of the
eigenvalues Ej

CC with respect to the fitting parameters ai were
evaluated by means of the diagonal Hellmann-Feynman
theorem �26�: �ECC /�ai= ��CC
�V /�ai
�CC�.

The analytical two-parameter mapping procedure �46�
based on replacement of the usual integration variable r
� �0,
� by the reduced radial variable y�r ; r̄=4.6,�=5.2�
=1 / �1+ �r̄ /r���; y� �0,1� was used to transform the initial
CC equations �1� into completely equivalent form. Then, the
modified CC equations given explicitly in Ref. �33� were
efficiently solved by the ordinary finite-difference �FD�
boundary value method �47� using the central five-point FD
approximation of the kinetic-energy term. The ordinary ei-
genvalue and eigenfunction problem of the resulting sym-

metric band matrix was iteratively solved by the implicitly
restarted Lanczos method realized in ARPACK software �48�
in the shift-inverted spectral transformation mode.

E. Resulting interatomic potentials and spin-orbit functions

Overall 26 EMO fitting parameters corresponding to the
diabatic PECs UA 1�+, Ub 3�0

, and the off-diagonal SO cou-
pling function �Ab0

SO of the simplest 2�2 deperturbation
model �Sec. III A� were required to reproduce about 70%
experimental term values of the A-b complex with a standard
deviation of 0.008 cm−1, which is quite comparable with the
estimated uncertainty of the FTS measurements. As ex-
pected, the most significant deviations are observed for the
highest rotational levels of the complex where a spin-
rotational interaction becomes very important �26�.

Application of the conventional 4�4 deperturbation
model �Sec. III B� determined by overall 28 molecular pa-
rameters belonging to the EMO fitting UA 1�+, Ub 3�0

, �Ab0

SO ,
and ASO functions improves the fitting quality significantly
and reproduces almost 97% experimental term values with a
standard deviation of 0.006 cm−1. Furthermore, a phenom-
enological account for remaining regular perturbations
caused by remote states in the framework of the elaborated
deperturbation model �Sec. III C� particularly improves a re-
production of rovibronic term values having significant ad-
mixture of the b 3��=1 component. The resulting 31 molecu-
lar parameters of the elaborated model �Sec. III C given in
Tables I and II, and EPAPS �37� completely define the em-
pirical diabatic PECs UA 1�+, Ub 3�0

of the mutually per-
turbed states, as well as the spin-orbit coupling functions
A01

SO, A12
SO, �Ab0

SO , and �Ab1

SO , reproducing 98% of the experimen-
tal term values with a standard deviation of 0.006 cm−1. For
comparison with ab initio calculations �20–22�, diabatic
A 1�+ and b 3�1 components �defined as Ub1

=Ub0
+A01

SO� are
plotted in Fig. 6�a�, while the respective SO functions are
presented in Fig. 7. Besides the experimental and reproduced
rovibronic levels of the A-b complex, the EPAPS tables also
contain the fractional partition Pi of the nonadiabatic wave
functions. This fractional analysis confirmed the expected
strong singlet-triplet mixing effect between the A 1�+ state
and the b 3��=0 component for the majority of observed lev-
els of the complex, while only 2% of the experimental data
highlighted a significant admixture of the b 3��=1 compo-
nent.

Figure 7 clearly demonstrates the Morse-like behavior of
both SO splitting ASO�r� and SO coupling �Ab0

SO functions. A
single minimum of these functions observed at r�4.5 Å
reaches 80 cm−1. This is almost 2.5 times less than the re-
spective SO Cs atom parameter �Cs�6 2P�

