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The Ti:Saphire laser operated within 13800 - 11800 cm~! range was used to excite the ¢>X* state of
KCs molecule directly from the ground X'X* state. The laser-induced fluorescence (LIF) spectra of the
3¥+ - a®¥+ transition were recorded with Fourier-transform spectrometer within 8000 to 10000 cm™!
range. Overall 673 rovibronic term values belonging to both e/f-components of the 3 X+ (Q = 1*) state
of 39KCs, covering vibrational levels from v = 0 to about 45, and rotational levels J e [11, 149] were deter-
mined with the accuracy of about 0.01 cm~!; among them 7 values for 4'KCs. The experimental term val-
ues with v € [0, 22] were involved in a direct point-wise potential reconstruction for the 3 X+ (Q = 1%)
state, which takes into account the 2-doubling effect caused by the spin-rotational interaction with the
nearby c3¥* (2 = 0-) state. The analysis and interpretation were facilitated by the fully-relativistic cou-
pled cluster calculation of the potential energy curves for the B'TI, 3%+, and b3IT states, as well as of
spin-forbidden ¢ — X and spin-allowed c — a transition dipole moments; radiative lifetimes and vibronic
branching ratios were calculated. A comparison of relative intensity distributions measured in vibrational
¢ — a LIF progressions with their theoretical counterparts unambiguously confirms the vibrational assign-

ment suggested in [J. Szczepkowski, et al., JQSRT, 204, 133-137 (2018)].

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

The low-lying excited electronic states of polar alkali diatomic
molecules, especially the ones correlating to the first excited
atomic asymptote, namely the A'X+, b3I1, 3+, and B'II states
(in Hund’s coupling case (a) notation), see Fig. 1, are attracting a
particular attention for various reasons. Due to singlet-triplet inter-
action, they are often used as intermediate states in transforming
the cold and ultracold molecules to their low-lying ground state,
preferably to the "absolute” rovibronic ground state X!'X+(vy =
0,Jx = 0), suggesting a variety of applications, see [1,2] for a re-
view. Transfer of ultracold species to the deeply bonded ground
state levels via first excited electronic states was realized for RbCs
[4,5], LiCs [6], NaCs [7], and LiRb [8]. Besides, the mutually per-
turbed states allow to access the higher-lying triplet states man-
ifold by applying multi-step laser excitation technique, which is
especially favorable for heteronuclear diatomics due to absence of
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the u/g selection rule. At the same time, the states in question rep-
resent a quite challenging object to a spectroscopic study, espe-
cially for alkali diatomics containing a heavier atom Rb or Cs, first
of all due to the pronounced spin-orbit (SO) and spin-rotational
coupling effects [9] leading to numerous intramolecular perturba-
tions both of local and global nature [10].

The ultimate strategy would be to involve these strongly per-
turbed states into a rigorous coupled-channel deperturbation treat-
ment [11], which would yield deperturbed interatomic potentials
and corresponding non-adiabatic coupling functions allowing re-
producing the experimental term values and transition strengths
with a spectroscopic level of confidence [12]. For Rb or Cs contain-
ing polar alkali diatomics a coupled-channels (CC) deperturbation
analysis has been successfully applied to the A'>+ and b3IT states
fully mixed by a strong SO interaction. The 4x4 coupled-channels
model yielded deperturbed potentials for both A and b states, as
well as the on-diagonal and off-diagonal SO functions, which al-
lowed one to reproduce thousands of rovibronic term values of
the isolated singlet-triplet A — b complex with standard deviation
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Fig. 1. Scheme of the Hund’s coupling case (a) PECs for selected low-lying states
of KCs taken from Ref. [3]. Vertical arrows illustrate optical excitation-observation
scheme used in the present experiment.

of about 0.01 cm~!, or even better, see [13] for NaRb, [14] for NaCs,
[15-17] for KCs, [18,19] for RbCs, and [20] for KRb.

The first necessary step to involve two other nearby states,
namely c3¥+ and B'II, is to obtain accurate experimental term
value data on these states in a wide enough energy range cov-
ering an abundant set of vibrational and rotational levels. In ear-
lier works [21,22] the local SO interaction between c3X+ and B'I1
states was studied in NaRb applying high-resolution sub-Doppler
laser spectroscopy; the deperturbed molecular constants of each
state and the relevant SO matrix elements were determined in
the framework of the effective Hamiltonian approach. Polarization-
labeling spectroscopy, as well as photoassociation (PA) and pulsed
laser-depletion spectroscopy of ultracold species were applied to
NaCs in [23] yielding an abundant data set of the 3=+ (Q =1)
state used to extract the conventional Dunham molecular con-
stants, including the v/,J-independent -doubling constant q ~
+1.4 x10~% cm~!. The B'II state of NaCs has been investigated
in [24] in a wide energy range revealing numerous perturbation
regions by high-resolution Fourier-transform spectroscopy (FTS) of
laser-induce fluorescence (LIF) and in [25] by polarization labeling
spectroscopy; the empirical point-wise adiabatic potentials have
been reconstructed applying the robust Inverted Perturbation Ap-
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proach (IPA) [26]. A reduced version of coupled vibrational chan-
nels was suggested and applied to c3 X+ state of KRb in [27].

Performing spectroscopic studies on ultracold RbCs the authors
of [5,28] have suggested to consider the mutually perturbed b3IT,
3%+, and B'IT states [2(1), 3(1), and 4(1) states (in Hund’s cou-
pling case (c) notation) as a B—b—c complex of the strongly
mixed singlet-triplet states assuming that the SO interaction with
the nearby A'S* state can be neglected. In these studies, the
authors are separately considering the SO interaction inside the
BIT — 3%+ and 3X+ — BI1 pairs. A preliminary analysis of local
perturbations in the c3X+ state of RbCs caused by high levels of
the b3IT state and low levels of the B'IT state has been performed
in Ref. [28] basing on fragmentary data from c <« a re-excitation
spectra after a decay to the a3 state of the PA resonances of
laser-cooled atoms. It should be noted that the low vibrational lev-
els of the regularly perturbed c3 X+ state clearly demonstrated the
nonzero splitting 2A ~ -9 cm~! between the lower c(2 = 1) and
upper ¢(2 =0") components of the non-rotating molecule (so-
called inverted p-doubling effect in the 3%+ state [29]). The au-
thors of [5] have realized the short-range PA via the strong spin-
allowed a — c transition. The excited ’intermediate’ PA state de-
cays to the X1 X+ state via the spin-forbidden triplet-singlet ¢ — X
transition, which allowed to efficiently produce the ultracold RbCs
molecules in their rovibronic ground state X'+ (vx =0, Jx = 0).
The work was motivated by earlier investigation of the close-lying
singlet B'TT state of RbCs [30].

