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We present experimental relative intensity distribution and theoretical radiative probabilities for the spin-
allowed E(4)'S* — X 'S+ and spin-forbidden E(4)'S* — @3S+ rovibronic transitions studied in the KCs
molecule. The absorbtion and emission Einstein coefficients were predicted in a wide range of vibrational
v and rotational J quantum numbers for both singlet-singlet £ — X and singlet-triplet E — a rovibronic
transitions along with radiative lifetimes of the upper E state and branching ratios of spontaneous emission
into the lower-lying electronic states, including both bound-bound and bound-continuum parts of the spectra.
The required spin-allowed E(4)'S* — X;A;C'S*; B'II transition dipole moments were obtained in the
framework of quasirelativistic electronic structure calculations. The regular spin-orbit coupling with the
nearest °TT states is found to be sufficient to induce the spin-forbidden E(4)'S* — a;c’S+; b1 transitions by
borrowing probabilities from the relevant (1 — 5)°IT — (a; ¢) > +; b °1 transitions. Relative intensity distributions
in rotationally resolved £ — X and E — a laser-induced fluorescence (LIF) progressions were determined
from Fourier transform spectra. Experimental LIF intensity distributions demonstrated good agreement with
their predicted counterparts. The simulations demonstrate that the translationally ultracold KCs molecules
could be efficiently produced in their absolute ground state in one stimulated Raman step X 'S+;a 2+ (v") —
E@) 'ty =44,J, =1) - X 'TT(} = 0,J5 = 0) from the weakly bound rovibronic levels v” of both

singlet X and triplet a states.
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I. INTRODUCTION

Cold and ultracold samples of polar diatomic molecules
continue to be a hot topic of research, offering a number
of applications. Because of dominating long-range dipolar
interactions that can be guided by external electric field, such
species are expected to be exemplary for controlled ultracold
chemistry, quantum many-body physics (quantum magnetism
and quantum phases, quantum computing), high-precision
metrology, and tests of fundamental models (see [1,2] for a
review). More recently, particular attention had been focused
on deeply bound ground-state polar diatomics, aimed to
produce them in the lowest rovibrational state with zero
vibrational and rotational quantum numbers vg/( = O,J)/(’ =0,
or X(0,0) for short. Such samples are most attractive for
potential applications because they are stable to inelastic
collisions (except barrierless reaction) and possess larger
electric dipole moments.

In a number of cases successful experiments have been
carried out on diatomic molecules of heteronuclear alkali-
metal atoms by applying photoassociation (PA) or mag-
netoassociation (MA) via Feshbach resonances applied to
a high-density sample of the respective ultracold atoms.
To transfer the initially very loosely bound translationally
cold diatomic molecules to their deeply bound ground state,
the two-photon scheme is most often used. In particular,
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cold “°K37Rb species have been efficiently produced using
stimulated Raman adiabatic passage (STIRAP) for transferring
Feshbach molecules to the X(0,0) state in [3]. Regarding Cs-
containing alkali-metal dimers, cold LiCs X(0,0) molecules
were obtained in [4] using a single PA step followed by
spontaneous emission, while NaCs molecules in deeply bound
v’y states were produced by near-dissociation PA in [5]. The
authors of Ref. [6] produced RbCs molecules in X(v = 0,J)
states using PA followed by an incoherent pump-dump cycle.
The authors of Refs. [7,8] are planning to produce ultracold
RbCs X (0,0) species by applying STIRAP strategy.

To facilitate this task, it appeared important to identify suit-
able pathways (X;a) 32+ (v”,J") — X '£%(0,0) that would
allow efficient passage from weakly bound v”,J” levels to
the strongly bonded ones, including the lowest X (0,0) levels
(see Fig. 1 for an idea). Usually it means searching for a
strongly mixed singlet-triplet intermediate upper rovibronic
state, which could be excited by suitable lasers from high
vibrational levels of the ground singlet X 'S+ and triplet a >°%+
states, at the same time having considerable probabili-
ties to radiate to the absolute ground X(0,0) state. Dif-
ferent intermediate states with the significantly mixed
singlet-triplet character have been exploited for alkali-metal
diatomics, such as the A'S* ~ 531 complex for RbCs [7],
the B'TI ~ ¢+ ~ b1 complex for RbCs [6,10], and for
KRb [11].