SO =184.67 cm−1 and it

is almost 14 times larger than the Na atom SO parameter
�Na�3 2P�

SO =5.73 cm−1. This unexpectedly strong r dependence

of the derived SO functions seems to be attributed to the
pronounced fractional mixing of the singly occupied p� and
p� molecular orbitals built from both Na and Cs atoms hav-
ing significantly different strength of SO interaction in their
lowest 2P states.
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Both diagonal and off-diagonal SO functions are appar-
ently sensitive to the present experimental data set only in a
rather small r-region �see Fig. 6�. Indeed, since the interact-
ing states cross each other in the single point, the respective
vibronic perturbation matrix elements are mainly determined
by the SO value near the crossing point, which almost coin-

cides with the stationary phase point �34�. Therefore, the
relevant spin-orbit EMO functions �17� were constrained by
fixing ai parameters in Eq. �16� determined from a fit to the
ab initio points �22�, so only Ve and re were the free param-
eters in the global fit �see Table II�. In Fig. 6�b�, the diabatic
PECs are given in the vicinity of re �Ub1

=Ub0
+A01

SO and
Ub2

=Ub1
+A12

SO� together with the avoided crossing adiabatic
PECs U�2,3�0+

ad , which were estimated from diabatic counter-
part b 3��=0 and A 1�+ states as

U�2,3�0+
ad = ��UA + Ub0

� � ��UA − Ub0
�2 + 8��Ab0

SO �2�/2.

�20�

The resulting empirical PECs and SO matrix elements are
found to be very close to their ab initio quasirelativistic
counterparts �20–22� both inside and outside the experimen-
tal data region r� �2.9,7.2� Å �see Figs. 6�a� and 7�. In par-
ticular, a difference of empirical and ab initio PECs observed
for the b 3��=1 and A 1�+ states near their equilibrium dis-
tances is about one ��Ub=80–120 cm−1��e

b� and two
��UA=100–130 cm−1�2�e

A� vibrational quanta, respec-
tively; see the inset in Fig. 6�a�. Furthermore, the derived
empirical splitting of the triplet b 3� state �Ub01

=109 and
�Ub12

=99 cm−1 near the equilibrium distance re
b=3.78 Å

TABLE I. The resulting EMO parameters of the diabatic
potential-energy curves of the deperturbed A 1�+ and b 3�0 states.
The fixed parameter †p=3 is used for both states. The fixed †Tdis

A

=De
X+�ECs−�Cs and †Tdis

b0 =Tdis
A −�Cs values were calculated from

the ground-state well-depth De
X=4954.24 cm−1 �7�, the experimen-

tal SO parameter of the Cs atom in the 6 2P state †�Cs
=184.68 cm−1 �16,17�, and experimental transition energy �without
hfs splitting� �ECs=11 732.31 cm−1 of the Cs atom 6 2P3/2
−6 2S1/2 transition �16�. It should be noted that the only reason for
the large number of digits in re and ai is to ensure the reproducibil-
ity of the fit. The same reason is applied to �Ab1

SO in Table II. Num-
bers in brackets are the power to base 10 of the associated number.
Daggers denoted fixed parameter.

A 1�+ b 3�0

†Tdis �cm−1� 16501.87 16317.19
†rref �Å� 4.65 3.78

Te �cm−1� 10509.810 10236.048

De �cm−1� 5992.060 6081.142

re �Å� 4.65431678872284 3.77999922692013

a0 �Å−1� 0.409201927134440�0� 0.665828316447219�0�
a1 �Å−1� −0.316930094322587�−1� 0.159655197110690�0�
a2 �Å−1� 0.118889237998245�0� 0.144813242483051�0�
a3 �Å−1� 0.272082736776197�0� 0.964993864916689�−1�
a4 �Å−1� 0.206826824112031�0� −0.452724688520158�−2�
a5 �Å−1� −0.147778977004416�0� 0.320383473138789�0�
a6 �Å−1� −0.491933649692577�0� 0.148834980740537�1�
a7 �Å−1� 0.288158643376113�−2� −0.180900998067171�1�
a8 �Å−1� 0.839886790201783�0� −0.388373323943793�0�
a9 �Å−1� 0.358215463426036�0�

TABLE II. The resulting EMO parameters of diagonal A01
SO, A12

SO,
and off-diagonal �Ab0

SO spin-orbit coupling functions. The parameters
†p=1 and †�Cs=184.68 cm−1 �16,17� are the same for all SO func-
tions. The empirical r-independent indirect SO coupling matrix el-
ement �Ab1

SO =0.129 470 305 169 498 cm−1. Daggers denote fixed
parameter.