The present study is focused on both experimental and theo-
retical investigations of the 3+ state of the closest analogue of
RbCs, namely the KCs molecule. This molecule is currently under
intensive research aimed to produce a stable ensemble of ultra-
cold KCs species. The interspecies Feshbach resonances in colli-
sions of ultracold K and Cs have been observed in [31]. A num-
ber of optical schemes based on stimulated Raman adiabatic pas-
sage (STIRAP) was proposed in [32] to create ultracold KCs in its
"absolute” ground state, starting from a weakly bound level of the
ground state manifold. In this connection, a detailed experimen-
tal and theoretical information on the lowest excited electronic
states of KCs is very helpful. As far as spectroscopic studies of
the mixed B — b — c states are concerned, the B!TI state of KCs has
been studied in [33,34], where 1174 term values of the B'IT state
were obtained by Fourier-transform (FT) spectroscopy with about
0.01 cm~! accuracy covering about 85% of the B!TI potential well.
The corresponding point-wise IPA potential was constructed, which
revealed a kink in the repulsive part of internuclear distance at
about R = 4.1 A attributed to avoided crossing of two € = 1 com-
ponents belonging to B'TT and c3X+ states. A big variety of local
perturbations have been observed, which could be useful to per-
form a global deperturbative analysis of the B — b — ¢ complex. The
existing experiment-based b3I1 state information is enough accu-
rate and detailed [17]. Therefore, the key issue is the lack of re-
liable experiment-based information on the c3Z+ state itself. Re-
cently the situation became more favorable due to the first spec-
troscopic study of the c3 ¥+ state of KCs applying the highly sensi-
tive two-color polarization-labeling spectroscopy [35]. The authors
have recorded rotationally-resolved spin-forbidden 3X+ « X1+
transitions with the accuracy of line positions better than 0.1 cm~1.
646 rovibronic term values belonging to the e-component of the
A3¥+(Q=1%) state and spanning within vibrational quantum
numbers v from 5 to 29 and rotational quantum numbers J* from
38 to 106 were used to construct the IPA potential. The obtained
empirical potential energy curve (PEC) has clearly demonstrated
a non-monotonic shape, which was attributed to the pronounced
SO interaction with the attractive part of the b3I1(Q =1) state
near R about 7 A. However, the already existing spectroscopic in-
formation is still not sufficient to realize a comprehensive deper-
turbation treatment of the B'IT — b3IT — 3=+ complex of the KCs
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molecule. It might be supposed that one of the reasons is the in-
completeness of experimental information of the ¢3X+ state, in
particular, for the f-component, as well as for the higher vibra-
tional levels, which exhibit a strong impact of the intramolecular
interaction with both B'IT and b3IT states. Furthermore, a realistic
guess of the deperturbed potential energy curves and correspond-
ing SO coupling functions are indispensably required in order to
make the global deperturbation analysis of the B— b — c complex
a feasible procedure. Up to now, a high fidelity of the available
ab initio calculations accomplished on the states treated in non-
relativistic [36], scalar relativistic [37] and perturbative relativis-
tic [38] approximations is still in question.

These circumstances motivate a dual goal of the present study
as a necessary step towards future enabling a full deperturbation
of A—B—b—c complex. The first goal was to extend the set of
experimental term values of the c3X* state given in [35] with
increased accuracy of 0.01 cm~! or better with improved repre-
sentation of both e- and f-components in the expanded range
of v, and J. values. To do that we recorded and analyzed the
FT spectra of triplet-triplet c3X+ — a3+ LIF induced by singlet-
triplet ¢ < X transitions. The second goal was to accomplish the
relativistic multi-reference coupled-cluster calculation on the po-
tential energy curves for the B'II(Q=1), 3X+(Q=0",1) and
B3TI(S2 = 0%, 1,2) states, as well as on spin-forbidden 3+ (Q =
1) - X'2+(Q =0%) and spin-allowed c — a transition dipole mo-
ments. The resulting relativistic adiabatic PECs (corresponding
to pure (c) Hund’s coupling case) have been then converted
into their scalar-relativistic counterparts (corresponding to quasi-
diabatic Hund’s coupling case (a)), and effective SO functions cor-
responding to fully ab initio analogs of the relevant empirical SO
matrix elements appearing in the reduced coupled-channel deper-
turbation analysis.

2. Experiment
2.1. Experimental details

Laser induced fluorescence (LIF) spectra of the 3+ — a3%+
transition (¢ — a in short), see Fig. 1, were recorded with FT spec-
trometer IFS125-HR (Bruker) using InGaAs detector. Spectral res-
olution was set as 0.03 cm~!. KCs molecules were produced in
a linear heat-pipe loaded with 10 g K and 5 g Cs. The heat-
pipe was heated to about 300°C. For excitation the Ti:Saphire
laser Equinox/SolsTis (MSquared) was operated within 13800 -
11800 cm~! range. Laser frequency was measured by wavemeter
HighFinesse WS7.