In the present study we suggest to use for this purpose, in the
case of KCs and presumably also of RbCs, a shelflike singlet
E(4) 'S state (E state for short), which is regularly perturbed
by a pronounced spin-orbit coupling (SOC) interaction with
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FIG. 1. (Color online) Schema of the initial X '¥+; ¢S+ and
intermediate shelflike E(4) 'S+ states of KCs involved in the two-step
optical cycle, along with the (1-5) IT states manifold, which regularly
perturbs the E state due to pronounced spin-orbit coupling interaction.
Vertical arrows denote pumping (X — E, a — E) and dumping
(E — X) stimulated transitions. The relevant nonrelativistic ab initio
PECs are borrowed from Ref. [9]

the “surrounding” triplet T states (see Fig. 1). Here, E
refers to an excited singlet state, while (4) is the ordinal
number of a 'Y+ state. The unique properties of the E(4) 'z +
state, making it favorable to use as the intermediate one in a
two-step X '2+; 432t - E@)'St - X2t (v =0,/ =0)
optical cycle, are (i) good overlap (Franck-Condon factors) of
the vibrational functions for the particular vibrational level v/,
of the E state (located in the shelf region) simultaneously with
lowest and highest vibrational levels of the ground singlet X
state; (ii) a regular SOC effect yielding considerable probabil-
ities of the nominally spin-forbidden E — a transitions.

For Cs-containing diatomics, the excited state in question
is the lowest state, which is asymptotically converging to the
Cs(5%D) atom. It is, for instance, the C(3) 'S+ state for LiCs
and NaCs, while the E(4) 'S+ state for KCs and RbCs. The
shelflike character of these states caused by avoided crossing of
ion-pair and valence adiabatic potential energy curves (PECs)
is most pronounced for a light partner atom such as in LiCs,
becoming the smoothest in RbCs. Spectroscopic studies of
these states were performed in [12,13] for RbCs, in [14]
for KCs, and in [15] for LiCs (see also a note in [16] for
NaCs). As shown in [17] for RbCs and in [14,18,19] for
KCs, the E(4)'S+ state is coupled by optical transitions to
the triplet a state, as well as to high v} levels of the singlet
X state close to the dissociation limit. At the same time,
E — X transitions to deeply bound X state levels occur with
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FIG. 2. (Color online) Schema of most pronounced decay chan-
nels of the KCs E state corresponding to (a) spin-allowed E —
X; A; B; C and (b) spin-forbidden E — a; b; ¢ transitions.

high-enough probability in laser-induced fluorescence (LIF)
from a wide range of v’ levels.

The goal of the present work is to model a two-step optical
cycle suitable for producing deeply bound ultracold polar
alkali-metal diatomics through an intermediate shelflike state.
We focus on the KCs molecule, being the closest analog of
RbCs due to vicinity of first resonant atomic transitions of Rb
and K atoms. The data currently available in the literature for
KCs are (i) highly accurate empirical PECs for both ground
singlet X and triplet a states [18,19] as well as for the upper E
state [14]; (i) a comprehensive set of ab initio PECs derived
in the framework of pure Hund’s coupling cases (a) [9,20] and
(c) [21]; (iii) a partial set of ab initio spin-allowed transition
dipole moments corresponding to pure Hund’s coupling case
(a) [20,22]. At the same time transition dipole moments
for the required spin-forbidden transitions E — a;b;c [see
Fig. 2(b)] are not available yet. It should be noted that, in
spite of the considerable progress in ab initio calculation of
spin-allowed transition dipole moments, the calculations of
their spin-forbidden counterparts is still not a straightforward
task.

We simulate all relevant spin-allowed and spin-forbidden
transition probabilities in order to identify optimal v/, levels
of the E state and to predict the respective laser fre-
quencies for a two-step optical cycle (X;a) 32+ (", J") —
E@#) '], J") — X '£7(0,0). The efficiency of a two-step
optical cycle, in particular of the stimulated Raman transfer, is
determined by (i) rovibronic transition probabilities (transition
dipole moments) from (to) the ground singlet (triplet) X;a
states and the upper E state (see Fig. 1); (ii) radiative properties
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of the excited (intermediate) E state, such as radiative lifetimes
and electronic branching ratios for spin-allowed [see Fig. 2(a)]
and spin-forbidden [see Fig. 2(b)] transitions to the lower-lying
states, including both bound-bound and bound-continuum
parts of the spectra.