Parameter �Ab0

SO A01
SO A12

SO

Ve �cm−1� 95.88 108.41 90.88

re �Å� 4.851716 4.652394 4.399871
†rref �Å� 4.8 4.6
†a0 �Å−1� 0.34334 0.48369
†a1 �Å−1� −0.29306 1.13622
†a2 �Å−1� −1.31449 2.67951
†a3 �Å−1� 5.67884 3.34248
†a4 �Å−1� 14.01202
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FIG. 6. �Color online� �a� The present empirical and available
ab initio �ab1-�20�; ab2-�21�; ab3-�22�� PECs for the A 1�+ and
b 3��=1 states corresponding to Hund’s coupling case �a�. Dashed
horizontal and vertical lines indicate the experimentally studied re-
gion. The inset shows in the PECs around re of the A 1�+ and b 3�
states. �b� The present diabatic PECs around re of the A 1�+,
b 3��=0,1,2 substates and their adiabatic counterparts �2,3��=0+

corresponding to Hund’s coupling case �c�.

ZAHAROVA et al. PHYSICAL REVIEW A 79, 012508 �2009�

012508-8



�see Fig. 6�b�� agrees well with their ab initio counterparts
�103 and 91 cm−1, respectively� obtained in the framework
of Hund’s coupling case �c� in Ref. �25�.

Figure 8 demonstrates a particular result of the fitting pro-
cedure obtained for the term values corresponding to the
fragments of the A–b→X 1�+ LIF spectra in Fig. 4. The
high quality of the fit is illustrated in Fig. 8�b�. The averaged
residuals of the fit are about 0.005 cm−1. The experimental
rovibronic term values presented in Fig. 8�a� basically corre-
spond to the vA=1 vibrational level of the singlet state,
which is locally perturbed by the diabatic vb0

=3 and 2 levels
of the triplet state near J=44 and 81, respectively. Addition-
ally, the rovibronic term values of both states undergo regu-
lar perturbations leading to a systematic energy shift of the
order of 8–12 cm−1 even when an admixture of the triplet
component does not exceed 5–10 %, as follows from a frac-
tion analysis of the relevant nonadiabatic wave functions; see
Fig. 8�c�. Moreover, a large off-diagonal SO matrix element
�Ab0

SO �rc��95 cm−1 near the crossing point rc�4.25 Å of the
diabatic A 1�+ and b 3��=0 states provides the pronounced
nonadiabatic energy shift for practically all levels of the A-b
complex, even when an admixture of the perturbing state is
rather small. For example, only 2% admixture of the
b 3��=0-component for the lowest observed vA=0 level re-
sults in �12–15 cm−1 systematic shifts.

IV. RADIATIVE PROPERTIES OF THE A 1�+–b 3�

COMPLEX

The radiative properties of the A 1�+–b 3� complex can
be estimated as well by means of the corresponding nonadia-
batic vibrational wave functions �CC and available ab initio
A 1�+–X 1�+ and b 3�–a 3�+ transition dipole moments

dAX�r� and dba�r� �21,22�. Indeed, since singlet-triplet electric
dipole transitions are strictly forbidden in a pure Hund’s cou-
pling case �a�, the required transition moments MA–b→X and
MA–b→a between the A 1�+–b 3� complex and the low-lying
isolated X 1�+ and a 3�+ states �see Fig. 1� are defined as

MA–b→X = �cA
dAX
vX�SJ�J�
����, �21�

MA–b→a = �cb�

dba
va�SJ�J�

����, �22�

where SJ�J�
���� is the analytically known overlap integral be-

tween rotational wave functions �26�. The 
cA� and 
cb�
� are

the respective A 1�+ and b 3���=0,1,2 fractions of the nona-
diabatic vibrational wave function of the A-b complex, while

vX� and 
va� are the adiabatic eigenfunctions of the X 1�+

and a 3�+ states, respectively.