In order to excite the c3X+ state from the ground X! X+ state
three different approaches were applied. First, we calculated the
excitation frequencies for the c3 X+ « XX+ transitions, as well as
the Franck-Condon factors (FCF) using the c3X+ effective empirical
potential obtained in [35] and the X'+ potential from [39]. It
appeared that the calculated excitation frequencies for rovibronic
transitions vc, J. < vx,Jx selected according to FCFs did not, as a
rule, reproduce the targeted transition precisely enough, that is,
within Doppler width. Therefore, the laser frequency was scanned,
within some interval, around a calculated one and the LIF signal
was monitored in the spectral range from 9000 to 10000 cm~! in
Preview Mode of the spectrometer, which exposed the LIF spec-
trum in real time at low resolution. The laser frequency was fixed
at the maximal value of the LIF signal. In order to excite vibrational
levels higher than v, = 29 we started the experiment with highest
accessible laser frequency and then decreased it step by step to
excite lower vibrational levels. Usually, the spectra contained one
strong and several substantially weaker ¢ — a progressions from
different v, J.. Generally, along with ¢ — a progressions. strong LIF
transitions to the ground X! X+ state from the accidentally excited
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Fig. 2. KCs LIF spectrum recorded at laser frequency 13441.3065 cm~': (a) spec-
trum overview. The high frequency part is cut off by a long-pass 900 nm edge fil-
ter. Long red bars below the spectrum mark the c3X+ — a3 X+ system. Short green
and blue bars mark the two assigned A'E; — XlEg+ LIF progressions of the K;
molecule. The low frequency part contains ¢ — a bound-free LIF transitions with
the last maximum at about 8600 cm~'; (b) zoomed part of the spectrum in (a),
with a doublet P, R progression from the c-state e-level with v, = 23, J. = 36, E. =
13586.065 cm~!. Here v, denotes the a-state vibrational level. The inset shows two
doublets with a clearly seen hyperfine structure of the lines; numbers at the lines
denote a rotational N, level of the a3 X+ state.

A'S+ and B3I states of KCs, K,, or Cs, molecules were also ob-
served. Fortunately, at higher excitation frequencies these transi-
tions were well separated from the ¢ — a system, see Fig. 2. In or-
der to eliminate these, sometimes very strong, LIF progressions, the
long-pass filters FEL900, FEL 950, or FEL1000 were used, which cut
off LIF above 11000, 10500, and 10000 cm™!, respectively.

Approaching lower vibrational v. levels, weak ¢ — a systems
start to partially overlap with stronger A — X systems, therefore
the Preview Mode approach was practically not applicable for v,
below 13. To overcome this difficulty, we filtered out the whole
discrete spectrum and, during scanning the laser frequency, moni-
tored the emergence of the last maximum at about 8600 cm~! in
a continuous bound-free part of the ¢ — a progressions, which al-
most always took place when the c-state was excited, see Figs. 2,
3.
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Fig. 3. KCs LIF spectrum recorded at laser frequency 13489.6223 cm~!: (a) - spec-
trum overview. The high frequency part is cut off by a long-pass edge 900 nm filter.
Long bars below the spectrum mark ¢3X+ — a®>%* system. Short bars mark two
assigned A'Z; — X‘Z]g+ LIF progressions of K, molecule. The low frequency part
contains bound-free LIF transitions with last maximum at about 8600 cm~'; (b) -
zoomed part of the spectrum in (a) with P, Q and R progression from the c-state
f-level with v = 21, J. = 27, E. = 13614.689 cm~!. The inset shows P2, Q, R? lines
with hyperfine structure.

Below v, = 5 the last maximum of bound-free transitions was
practically unobservable because of substantially decreased inten-
sity of the ¢ — a LIF. Since there was no chance to reproduce the
term values of these low levels precisely enough using the PEC
from [35], a preliminary potential was constructed, which com-
bined the present data with the data from [35]. A critical com-
parison of present measured term values with the ones calculated
by the new potential allowed us, after several trials, to predict the
correct excitation frequency and to observe v, = 4. By repeating
this 'new data - new potential’ approach several times, it was pos-
sible to observe even the lowest v. = 0 level. Note that the favor-
able FCFs of the ¢ — X system for excitation of lower v, levels are
shifting to higher vy; e. g. vx = 13 was used to excite v, = 0.

2.2. Spectra analysis and assignment

According to full relativistic electronic structure calcula-
tion, see Section 3.1, the ¢3X+ state is the inverted Ac=
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E(2=1)-E(22=0") <0 triplet corresponding to the interme-
diate (a) <> (c) Hund’s coupling case, while the lowest triplet
a> X+ (Ag ~ 0) state corresponds to the pure (b) Hund’s case [29].
The direct excitation of the fine structure c*XJ_, compo-
nent from the ground X!'X+(X0t) state is not possible since
the c0~ — X0+ transition is strictly forbidden even in pure
(c) Hund's case. At the same time, its ¢1* components with
1 and 1- being the e- and f-components, respectively, can
be excited due to the strong SO coupling of the c3 P2p
components with the nearby B!I1 state (see, for instance,
Fig. 1).

As a result, two different kinds of 3+ (vc, Jo) — a3 Z+ (vq, Ng)
LIF spectra were recorded; here N, denotes the rotational quantum
number of the a3X+ state in Hund’s case (b). Most frequently the
doublet progressions consisting of P, R (N; = J- £ 1) branches were
observed. However, in a number of cases progressions with three
branches P¢, R, and Q, where Nq =J. +2 for PC, Ny =J. -2 for
RQ, and Ng =J. for Q, respectively, have been recorded. The ob-
served doublet progressions originate from the rovibronic e-levels
solely belonging to the © = 1% component of the c3X+ state,
while the triplet progressions originate from the f-levels of the
2 =1~ component, which are rotationally mixed with the close-
lying 2 =0~ component of the same c-state. The 2 =1% and
Q =1~ components of the c3X+ state are excited from the ground
X1E+ state according to P, R (Jo =Jx +1) and Q (Jc =Jx) transi-
tions, respectively.

An example of the doublet P, R-progression is shown in Fig. 2.
The discrete part of the ¢ — a system appears within the range
from 9500 to 10000 cm~! and is marked by vertical lines below
the spectrum. The lower frequency range of the same LIF progres-
sion contains a continuous bound-free part of the ¢ — a transi-
tion with oscillating intensity; with a pronounced last maximum
at about 8600 cm~!. The high frequency range above 9800 cm~!
contains the A'S+ ~ b3IT — X' =+ doublet progressions of K. The
discrete ¢ — a part is zoomed in Fig. 2b. Note that due to the hy-
perfine structure (HFS) in the a®X+ state each rotational line is
split into three groups of unresolved lines, each of them contain-
ing a large number of HFS transitions [40], see inset in Fig. 2b.
Assignment of the ¢ — a progressions was based on the accurate
empirical PEC of the a>X state obtained in [39]. Only the cen-
tral HFS group was used for assignment since it is expected to be
less affected by the hyperfine interaction; its position was used for
the a-state PEC construction in [39,40]. The rovibronic term val-
ues Ec-(vc,J.) of the c-state were obtained by adding the energy
Eq(Va, Ng) of the lower a>X+ state to the frequency of the re-
spective transition. The uncertainty of the obtained term values is
about 0.01 cm~! because the width of an absorption transition is
about 0.015 cm~! due to Doppler effect. In a number of spectra,
around the strong lines, the weaker satellite lines appearing due to
collisional population transfer to neighbouring rotational levels in
the upper state were recorded and assigned. All energies obtained
for the c-state were uniformly shifted down by 0.035 cm~! in or-
der to refer to the ground X-state. This correction was additionally
checked at the early stage of the experiment by recording of a very
weak ¢ — X LIF transitions originating from the same level of the
c-state.