The reliability of modeling will be proved by comparison
of calculated transition probabilities with relevant experimen-
tal data on relative intensity distributions in the respective
E — X and E — a LIF spectra obtained by high-resolution
Fourier-transform (FT) spectroscopy [14,18,19]. The main
experimental problem for comparison of LIF intensities in
the spectra covering a wide spectral range appeared to be the
accurate calibration of the spectral sensitivity of the FT device.
Here, calibration of spectral sensitivity has been accom-
plished by a comparison of experimentally recorded intensity
distribution in long LIF progressions of B 'TI,(v',J’) —
X 1E;(v”,f "y transitions of the K, molecule with its theo-
retical counterparts.

II. TRANSITION PROBABILITIES AND BRANCHING
RATIOS

A. Transition probabilities
Total probability P’ of the pump-dump X;a — E —
X(v = 0,J = 0) optical transfer is proportional to a product of
individual probabilities of the stimulated X;a — E absorbtion
and £ — X emission rovibronic transitions:

Pt ~ [PX”(IJ_ZEO‘)U J’—l][Pg_;l;(—lﬁv J= 0] (1)

The required transition probabilities are proportional to a
product of the wave number vgy of a rovibronic transition
EW.,J") < f(",J"), where f € X;a, and the respective
squared transition dipole matrix element Mgy:

PRI~ vpp | Mg ?S7Y )
WIS gy g )
MU](—)U J <vE ’dEf|vf > (4)

where S7/" are the Honl-London factors [23].

In what follows the relevant rovibronic energies E¥/ and
wave functions |v’) are obtained by numerical solution of
uncoupled radial Shrodinger equation with highly accurate
adiabatic empirical potentials available for both ground X;a
[18,19] and upper E [14] states, whereas the dipole moment
functions dgs(R) required for the spin-allowed E — X and
spin-forbidden E — a transitions are obtained by a quasirela-
tivistic ab initio calculations performed in Sec. I1I.

B. Radiative lifetimes and branching ratios

The radiative lifetime g of the upper E state
v ="
a7 LA )
AT

and vibronic branching ratios Rp_; into lower-lying
singlet and triplet electronic f states, (where f €
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X;A;C'2*; B'M;a;c32*; b ), namely
R P = T
T

are determined by respective Einstein coefficients of sponta-
neous emission Agy [23]:

2
AvJ—w I 87

A T —— Vi M| 200" (7

A tedious summation over bound and continuum vibra-
tional levels of the lower rovibronic states required in Eq. (5)
and (6) is avoided by the approximate sum rule [24,25]:

1 872
7 ¥ 3 \VE
Tp 3heg

prdps V7). (8)

g |aUZdz|vE)

(Uf hy AUgfdAZEf |U£ )
where Ugs(R) = Ug(R) — Uy(R) are difference potentials.
The sums of Franck-Condon factors (FCFs),

mdx

iy = Z |(vF [v7 )PP (10)

vy =0

€))

over all bound levels of X and a states, along with vibrational
branching ratios

ZZE‘ZO V%f|MEf I?
(vi [AURsds|vE )

RY fAl— (11)
were estimated as well in order to elucidate the contribution of
bound-continuum decay channels into the total probabilities
of E - X and E — a transitions. To test the accuracy of the
approximate sum rules (8) and (9), lifetimes and branching
ratios have been complimentarily calculated by direct sum-
mations (5) and (6) for low vibrational levels where the sum
over corresponding FCFs is close to 1. The resulting values
coincided with their approximate experimental counterparts
within 0.01% to 0.05% for several lowest levels with SEF, >
0.9999.

III. CALCULATION OF TRANSITION DIPOLE MOMENTS

A. Approach

The spin-allowed singlet-singlet d; (R) and triplet-triplet

dl.tf '(R) transition dipole moments of the KCs molecule were
directly evaluated for a wide range of internuclear distance in
the basis of the spin-averaged wave functions corresponding
to pure Hund’s coupling case (a).

For nominally forbidden singlet-triplet E(4)'s+ —3%+;
3 transitions the respective effective transition dipole mo-
ments d;}‘( R) were approximated by a linear combination of

the relevant triplet-triplet dit;‘(R) transition dipole moments,
dif ~ ) _cnidy" (12)
i

where cg; are the mixing coefficients between singlet and
triplet states, which were determined by construction and
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diagonalization of the entire relativistic Hamiltonian including
spin-orbit coupling effect: H® = H® 4+ VS0, where H®,
H® are nuclear clamped electronic Hamiltonians correspond-
ing to pure (a) and (c) Hund’s coupling cases, respectively.
Thus, the eigenvalues of the H® are the adiabatic potential
curves given in 2 representation. Hereafter, we assume that
the empirical PEC derived for E state in Ref. [14] is identical
to the eigenvalue of the relativistic Hamiltonian H© .