A. Intensity distribution in the A 1�+–b 3�\X 1�+ LIF
spectra

Relative intensity distributions in a band structure of the
measured A 1�+–b 3��J��→X 1�+�vX ;J�� LIF progressions
were simulated for both weakly and strongly perturbed levels
of the complex in order to confirm the reliability of the
energy-based deperturbation analysis. Indeed, oscillation of
intensities observed in the long LIF series proved to be very
sensitive to a specific nodal structure of the perturbed wave
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function of the A-b complex �32�. Such a test is particularly
important for confirming the vibrational numbering in the
case of the NaCs molecule due to the fact that it has only one
natural isotopomer 23Na133Cs.

The required transition probabilities IA–b→X were esti-
mated under a Q-branch approximation �J�=J�� as

IA–b→X � �A–b→X
4 MA–b→X

2 , �23�

where the fourth power in the transition wave number
�A–b→X=ECC�J��−EX�vX ;J�� is used assuming that the detec-
tor signal is proportional to the intensity of the incoming
fluorescence light. The rovibronic energies EX�vX ;J�� and
respective rovibrational eigenfunctions 
vX� of the ground
X 1�+ state were obtained by solving the single-channel ra-
dial equation with the highly accurate empirical PEC from
Ref. �7�.

The transition probabilities predicted for the majority of
the measured A 1�+–b 3��vA� �0,32� ;J�� �19,128��
→X 1�+�vX ;J�� LIF progressions agree with their experi-
mental counterparts within the accuracy of measurements.
Figure 9 presents two examples of the experimental and cal-
culated intensity distributions in the long LIF progressions
coming from the regularly perturbed vibrational levels of the
A–b complex, proving good agreement between measure-
ment and calculations. It should be emphasized that the in-
tensities of the LIF progressions originating from locally per-
turbed vibrational levels could also be simulated with a
remarkable consistency with the experiment. Indeed, the pro-
nounced change of the intensity distributions observed for

different rotational levels J�=65,72,93 of the strongly per-
turbed vibronic level vA=26 of the complex, with distinc-
tively different triplet contribution, has been confirmed by
the calculation, as shown in Fig. 10.

B. Wave numbers and probabilities of the a\A–b\X
transitions

The high accuracy achieved in the present deperturbation
analysis encouraged us to simulate the transition probabili-
ties of the a 3�+→A 1�+–b 3�→X 1�+ process, which has
been proposed in Ref. �3� to transform an ultracold ensemble
of Na+Cs colliding pairs into the ground level vX=0; JX=0
of the well bound NaCs X 1�+ state. The appropriate popu-
lation of the initial vibronically excited a 3�+�va ;N=0� lev-
els, located very close to the atomic ground-state asymptote
Na�3 2S�+Cs�6 2S�, could be efficiently formed, for ex-
ample, by the Feshbach magnetic resonance method �49�.

The excitation �a→A–b
pump and emission �A–b→X

dump wave num-
bers presented in Table III correspond to the largest transition
probabilities of the two-step optical conversion cycle a 3�+

→A 1�+–b 3�→X 1�+. The relevant 
MA–b→X
dump 
 and


MA–b←a
pump 
 rovibronic transition moments calculated according

to the relations �21� and �22� are presented, which can be
useful for estimating a required laser power of a pure Raman
or STIRAP process �50�. In comparison to dump transitions,
their pump counterparts have very small probabilities deter-
mined by the unfavorable transition dipole function dba�r�
�21,22� and small Franck-Condon factors ��cb 
va��2 for
weakly bound levels of the initial a-state.
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FIG. 10. The relative A 1�+–b 3��vA=26,J��→X 1�+�vX� LIF
progression intensity distributions observed and calculated for dif-
ferent rotational levels of the strongly perturbed vibronic level vA