An example of LIF spectrum recorded at excitation of the 1~
state f-level in Q transition is presented in Fig. 3. Generally, the
recorded spectrum, see Fig. 3a, is similar to the one in Fig. 2a. The
discrete part of the ¢ — a system is shown in Fig. 3b. The observed
progression consisting of three branches is clearly seen in the inset
of Fig. 3b. An attempt to assign them separately as two doublet
progressions yields to the two upper state rotational levels J. = 26
and 28 with the same energy E., which is impossible. Hence, the
upper state is Jc = 27 and the transitions to rotational levels with
Ng = 25(RQ), 27(Q), and 29(P?) take place.
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Fig. 4. KCs LIF spectrum recorded at laser frequency 11824.2221 cm~'. Long bars
below the spectrum mark the range where a weak ¢ — a LIF progression from the
level v = 0, J. = 50, E. = 12788.846 cm~' was recorded, see the fragment for v,
= 12-14 in the inset. Short bars in the lower frequency part mark a KCs A—b —
X progression, while the higher frequency part contains many K, A'E; — X! p2ny
progressions.

An example of LIF spectrum originating from v, = 0 is given
in Fig. 4. As seen, the ¢ — a progression is extremely weak. The
progression was recorded at the highest possible amplification and
with increased acquisition time.

It should be noted that the correctness of assignment of E. and
Jc was always checked by the coincidence of calculated absorption
c(Je, Ec) < X(vy.Jx) frequency with the frequency of laser excita-
tion.

3. Theory
3.1. Relativistic electronic structure calculation

The fully relativistic coupled cluster calculation of the poten-
tial energy curves, SO coupling functions and transition dipole mo-
ments among several low-lying states of KCs has been performed
in the present work in order to facilitate a spectroscopic analysis
of the c-state.

The employed scheme of excited state calculations generally re-
sembles that described and used in Refs. [41,42]. The relativistic
electronic structure model was defined by the accurate semi-local
shape-consistent two-component pseudopotential of thesh “small”
atomic cores (1-2s, 2p K, 1—-4s, 2—4p, 3—4d Cs), derived from
the valence-shell solutions of the atomic Dirac-Fock-Breit equa-
tions with the Fermi nuclear charge model [43,44]. The correla-
tions of 18 valence and sub-valence electrons were treated explic-
itly using the modified version [41] of the Fock space relativistic
coupled cluster (FS-RCC) method [45,46]. We started with build-
ing the molecular spinors and the Fermi vacuum state by solving
the spin-orbit-coupled SCF equation for the ground state of KCs2*.
Contracted Gaussian basis sets were used to expand the compo-
nents of one-electron spinors. The [7s7p6d4f3g1h] basis for Cs
was taken from Ref. [41]; a [7s7p6d4f2g| basis set for K was
built using the same principles. The complete model spaces in the
one- and two-particle Fock space sectors corresponding to KCs*
and neutral KCs were defined by 61 Kramers pairs of 'active’ low-
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est virtual spinors. The cluster operator expansion comprised only
single and double excitations (FS-RCCSD approximation).

Numerical instabilities, which could arise from the presence of
numerous intruder states were suppressed by using the simulated
imaginary shift technique [47]. We assumed the uniform shift am-
plitude value si, =s; = —0.6 (see Eq. (8) in Ref. [47]) for all dou-
ble excitations K, destroying two valence particles, and sg, = s3/2
for the excitations K; affecting one valence particle. The attenu-
ation parameter m = 3 was chosen to ensure stability of iterative
procedure of amplitude equations solution. The calculations for the
Fermi vacuum sector were always performed with non-shifted en-
ergy denominators; this was essential for ensuring the exact core
separability of the results.

The FS-RCC calculations were performed using the appropri-
ately modified DIRAC17 [48,49] and EXP-T [50] program packages;
in the latter case, DIRAC17 still was used to solve SCF equations
and to transform the molecular integrals.

The potential energy curves for the adiabatic excited states
were obtained by adding the vertical FS-RCC excitation energies as
functions of the internuclear separation to the highly accurate em-
pirical ground-state potential [39,40] (cf. Refs. [12,41]). The result-
ing curves were converted into quasi-diabatic potentials and effec-
tive SO interaction functions (ab initio analogs of the correspond-
ing empirical functions appearing in local deperturbation analysis)
through projecting the scalar relativistic eigenstates on the sub-
space of strongly coupled eigenstates of the total Hamiltonian [41].
At this stage the many-electron wave functions were approximated
by their projections onto the FS-RCC model space.

Transition electric dipole moments were evaluated using the
finite-field scheme [51]. Although the calculations also involved
only the model space parts of many-electron wavefunctions, the
resulting transition moment values implicitly incorporated the bulk
of the contributions from the remainder part of these wavefunc-
tions [52,53]. To prevent the deviations of resulting transition mo-
ment matrix from exact Hermiticity, we performed the preliminary
transformation of the non-Hermitian FS-RCC effective Hamiltonians
to their Hermitian counterparts via the symmetric orthogonaliza-
tion of their eigenvectors.

3.2. The empirical potential construction accompanied by the
Q = 1*-doubling treatment

The experimental rovibronic term values currently assigned to
both e/f-components of the c321+i state have been simultaneously
treated within a direct-potential-fit (DPF) analysis with a twofold
aim: to refine the interatomic potential and to elucidate the origin
of the pronounced ©2-doubling effect in the = 1* component of
the triplet c3X+.