According to the selection rule AQ =0 [23], the '©+
state is directly coupled only with the 2 = 0~ (e symmetry)
component of triplet °[T states. Therefore, mixing coeffi-
cients cg; were obtained by using the R-dependent SOC
matrix elements V:? evaluated between the E(4) ¥+ and
first five low-lying i € (1 — 5)7[T states, relevant adiabatic
PECs U0 = US=! — A% as well as spin-orbit (SO) splitting
functions A° between the different 2 = 0,1,2 components of
the 31'[52 states. The second-order SOC effects between the
(4)'=* and T+, 'M states manifold were neglected.

B. Computational details

The inner core shells of the K and Cs atoms were replaced
with spin-orbit averaged nonempirical effective core potentials
(ECPs), leaving nine valence electrons (9 ve) of each atom
for explicit treatment. In order to monitor the basis set
dependence of the quasirelativistic calculations with respect
to both shape [26,27] (ECP1) and energy [28] (ECP2), the
consistent small core ECP basis sets of the Cs atom have been
used (see Fig. 4). The original shape-consistent ECP1 [29]
was augmented by a diffuse part of the all-electron bases
for electric property calculation [30] and extended by diffuse
and polarization functions [26,27]. The energy-consistent
ECP [28] was extended by additional diffuse and polarization
functions as well [20]. The relevant spin-averaged and spin-
orbit Gaussian basis sets used for each atom were borrowed
from the above references. The /-independent core polarization
potentials (CPPs) of both atoms were employed together with
the above small-core ECPs to take into account for implicitly
the residual core-polarization effects [31]. The corresponding
ECP scaling SO basis coefficients and CPP cutoff radii were
adjusted for each atom in order to reproduce experimental
fine-structure splitting of the K(4 p, 2:372) and Cs(5 2D, /2:5/2)
states [32], respectively.

The optimized molecular orbitals (MOs) were constructed
from the solutions of the state-averaged complete active
space self-consistent field (SA-CASSCF) problem for 18
electrons. The lowest (1—4) 3£+ and (1-5) L3I0 electronic
states calculated using the C,, Abelian point subgroup
were taken with equal weights [33]. The dynamical corre-
lation effects were introduced by internally contracted mul-
tireference configuration interaction (MR-CI) method [34],
which was applied for only two valence electrons, keeping
the rest frozen, that is, in a full valence (two electrons)
CI scheme.

All electronic structure calculations were performed by
means of the MOLPRO v.2010.1 program package [35].

C. Transition dipole moment and SOC functions
The resulting spin-allowed E4)'S* —(1 —-3)!n+;
(1;2)'TT and (1 — 5)31 — a 3%t transition dipole moments
of the KCs molecule are presented in Fig. 3 while the
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FIG. 3. (Color online) The ab initio spin-allowed (a) dz}“ singlet-
singlet E(4) 'S+ — X,A,C'S"; B 'TI and (b) d}, " triplet-triplet (1 —
5)3I — a >T+ transition dipole moment functions. The lines denote
the present results while open circles correspond to their preceding
counterparts [22].

spin-forbidden E(4) "=+ — (1;2) 3% *; (1) 311 transition dipole
moments d;}t(R) and respective SOC matrix elements V?(R)
between the E(4) 'S T and lowest five 1 electronic states are
depicted in Fig. 4. The R-dependent mixing coefficients cg;
[where i € (1 — 5)3[1] derived by a numerical digonalization
of the relativistic Hamiltonian H© agree very well (except at
small and large internuclear distances) with those evaluated
explicitly in the framework of the nondegenerate perturbation
theory, namely cg; ~ V3?/AUg;, where AUg;(R) is the
difference of the corresponding adiabatic PECs. As follows
from the energy viewpoint (see Fig. 1), the upper E state is
mainly perturbed by the nearby lying (3) °IT state converging to
the same dissociation limit K(4)2S + Cs(5) 2D. Nevertheless,
the dominating contribution into the spin-forbidden transition
dipole moment E(4) 'S+ — a 3%t [Fig. 4(b)] indeed comes
from the lower-lying d(2) [T state due to the large amplitude
of the d 3 — a T transition dipole moment [see Fig. 3(b)].