=26 of the A-b complex. The number in parentheses denotes the
estimated fraction �in percent� of the singlet A state. The intensities
of the P and R lines are averaged and normalized to the most
intensive transition of the progression.
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The �a→A–b
pump =ECC�J��−Ea�va ;N=0� and MA–b←a

pump values
were estimated using the energy Ea�va ;N=0� and wave
function 
va� for the last bound level of the adiabatic
a 3�+ state �7�. The X 1�+–a 3�+ mixing of the initial
loosely bound levels caused by a hyperfine Fermi contact
interaction �7� was neglected. The relative accuracy of the
predicted transition moments can be roughly estimated as
5–10 % since it is mainly determined by the uncertainty of
the ab initio functions dAX�r� and dba�r� �21,22�. The
accuracy of the dump wave numbers seems to be close to
the accuracy of the present fit, while the accuracy of the
pump wave numbers is limited by 0.1 cm−1 being close to
the uncertainty in the dissociation energy of the a 3�+ state
�7�.

Table III also contains the radiative lifetimes �A-b
J�=1 and the

branching ratios RA-b of the spontaneous emission from the
intermediate level of the complex with J�=1 to the ground
level vX=0; JX=0. Both �A-b and RA-b values can be useful to
estimate the efficiency of a simple pump-spontaneous emis-
sion cycle for producing ground-level population. The RA-b
values were estimated as

RA-b =
8�2

3��0
�A–b→X

3 MA–b→X
2 �A-b

J=1, �24�

where �0 is the permittivity of vacuum. The radiative life-
times of particular rovibronic levels were estimated by the
approximate sum rule �51�

1

�A-b
J =

8�2

3��0



0




dr�cA
2�UAX

3 dAX
2 + �

�=0,1,2
cb�

2 �Uba
3 dba

2 �
�25�

in order to avoid tedious summation and integration over
bound and continuum vibrational levels of the lower X 1�+

and a 3�+ states. Here �Uij�r�=Ui�r�−Uj�r� is the difference
of the diabatic �deperturbed� PECs of the states involved.

To present better insight into how the lifetime of the rovi-
bronic levels varies within the A-b complex, we have calcu-
lated the �A-b

J values �see Eq. �25�� dependent on the rovi-
bronic level energy for J� values 2 and 150. The respective
�A-b

J values are depicted in Fig. 11. They are strongly depen-
dent on the degree of mixing of the mutually perturbed states
since the lifetimes of the deperturbed singlet and triplet states

TABLE III. Wave numbers �a→A–b
pump , �A–b→X

dump and transition moments 
MA–b→X
dump 
, 
MA–b←a

pump 
 of the most
favorable stimulated Raman process a 3�+�va ;N=0�→A 1�+–b 3��J�=1�→X 1�+�vX=0;J�=0�. The
�a→A–b

pump wave numbers are given with respect to the binding energy of the last bound level of the initial a
state, namely �Eva=24�−0.01 cm−1. The �A-b and RA-b are the radiative lifetimes and branching ratios of the
spontaneous emission, respectively. Numbers in brackets are the power to base 10 of the associated number.