The empirical point-wise IPA potential UPA(R) and the analyti-
cal parameters of the 2-doubling functions q.(R) were determined
for the 3%+ (Q = 1*) state during the iterative minimization of
the non-linear functional:

5 Nexpt (S?pr )2 Ngp §ab 2
— 1 +w _r , 1
X ; (O_iexpt)z + ((Sprt)z/B ; (O'jab> ( )

Sfxpf — Eiexpt _ Eicalc; 8fab _ Ufb (R) — UéPA R,

where the difference-based relativistic PEC U (R) constructed in
Section 3.1 was inserted in Eq. (1) with an appropriate weight w
to propagate smoothly the empirical potential outside the exper-
imental data region. The uncertainties of the present term values
al.e"pt were taken as equal to 0.01 cm~!. The previous experimental
data set from [35] was also involved in the DPF with of"m =0.05
cm~!. The required uncertainties 0% in the ab initio PEC U (R;)
were roughly estimated by a comparison with its previous theo-
retical counterparts.
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The theoretical term values E¢ were obtained from the nu-
merical solution of the radial equation:

h*d? IPA I

(W +Uc +B[1+Sch]X*Ecac |U]C> =0
2
B(R) = X = 1) - Q2 2

(R) = 5 Jg+1) -2 )
where s is the flag switch from O or 1 for the e or f parity levels,
respectively.

The expectation value of ¢.(R) function introduced in
Eq. (2) as
qo (e, Jo) ~ (v]c|QCBz|V,c> (3)

determines the so-called qq-factor, which characterizes the -
doubling effect [10]

E& . —EL , =aqg+1) —1]. (4)

The corresponding q.(R) function of the KCs c(2 = 1)-state has
been defined empirically as the quadratic polynomial of the re-
duced coordinate y € [—1, +1]:

R/Rref

Sref — 5
y= R/Rref+1 (5)

4c(R) = qo + q1y + ©2¥%;
where Rpf = 5.2 A is the fixed reference distance, while g; are the
fitting coefficients.

It should be noticed that the origin of the 2-doubling effect in
the triplet 3+ states [29] completely differs from a nature of the
conventional A-doubling effect observed in the 13T states [54].
The latter is induced by the regular electronic-rotational interac-
tion (so called L-uncoupling or Coriolis effect) with the remote
13%+ states, while the first one is caused by the local spin-
rotational interaction with the nearby 2 = 0~-component belong-
ing to the same 3%+ state:

2n2
Gaa =5 N~ /SE+D)-Z(E£1), (6)

where A = Eq_q — Eq_q- is the splitting of the 2 =1 and Q2 =0~
components of the 3+ state that is mainly determined by the SO
interaction with the singlet 'TT states manifold:

IZ

|§1]‘[ 39+
AN (7)

If the molecular spin S is conserved, then 1~ +/2 for the 3X+
state (where S=1 and its projection X = 0). Thus, the q;?r—
values should be expected to be significantly larger than their q;;“
counterparts since the A-splitting of 3X+ states is normally much
smaller than the energy distance between the IT and X+ states of
the same multiplicity.

3.3. Radiative properties estimate

Ab initio spin-allowed and spin-forbidden electronic transition
dipole moment (TDM) functions d‘c’? (R) evaluated in Section 3.1 be-
tween the ¢3X+ state and lower-lying je[a®X+, B3I1,X12+]
states (see Fig. 1) were applied to estimate the radiative lifetimes
¢ and vibronic branching ratios R._, ; of the rovibrational levels of
the c-state observed in the present work [55,56]:

L Kol IAUS PRI ®

J
Re.j = T x [kQULIAUS PSP ) ] 9)

where AUC”}’ =U§b(R)—U]‘.'b(R) is the difference of the ab initio
PECs and k= 8mw2/3hep = 2.0261 x 106 if energies are given in
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Fig. 5. Distribution of present rovibronic term values of the c3)3]+ state as depen-
dent on J.: dots - e-levels, empty circles - f-levels. Empty red asterisks mark the
lowest v, = 5 and the highest v, = 29 vibrational levels measured in [35]; dashed
vertical lines mark J. = 38 - 106 range in Ref. [35]. Triangles are the term values of
the B'IT state for vz = 0, 1 measured in Ref. [33].

cm~! and electronic TDM values in a.u. The rovibrational wave
functions |v’c) required for the upper c-state were obtained from
the solution of the radial Eq. (2) with the IPA potential constructed
in Section 3.2.

4. Results and discussion
4.1. Experimental term values and the empirical PEC

The presently obtained c3X* state rovibronic term values are
depicted in Fig. 5 and presented in Table I of Supplementary ma-
terial. For visibility, the term values for the first two vibrational
levels of the B'IT state are also presented in the figure. One can
see that most of the obtained c-state term values are well below
the B-state. Overall we have determined 127 f-levels and 539 e-
levels covering v.-range from v, = 0 to about 44. It should be
mentioned that for the v > 34 it might be difficult to assign un-
ambiguously the levels to the c- or B-state because of their strong
mutual SO mixing; a more detailed analysis would be necessary. As
seen, the range of the currently observed rotational quantum num-
bers J. spreads within the values from J. = 11 to 149. In seven LIF
spectra the P, R progressions belonging to the 4'KCs isotopologue
were observed and assigned.

To construct the effective empirical interatomic PEC that would
describe the present term values of the c-state with an accuracy
close to the experimental one, we included in the least squares

t (1) only the data for vibrational levels from v. = 0 till 22,
which are all located below the locally perturbed energy region of
avoided crossing with = 1 component of the b(1)3I1 state, see
Fig. 6. These "non-perturbed” (more precisely, regularly perturbed)
data were supplemented with the relevant data from [35] for v, €
[5,22]. Overall the fitted values used for the IPA construction con-
tain 201 e-level and 54 f-levels obtained in present work and 469
e-levels borrowed from [35].

Alternatively, the present FTS e/ f-termvalues belonging to the
same "non-perturbed” interval v, € [0, 22] were fitted by the con-
ventional Dunham molecular constants (see Table 1)

Ec(vle/f)=> > Y;w+1/2) ¢ +1) - 1]
i=0 j=0
4+ g+ 1/2)JJ+1) - 1], (10)

i=0



A. Kruzins, V. Krumins, M. Tamanis et al.

15.0

—{-IPA

14.5

13.0

T T T - T
4.0 45 5.0 55 6.0 6.5 7.0 7.5 8.0
Internuclear distance, R(A)

Fig. 6. Empirical (IPA) and ab initio (FS-RCC) potential energy curves obtained for
the relativistic (adiabatic) electronic states constituting the B'TT — b*IT — c3 X+ com-
plex of KCs. The IPA potential for the B'IT state was taken from Ref [34]. The in-
set demonstrates the inverted order of the ab initio 2 =1 and Q2 = 0 components
of the c3X+ state. All original ab initio PECs were uniformly downshifted by about
70 cm~! to match smoothly the minimum of the present IPA potential for the ¢}
state.