IV. INTENSITY DISTRIBUTION ANALYSIS

A. Approach

To test the reliability of the predicted transition prob-
abilities and corresponding branching ratios, the intensity
distributions in the rotationally resolved E(4)'S* — X &+
and E4)'S* — a’2" spectra Iy, were measured for
several E(v',J") — X;a(w",J” = J' £+ 1) LIF progressions.
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FIG. 4. (Color online) (a) The ab initio SO coupling functions V;
calculated between the KCs E(4) 'S and (1 — 5) 3T states as well as
the SO splitting function A* for the (3) [ state. The solid lines and
open symbols denote the results corresponding to the shape (ECP1)-
and energy (ECP2)-consistent atomic basis sets, respectively. (b)
The ab initio transition dipole moments d}" calculated for the spin-
forbidden singlet-triplet E(4) 'S+ — (1;2)*%+; (1) II1 transitions.

Then they were compared with their theoretical counterparts

I~ g AT (13)
where Ap_ r is the Einstein coefficient of spontaneous
emission defined by Eq. (7). It should be noted that, by using
the factor v in relation (13), it is tacitly assumed that the output
signal of a photomultiplier (PM) detector is proportional to the
intensity of the incoming fluorescence.

The spectral sensitivity of the recording system was deter-
mined in the visible region of the spectra by a comparison of the

calculated K, B 'TT, — X 'S/ rovibronic transition intensities

5% . with experimental relative intensity distribution 7"

in the relevant B — X LIF spectra. Such an “unconventional”
method of calibration possesses the following advantages:
(1) the B — X spectra of K, and the analyzed E —a; X
spectra of KCs have the same optical path; (2) the highly
accurate adiabatic (nonperturbed) PECs of the B ', and the
X IE; states of K, are available [36,37]; (3) the possible
systematic error of an ab initio K, B — X transition dipole
moment is small enough, being comparable with or even
less than the experimental uncertainty of the relative intensity
measurements.

PHYSICAL REVIEW A 85, 062520 (2012)

B. Experiment

The experimental setup was the same as was used in our
previous studies [14,18,19].

Briefly, KCs molecules were produced, along with K, and
Cs, molecules, in a linear stainless-steel heat pipe. The heat
pipe was filled with 10 g of K (natural isotope mixture) and
7 g of Cs (both metals in ampules from Alfa Aesar). The
typical operating pressure of Ar buffer gas was 3-5 mbar.
During the experiments the heat pipe was kept at about 290 °C
temperature.

The KCs molecules were excited in a transition
E@)'2+(w',J) — X'=+@",J" = J' £ 1) by dye laser radi-
ation at fixed laser frequencies within 16050 to 17980 cm™".
The LIF spectra were recorded by FT spectrometer Bruker
IFS-125HR at instrumental resolution of 0.03 cm™!.

The LIF spectra were detected in the range from 13 000 to
17000 cm™! by a PM operating at room temperature. In order
to suppress the He-Ne laser used in the FTS for calibration
of the path difference, a notch filter was placed before the
detector, thus cutting the spectra in the range from 15590
to 15930 cm™!. In order to eliminate the scattered exciting
laser light long-pass edge filters were used cutting the high-
frequency part of LIF spectra. As a result, the recorded LIF
progressions were cut off for low v (see Fig. 5).

Recorded LIF progressions to the ground X 'T+ state
consist of P and R branches. In addition to the dominating
spin-allowed E(4)'2+ — X 7 transitions, in some spectra
we observed weak progressions at a lower frequency range
assigned to the spin-forbidden transitions to the ground triplet
a’st state (see also Refs. [18,19]). An example of the
observed spectra containing both bands is presented in Fig. 5.

Assignment of the ground-state rotational J” (N” in case of
a’% ") and vibrational v,v quantum numbers for detected
progressions, as well as of rotational quantum number J" and
the energy of the upper state, was based on the empirical
PECs of the ground singlet and triplet states presented in
Ref. [18,19]. The upper state vibrational quantum number v’
was determined using PEC from Ref. [14].