�a→A–b
pump

�cm−1�
�A–b→X

dump

�cm−1�

MA–b←a

pump 

�a.u.�


MA–b→X
dump 


�a.u.�
�A-b

�ns�
RA-b

�%�

7253.73 12158.613 6.40�−3� 0.236 106 2

7161.28 12066.157 6.05�−3� 0.317 122 4

7063.20 11968.076 4.44�−3� 0.557 49 5

7350.72 12255.595 4.41�−3� 0.206 51 1

7332.06 12236.944 4.18�−3� 0.035 101 0

7425.92 12330.796 3.79�−3� 0.043 127 0

6981.14 11886.014 3.35�−3� 0.206 124 2

7455.08 12359.964 3.28�−3� 0.141 41 0

7391.71 12296.586 3.02�−3� 0.136 50 0

7492.86 12397.736 2.86�−3� 0.066 78 0

7075.95 11980.831 2.66�−3� 0.045 103 0

7521.34 12426.222 2.47�−3� 0.064 69 0

6955.13 11860.013 2.11�−3� 0.726 41 7

7560.70 12465.579 2.08�−3� 0.090 42 0

6915.45 11820.326 2.08�−3� 0.422 70 4

6817.59 11722.473 2.01�−3� 0.328 114 4

6883.65 11788.530 1.88�−3� 0.433 74 5

6734.06 11638.941 1.68�−3� 1.127 44 18

6844.88 11749.759 1.49�−3� 0.915 40 11

7622.90 12527.784 1.15�−3� 0.054 47 0

7285.68 12190.558 1.15�−3� 0.211 44 1

6629.36 11534.240 1.10�−3� 0.789 146 28

7018.55 11923.433 1.00�−3� 0.413 50 3

SOLUTION OF THE FULLY-MIXED-STATE PROBLEM:… PHYSICAL REVIEW A 79, 012508 �2009�

012508-11



are quite different, namely �A�35 ns��b�30 �s due to
UAX

3 dAX
2 �Uba

3 dba
2 . As can be seen from Fig. 11�a�, for small J

values the strong perturbation between the A 1�+ and
b 3��=0 component yields the mean lifetimes �A-b

J=2�100 ns
for the fully mixed rovibronic levels of the complex, while
weakly perturbed levels belonging to the dominant b 3��=1,2
components remain the metastable ones, see the diabatic
curve in Fig. 11�a�. Long-living states with �A-b

J=150�1
−10 �s, see Fig. 11�b�, appear only for high rotational levels
due to the pronounced admixture of the b 3��=1 component.

V. CONCLUSIONS

Both experimental and theoretical studies of the fully
mixed A 1�+ and b 3� states of the NaCs molecule have
been accomplished in the framework of a direct reduction of
high-accuracy Fourier-transform spectroscopy data on rovi-
bronic term values to potential-energy curves of the mutually
perturbed states and spin-orbit coupling matrix elements de-
fined analytically as expanded Morse oscillator functions of
internuclear distance.

Overall 31 fitting parameters have been required to repro-
duce 98% of experimental term values of the A-b complex,

covering rotational quantum numbers J� �5,151� within the
energy range E� �10577,13668� cm−1, with a standard de-
viation of 0.006 cm−1, which is consistent with the uncer-
tainty of the FTS experiment. The phenomenological account
for regular spin-orbit and electronic-rotational perturbations
caused by the remote states manifold improved considerably
the representation of rovibronic levels of the A-b complex
having significant admixture of the b 3��=1 component, in
spite of the fact that the total number of these levels in the
available data field does not exceed 2%.

The resulting molecular parameters, in principle, allow
one to reproduce all term values of the A-b complex, how-
ever the accuracy of the predicted values abruptly decreases
outside the experimentally studied region. The most reliable
deperturbed molecular parameters apparently correspond to
the singlet A 1�+ state and b 3��=0 component of the triplet
state. Simultaneous inclusion of properly weighted ab initio
points and experimental term values into a nonlinear fitting
procedure allowed us to regularize the behavior of the result-
ing EMO PECs and SO functions at small and large internu-
clear distances.

The derived empirical PECs are found to be rather close,
within 1–2 vibrational quanta, to their ab initio counterparts
�20–22� near the equilibrium distances. The derived SO ma-
trix elements coincide with the recent ab initio estimates �22�
within 10–15 cm−1 inside the present limited experimental
data region.

The term values-based deperturbation analysis performed
on a sole natural 23Na133Cs isotopomer was confirmed by a
simulation of relative intensity distributions in A–b�vA ;J��
→X�vX ;J�� LIF progressions originating from both weakly
and strongly perturbed, low and high vibrational levels of the
complex.

Calculations of the transition probabilities show that, in
contrast to the emission �dump� step, the absorption �pump�
step of the suggested �3� two-step optical conversion cycle
a 3�+�va ;N=0�→A 1�+–b 3��J�=1�→X 1�+�vX=0;J�=0�
requires a high-power laser source generating in the currently
unfavorable IR spectral range.
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