Table 1

The Dunham molecular constants and empirical -
doubling parameters (all in cm~') describing the ob-
served e/f-levels of the c3231+ state of KCs on the in-
terval v. € [0, 22].

Yoo 12714.457
Yio 43.79485

Yoo -0.110634

Yio -0.310244 x 102
Yo 0.123213 x 103
You 0.0207156

Yiq -0.894965 x 104
a4 -0.162449 x 10-5
i, 0.922928 x 10-7
Yoo -0.194923 x 10-7
Y, 0.236388 x 109
o1 +1.3317 x 104
411 -0.5510 x 1075
Gan +0.1284 x 106

which were, then, used to construct the corresponding point-wise
Rydberg-Klein-Rees (RKR) potential [10], which is presented in
Supplementary material.

The resulting IPA potential for the c321+ state of KCs is depicted
in Fig. 6 and presented in Supplementary material, see Table IL
The bottom part of both IPA and RKR potentials are zoomed on
Fig. 7a as well. As expected, the present IPA and RKR almost coin-
cide, while the present IPA is distinguished from its previous coun-
terpart [35] especially in low energy region (v; < 5).

The present IPA potential was constructed using the 24 energy
points uniformly distributed on the interval R € [3.4,8.0] A. The
points were interpolated by means of ordinary cubic splines with
the "natural” boundary conditions [59]. The numerical solution of
the radial Eq. (2) with the IPA potential was performed on the
same interval of R using the central five-points finite-difference
method realized on 1001 mesh points of the reduced mapping
coordinate [60] y(R) = (R¥ — R‘r"ef)/(R"‘ +R‘r"ef), where o =5 and
Riep=52 A.

The fitted coefficients of the R-dependant 2-doubling func-
tion g.(R) are given in Table 2 while its v-dependent counterparts
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factors evaluated as the expectation value according to Eq. (3). The dashed line is
the qq(vc)-values calculated as Yo qi1(v+1/2)!, where the coefficients g;; are
presented in Table 1.

Table 2

The empirical (fitted) coefficients (in 1/cm~') of the
quadratic polynomial (5) describing the observed -
splitting of the c3; state of KCs.

Qo +0.29977
a -1.99781
0 -25.9410

qq(v) in Table 1. The residuals between the present experimental
term values and the respective values given by the IPA potential
fit are presented in Fig. 8a. As seen, about 90% of the present data
are within £0.015 cm™! corridor, which is comparable with the ex-
pected uncertainty of the FTS measurements. The residuals for the
term values from [35] are presented in Fig. 8b. The residuals, along
with the IPA fitted term values, are presented in Table II of Supple-
mentary material.

The qq(vc,Jo)-factors were evaluated as the expectation value
according to Eq. (3), where the corresponding g;-coefficients of the
qc(R) function (5) are presented in Table 2. The resulting gq-values
(see Supplementary material) are depicted on Fig. 7b where they
are compared with those obtained directly by the rovibrational
term values fitting by Eq. (10).

To confirm the mass-invariant properties of the derived IPA po-
tential we evaluated the term value for the v, = 17; J. = 42 e-level
of the less abundant 4'KCs isotopologue by according changing the
reduced molecular mass p in the radial Eq. (2). The calculated en-
ergy 13461.927 cm~! coincides with its experimental counterpart
within 0.016 cm~1,
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4.2. Relative intensity distributions

It is well enough established that a direct comparison of ex-
perimental relative intensity distributions in long (ideally full) LIF
progressions with their theoretical counterparts is a critical inde-
pendent test of a correctness of the PECs available for both upper
and lower optically connected electronic states. Therefore, we have
simulated intensity distributions for the several observed ¢ — a LIF
progressions of KCs in order to additionally test the IPA potential
derived for the upper c-state tacitely assuming that the lower a-
state PEC is perfectly known at least in its bound region [39,40].

The required theoretical intensities 1< were calculated as

c—a
I (e, va) ~ V| (VLRI 1> vea =Eyy —Epy, (11)

where rovibronic eigenvalues E y and eigenfunctions |vlc) of the

c-state were obtained by the soElution of radial Eq. (2) with the
present IPA potential. The empirical a-state potential US™? was bor-
rowed from Ref. [39] to calculate the corresponding energies E,y

a

and wavefunctions |v)) of the a-state.

The relative LIF intensity distribution have been measured for
P, R progressions in a number of spectra. Since each P, R line is split
into three HFS groups, the overall line intensity was determined as
a sum of peak values of the groups. A couple of examples of exper-
imental IF! and calculated 1€, relative LIF intensity distributions
are depicted in Fig. 9 and Fig. 10. Fig. 9 represents the intensity
distribution of LIF progression for relatively high c state vibrational
level equal to v, = 23. The progression proceeds up to transitions
to v, = 22. It can be seen that the experimental distribution is
in reasonable agreement with its theoretical counterpart calculated
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Fig. 10. Experimental I and calculated I, relative intensity distributions in the

¢ — a LIF progressions from the v. = 0, J. = 50 upper level.

according to Eq. 11. Another LIF progression coming from the low-
est v. = 0 level is depicted in Fig. 10. In spite of a very weak LIF
intensity for this progression, see Fig. 4, the experimental inten-
sities are in excellent agreement with calculations. Both examples
unambiguously confirm the vibrational numbering of the c-state
suggested in [35].

4.3. Ab initio PECs and SO coupling functions

In the present FS-RCC electronic structure calculations the in-
teratomic adiabatic potentials corresponding to a pure (c) Hund’s
coupling case were obtained for all relativistic electronic states
converging to the lowest three (non-relativistic) dissociation limits.
The complete set of the resulting PECs is tabulated in Supplemen-
tary material and most of them is depicted in Fig. 11.