L 1 T T T A A O B O
16 15 1? 13 12 I‘H 10 9‘ 8 7‘ 6
13560 13580 13600 13620

I TN T Lol

I nreeen e
73 65 60 55 49 43 37 32 28 23 19 16 13 v,

T T T T T T
13500 14000 14500 15000 15500 16000 16500
-1
Wave number (cm™)

FIG. 5. (Color online) Example of LIF progressions E(4) 'o+ —
X 'S+ and E(4) 'S+ — a’Z+ (see inset) originated from the E state
level v}, = 25,J, = 82 with energy 17 620.437 cm™. Spectral lines
in wave number range 15590-15930 cm™! are not seen due to the
notch filter.
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Relative intensity distributions in the £ — X,E — a LIF
progressions were determined as follows. Direct readings of
the experimental intensities of P and R lines were initially
corrected for the small background effect. Then line intensities
were corrected according to spectral transmission function of
the used long-pass filter FEL610 (from Melles Griot), which
was determined from the producer’s data sheet. Note that,
in case of the a3X T state, each transition to a particular
rotational level N” consists of three well-resolved groups
of hyperfine structure (HFS) components. The HFS in the
excited state is very small and the excitation from the ground
state goes to all excited hyperfine components according
to their statistical weight. Hence, the decay back involves
similarly all hyperfine components and therefore one can sum
over the entire hypermultiplet to obtain the intensity of the
transition with no hyperfine splitting. Since in KCs these HFS
components almost completely overlap within each group,
the intensity of a particular line was determined as a sum
of the intensities of all three HFS groups. The measured LIF
relative intensities were corrected on the spectral sensitivity of
the recording system and normalized on the intensity of the
vy —> V., line possessing the maximal intensity in the given
progression. Furthermore, the intensities obtained separately
for P and R lines were averaged since they appeared to be
equal within their uncertainties, as expected for progressions
with high J”. It should be noted, however, that the intensities of
P and R lines in some cases can be different for quasibound
rovibronic levels. The anomalous intensity ratios of P and
R components observed for some R, P doublets seem to
be attributed to the influence of a centrifugal barrier on a
shape of the respective vibrational wave functions belonging
to quasibound levels of the ground X;a states. At the same
time, possible interference effects between parallel (A2 = 0)
and perpendicular (A2 = =£1) electronic transitions could be
neglected here since the dominant interactions are spin-orbit,
for which the selection rule is A2 = 0.

C. Calibration of spectral sensitivity

The measured intensity distributions in KCs LIF were
corrected with respect to the spectral sensitivity S(v) of the
recording system, including the PM detector and all optical
elements. Calibration was performed in the spectral range
from 13500 to 16500 cm™! by measuring relative intensity
distributions in several Ky B 'Tl, — X 'E} LIF progressions
and their comparison with calculated rovibronic transition
intensities of the relevant B — X transitions. The spectral
sensitivity was defined as

calc

B=X — g — b x (v—15000),

expt
B—X

a = 0.826(0.008);

S(v) =

b =1.207(0.102) x 107, (14)

where the empirical parameters a and b have been determined
by fitting the ratio of the calculated intensities /¢, and their
experimental counterparts I;:ptx. The derived semiempirical
function S(v) confirms that the sensitivity of recording system
gradually increases with v up to 35%—-40% in the spectral
range v € [13500,16500] cm™'.
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FIG. 6. (Color online) (a) Predicted relative intensity distributions
into the B(v' = 37,J’ = 96) — X(v%) LIF progression of ¥K,. The
absence of the experimental lines in the spectral region around
15750 cm™' is due to the notch filter. (b) The present (solid line)
and preceding (open circles) [22] ab initio B 'TI, — X ]E; transition
dipole moments of K,. Vertical lines mark the region of R centroids
(VI RIVY)/(vg|v%) corresponding to measured vibronic vy — v

bands.

To perform the intensity measurements, *K, molecules
were excited in the same heat-pipe using a single-mode dye
laser radiation with DCM dye at frequencies 16 197.80 and
16190.39 cm~!. Here, no filters were used except for the
notch filter. The experimental intensities were measured for
the four long B(v',J") — X(v”,J") LIF progressions, where
(v',J7) are (22,25), (27,29), (33,81), and (37,96). Assignment
of K, progressions was based on molecular constants from
Ref. [38]. The comparison of measured and predicted relative
intensity distributions in a particular ¥K, B(v' =37,J' =
96) — X (v”) LIF progression is presented in Fig. 6(a).

The relevant Igf‘lj x values were estimated by Eq. (13),
where the rovibronic energies and eigenfunctions of the upper
B and ground X states were obtained from the empirical PEC
for the B state [36] and the highly accurate PEC available
for the ground X state [37]. The required transition dipole
moment dj(r) has been calculated according to the same
computational scheme as was used for the KCs molecule
(Sec. III). The MOs of a homonuclear K, dimer were cal-
culated using the D;, subgroup, and the lowest (1 — 3) L+
and (1 — 2) 3T electronic states belonging to both u and g
symmetries were simultaneously involved in the SA-CASSCF
procedure, yielding the 70, /,, 87,4, and 25,,/, optimizing MO
in an active space. The resulting K, B 'TT, — X 27 transition
dipole moment function depicted in Fig. 6(b) was uniformly
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scaled within a few percent to match the empirical atomic
transition probability dgz_X(R — 00) = +/2 x 2.86 au on the
asymptote K(42P)+ K(42S) [32]. It should be noted that
the small divergence observed at small internuclear distance
between the present and preceding ab initio [22] K, B — X
transition moment leads to a negligible difference in the
respective Einstein coefficients (7) used for spectral sensitivity
calibration.

D. Comparison with calculations

The comprehensive comparison of the experimental and
calculated relative intensity distributions for a number of
LIF progressions has demonstrated their overall agreement,
within a few percent for the long E 'S+ — X '¥+;a°%+
LIF progressions and within 10%-20% for the respective
Ig_ 4/ 1g_ x vibronic branching ratios. An example of relative
intensity distributions obtained for long v” progressions
corresponding to singlet-singlet E 'S+ (v),) — X ' (v}y)and
singlet-triplet £ 'S*(v},) — a £+ (v/)) transitions originating
from different E state levels is presented in Fig. 7. As
can be seen, the E — X measurement covers transitions to
vy € [48;100]. Here, the LIF spectrum for lower vy values
is cut off by a filter in order to improve signal-to-noise ratio
for weak transitions to high v} levels. In a number of spectra
the spin-allowed E — X and spin-forbidden E — a transitions
starting from the same upper state level were observed
simultaneously. Therefore, the predicted branching ratios
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FIG. 7. (Color online) Measured and calculated relative intensity
distribution in long LIF progressions corresponding to both spin-
allowed E@)'Z* (v, =45,J' =21) — X'+ (v%) (a) and spin-
forbidden E(4) 'St (vl = 22,J' =70) — a*+(v)) transitions (b).
Line intensities are normalized to the strongest line in each progres-
sion separately.
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FIG. 8. (Color online) Experimental (see Fig. 5) and calculated
LIF intensity distributions in the spin-allowed E(4)'S* — X ¥+
(a) and spin-forbidden E(4) 'S+ — a %7 (b) transitions originated
from the common level vy = 25,J; = 82. Experimental transitions
to vy = 26 % 2 are cut off by a notch filter.

Ig_. o/ IE_ x could be experimentally checked as well. Figure 8
demonstrates consistency of the respective branching ratios
Ig—4/1g—x measured and predicted for the spin-allowed
E — X and spin-forbidden E — a transitions, originating
from the common v}, = 25, J = 82 level of the E state. The
observed agreement of relative intensities and branching ratios
supports the correct R behavior of the ab initio transition dipole
moments as well as the branching ratioof E — X and E — a
transitions. It should be also noted that the reliability of the
present spin-allowed transition dipole moments is additionally
confirmed by their overall good agrement with their preceding
ab initio counterparts that are independently derived by the
different computational technique [22] [see Figs. 3(a), 3(b),
and 6(b)].

V. MODELING OF OPTICAL CYCLE

The present model of the two-step X 'S+;a’2+(v",J" =
0) = E@)'s*w',J =1) - X2+ = 0,J” = 0) optical
cycle is based on the assumption that translationally and ro-
tationally (J” = 0) ultracold KCs species are initially formed
into weakly bound vibrational levels v” of the ground singlet
X 'S+ and/or triplet a 3%+ states by PA or MA of ultracold
atoms.