In the fully relativistic framework the symmetry is lowered and
electronic states are distinguished by the total angular momen-
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Fig. 11. Schema of the resulting adiabatic PECs obtained in the framework of fully
relativistic FS-RCC electronic structure calculations for the KCs states converging to
the second K(4?S)+Cs(6?P) and third K(42P)+Cs(62S) (non-relativistic) dissociation
thresholds. The grey circles denote areas of the avoided crossing of the ¢+ state
with e3X+, B'TI, and b3I1 states, respectively.

tum projections © (in our case © =0%, 1, and 2). This results
in a number of avoided crossings between fully relativistic adia-
batic states. Near the crossing points, the corresponding electronic
TDMs are dramatically changed as well. To deal with the smoothed
ab initio functions one has to transform these relativistic data to
their quasi-diabatic counterparts. It can be done in the frame-
work of the projection approach (Section 3.1, see also [41]). This
quasi-diabatization procedure has been already outlined for the
case of the A1+ — b3IT complex of Rb,, Cs,, and RbCs molecules
[42,57]. However, the case of the B'IT— b3I1 — 3=+ complex is
much more complicated since at least three states with Q=1
are SO-coupled to each other yielding the two avoided crossing
points at Rg. ~4.25 A and R, ~ 6.7 A (see Fig. 6). Moreover, in
the region near R~ 3.75 A the (3)1, (4)1, and (3)0~ states un-
dergo one more avoided crossing with the (5)1 and (4)0~ states
belonging to the higher-lying triplet e3 X+ state (Fig. 11). These ex-
ternal avoided crossing effect (caused by both SO and radial cou-
pling simultaneously) makes it very difficult to uncouple adiabatic
curves at small internuclear separation and to obtain the quasi-
diabatized PECs and corresponding effective SO coupling (SOC) ma-
trix elements. Nevertheless, at intermediate and large distances
the required smooth PECs and SOCs were obtained. Both quasi-
diabatized PECs and SOC functions are available in Supplementary
material.

The resulting SOC functions are depicted in Fig. 12. For the
B'IT — b3T1 — 3=+ complex to the moment there are not any em-
pirical SOC functions available constructed via the CC depertur-
bation analysis of experimental rovibronic term values. The em-
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the adiabatic representation by the FS-RCC-FF method. The solid black line de-
notes their quasi-diabatic counterpart (FS-RCC) corresponding to the spin-allowed
B'T1 — X'+ transition. The red line (3)1— (1)0* corresponds to the nominally
spin-forbidden c3X; — X' X+ transition, while the dashed red line depicts the per-
turbation theory (PT) counterpart evaluation by Eq. (12). The dotted line denotes
the scalar-relativistic (CI-CPP) B— X TDM function borrowed from [37].

pirical SOC function is available only for the A'X+ — b3IT com-
plex [15,17]. The nearly perfect agreement with the previously pub-
lished SOC [37] between the scalar-relativistic states constructed
by the configuration interaction approach combined with the core
polarization potential approximation (CI-CPP) should be empha-
sized.

The equilibrium internuclear distance R, and electronic state T,
extracted from the present adiabatic and quasi-diabatic PECs are
compared to their experimental and previous theoretical counter-
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parts in Table 3. It is clearly seen that the present ab initio data
are in overall good agreement with the experiment. In particu-
lar, the T,-values derived for the 0~ and 1 components of the
32+ state predict their inverse order (see the inset in Fig. 6) and
the A-splitting of the ¢3X+ state as A% =T,((3)1) — T,((3)0~) =
—11 cm™!. Furthermore, inserting the electronic energies of the

10
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Table 3

Comparison of the empirical (Expt) and ab initio (Calc)
molecular constants (equilibrium distance R, and electronic
energy T.) available for the low-lying electronic states of the
KCs molecule in the framework of both Hund’s (a) and (c)
coupling case representations, see indexes () and (¢) in col-
umn "Source”. PW - the present work.

State Source Re (A) T, (cm)
S+ (3)1 Expt [PW] 520 12,714
“Expt [35] 515 12,720
cCalc [PW] 520 12,653
cCalc [38] 510 12,643
(3)0~ ¢Calc [PW] 5.20 12,664
cCalc [38] 510 12,644
acalc [36] 513 12,698
acalc [37] 524 12,845
BITT  (4)1  CExpt[33,34] 4637 14,045
cCalc [PW] 466 14,010
acalc [37] 461 14,038
I (2)0F  “Expt [17] 4177 8832
cCalc [PW] 418 8773
cCalc [38] 417 8717
aCalc [37] 421 9049
(2)0-  “Expt [17] 4179 8831
cCalc [PW] 418 8775
cCalc [38] 417 8739
@)1 aExpt [15] 419 8938
cCalc [PW] 418 8879
cCalc [38]. 416 8856
(12 Expt [15] 420 9044
cCalc [PW] 419 8984
cCalc [38] 415 8981
AIS+ (3)0%  SExpt [17] 4982 10,049
cCalc [PW] 499 9966
acalc [37] 502 10,203
@+ (10~ <Calc [PW] 597 3797
cCalc [38] 602 3784
(101 “Expt [39,40] 6.050 3802
cCalc [PW] 597 3797
cCalc [38] 604 3785

3%+ and B'IT states and the corresponding SO ¢ — B coupling ma-
trix element (see Fig. 12) taken at R, = 5.2 A in Eq. (7) leads to the
alternative A-estimate of 11 cm~!. Their coincidence means that
the singlet character of the triplet c-state (at least near the equi-
librium distance) is mainly determined by its SO coupling with
the nearby B!IT state. Using the A%-value and assuming S =1
one obtains from Eq. (6) the value qg’:] ~ +0.36(in1/cm~1), which
is only by 20% higher than its empirical counterpart qg ", = qo ~
+0.30 from Table 2.

It should be pointed out that the FS-RCC method excellently re-
produces the shapes of the empirical potential curves in a wide
range of R as well. However, the systematic vertical shift of about
50-80 cm~! is still observed. This error can be mainly attributed
to the lack of the explicit accounting for the correlation involving
the 4d sub-shell electrons of cesium atom [41].

4.4. Electronic transition moments, radiative lifetimes and vibronic
branching ratios

In order to simulate radiative properties of the relativistic states
under study the relevant electronic TDM functions have been also
calculated within the same FS-RCC method combined with a finite-
difference approach (see Section 3.1). In the present work we have
focused on the radiative properties of the c3X+ state of KCs. We
start from the spin-forbidden transition from/to the ground X'+
state. This transition was used both in the present and previous
work [35] to excite the triplet 632;; state directly from the ground
singlet state. The resulting dg}g (R) function corresponding to the
fully relativistic (3)1 — (1)0* transition is depicted in Fig. 13. It can
be seen that the (3)1 — (1)0" adiabatic transition moment d‘c’)’z is



A. Kruzins, V. Krumins, M. Tamanis et al.

about 0.2-0.7 a.u. in the range of R € [4.2,6.5] A making the nom-
inally spin-forbidden ¢ < X transition to be allowed, obviously due
to the admixture of the nearby singlet B'IT state:
b
dgh €32
U — Ug
To obtain the required smooth TDM function for the spin-
allowed ¢3X+ — a3+ transition one has to transform the rele-
vant adiabatic TDMs to their quasi-diabatic counterpart. We have
done that imposing the obvious conditions for formally spin-
forbidden transition (B'IT|d|a3X;) = 0 and the longitudinal tran-
sition (b3T1, |(f|| la>=) = 0. In doing so, one arrives at a simple ex-
pression:

(EZFdIPEN 2= Y (O1dIMD?,

i=2,3,4

dex ~ (12)

(13)

which is not exact since it is based on the assumption that the
states to be diabatized are pure spin states. The related TDM func-
tions are depicted in Fig. 14. The resulting c3X+ — a3+ TDM is
in excellent agreement with the previous scalar-relativistic CI-CPP
calculation [37].

The high accuracy of the present fully relativistic TDM func-
tions is confirmed by the fact that at dissociation limit they con-
verge to the value 3.22 a.u. The corresponding experimental atomic
value for the non-relativistic 625 — 62P transition in Cs is equal
to 3.1822(18) a.u. [58]. Thus, the deviation of the FS-RCC-FF value
from the experimental one does not exceed 1.5%.

The derived FS-RCC-FF transition dipole moment functions were
substituted into Eqs.(8) in order to estimate radiative lifetimes 7,
and vibronic branching ratios R¢; and R, for the lower-lying rovi-
bronic levels of the c3X+ state experimentally observed in the
present work, as well as in [35] and applied here for the refined
IPA potential construction. The resulting values are depicted in
Fig. 15. As expected, the dominant contribution (about 99%) into
the simulated t.-values is coming from the spin-allowed ¢ — a
transition. The fraction part of the rest c -~ X and ¢ — b transi-
tions does not exceed 1% and 0.1% of the main transition, respec-
tively. The calculated lifetimes smoothly decrease from 30 to 27 ns
as vc-values increases from 0 to 22, whereas the branching ratio
Rcx increase from 0.005 until 0.01 in the same v.-range.

5. Conclusions

We performed a high-resolution Fourier-transform spectro-
scopic study of the c3X+(Q = 1%, 0~) state of the KCs molecule by
recording and analyzing the spin-allowed 032;; - a3 Eal 1+ fluo-
rescence spectra excited by formally spin-forbidden laser-induced
AT < X5, transitions.

A list of rovibronic energies E. of the obtained experimental
term values is presented in Table I of Supplementary materials;
the accuracy is estimated within 0.010 and 0.015 cm~'. The direct
potential fit was performed on present experimental term values
in the interval v, € [0, 22], J/ € [11, 141], that included 201 e-levels
and 54 f-levels supplemented by 469 e-parity term values from
Ref. [35]. The resulting refined interatomic IPA potential has re-
produced the present empirical term values within experimental
accuracy, as can be seen from the Fig. 8 and also from Table II
of Supplementary material. This provides a possibility to predict
the laser frequency on demand for excitation of a particular rovi-
bronic level of the c-state. Mass-invariant properties of the derived
IPA potential are confirmed by a good agreement of the predicted
and experimental rovibronic term value for the 4'KCs isotopologue.
Observation of rovibronic level with v, = 0 allowed to more pre-
cisely evaluate the T.-value of the c-state, that appeared to be by
about 6 cm~! lower than the respective value predicted by [35].
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The present empirical R, value is also expected to be more accu-
rate; as seen from Table II, it coincides with that from ab initio
calculations. For higher v values, the potential from [35] can be
useful.

Detection of e- and f-components of the c3221+i state made it
possible to explicitly account for 2-doubling between the Q2 =1+
and 2 = 1--components; the experimental 2-doubling constant
value is about 1 x 10~% cm~!. A considerable amount of presentlt
determined high accuracy term values for vibrational levels v, > 22
contains valuable information about ¢ — B and ¢ — b perturbations.

Interatomic adiabatic and quasi-diabatic potentials of the A' S+,
BTI, b3IT and c3 X+ states that can be referred to as the spin-orbit
coupled A — B — b — c complex of the states converging to the sec-
ond non-relativistic dissociation limit have been calculated (along
with the related effective SO couplings electronic matrix elements)
in the framework of the Fock space relativistic coupled-channel
approach. Though the required rigorous couple-channel depertur-
bation analysis of both e- and f-components of the A—B—-b—c
complex up to a common dissociation limit looks right now to be
too complicated task, we believe that the present experimental and
theoretical studies will greatly facilitate to perform this challenging
treatment in near future.

The comparison of relative intensity distributions obtained from
the recorded ¢ — a LIF spectra with the calculated ¢ — a rovibronic
transition probabilities demonstrated good agreement, thus unam-
biguously confirming the c-state absolute vibrational numbering
and supplying an additional proof of the correctness of energy-
based properties.

The electronic transition dipole moments between the lowest
excited and ground states of KCs have been ab initio calculated us-
ing the finite-field approach combined with the FS-RCC method.
The singlet feature of the nominally triplet ¢3X+ state is mainly
borrowed from the nearby B!II state. The resulting spin-allowed
¢ —a, ¢ — b and spin-forbidden ¢ — X transition moments were used
to estimate the radiative properties of the c3 X+ rovibronic levels
ve < 20. The possible systematic uncertainty in the predicted ra-
diative lifetimes of the c-state and branching ratios of c — a, c — b
and ¢ — X emission transitions should, as a rule, not exceed 3-4%.
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