The mixing between the ground singlet X and triplet a states
(caused by hyperfine Fermi contact interaction) is not taken
into account. Such an approximation is apparently not valid
for a few highest X; a vibrational levels where the vibrational
spacing becomes comparable to the hyperfine splitting. The
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FIG. 9. (Color online) The total probability P’ of the X(vy) —
E(vy) — X(0,0) cycle from high initial vibrational levels vy of the
singlet X state. P’ values are normalized to 1 for its largest value
at vy = 90, vy, =42, which is not shown in the figure for better
visibility of high v region. The full table is given in Ref. [39].

model also neglects the indirect interactions between the ">+
state and F, spin-component of X+ states induced by the
interference effect between SO and L-uncoupling interaction
with high-lying 'TT and/or *T1j states of e symmetry. In contrast
to the Fermi contact interaction, this kind of the X '=+ ~
a 3% perturbation could be important only for high rotational
levels since the relevant matrix elements are proportional the
rotational quantum number /J(J + 1).

The individual probabilities Pg..x., corresponding to both
spin-allowed E(4) 'St (v}, J, = 1) — X '£+ (v}, J{ = 0)and
spin-forbidden ~ E(4) 'S+ (v, J = 1) — a3+ (], J) = 0)
rovibronic transitions were evaluated according to relation
(2) for all bound levels supported by the ground singlet
vy € [0,104] and triplet v € [0,32] states while the
vibrational interval of the intermediate upper E state was
restricted by the experimentally observed levels v} € [0,75]
investigated in Ref. [14]. The full tables of results accompanied
by the relevant wave numbers of E — X and E — a rovibronic
transitions are given in Supplemental Material [39].

The product of resulting transition probabilities P’ cal-
culated by Eq. (1) for the pump-dump X(v%) = E(vy) —
X(0,0) and a(v)) — E(vj) — X(0,0) optical cycles as de-
pendent on vibrational quantum number of the initial ground
vy, v, and intermediate v}, electronic states are presented in
Figs. 9 and 10, respectively.

The total probabilities P’ of the spin-allowed X — E — X
optical cycle are about 20 times larger than their spin-forbidden
a — E — X counterparts. The highest probabilities are ex-
pected forthe X — E anda — E pumping transitions starting
from well-bound levels of the initial states, namely v}é =90
and v/ =7, which are not shown in Figs. 9 and 10, but
are given in Supplemental Material [39]. However, there are
also small but not negligible probabilities to reach the upper
E state from weakly bound levels of both X and a states
located close to the dissociation limit. In particular, the use
of the upper vibrational levels v}, =43, 44, and 45 should
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FIG. 10. (Color online) The total probability P’ of the a(v)) —
E(vj) — X(0,0)cycle corresponding to high initial vibrational levels
of the triplet a state. The same normalization as in Fig. 9 is preserved.
The full table is given in Ref. [39].

provide the feasible excitation from the vy > 100 levels of
the ground singlet X state. As follows from Fig. 10 there
are non-negligible probabilities to excite vibrational levels
v € [26,42] from the high vibrational levels v/ > 30 of the
triplet a state as well.

It should be noted that our ongoing experiments demon-
strate that the £ — X intensities predicted for the weakly
bound v > 100 levels slightly overestimate their experi-
mental counterparts. On the contrary, the observed E — a
intensities for v/ > 30 are significantly larger than their re-
spective adiabatic estimates, presumably because of borrowing
probabilities from nearby spin-allowed £ — X transitions due
to pronounced HF mixing between X 'S+ and a 3% 7 states in
the vicinity of dissociation limit. The preliminary coupled-
channels calculations [40], which account for HF mixing,
qualitatively explain the observed intensity distribution. Thus,
the HF mixing (neglected in present calculations) might
considerably enlarge the probabilities of a — E excitation
from the last bound levels of the triplet a state.

Figure 11(a) presents the vibronic branching ratios cal-
culated by Eq. (9) for transitions to the lower-lying singlet
X; A; B; C and triplet a states (see Fig. 2). Due to extremely
large E — A transition dipole moment [see Fig. 3(a)],
the spin-allowed £ — X and E — A transitions contribute
approximately equal inputs into the total decay of the E
state. At the same time, the probabilities of the spin-forbidden
E — a transitions are about 50-100 times smaller than for
the £ — X; A transitions, being comparable with the small
branching ratios of the spin-allowed £ — B; C transitions.
The contribution of the remaining decay channels could be
apparently neglected. Figure 11(b) highlights that the bound-
continuum decay channel is negligible for the spin-allowed
E — X transitions for the vy, < 40 levels. In contrast, the
bound-continuum part of the spin-forbidden £ — a transition
rapidly increases with v}, and becomes dominant for v}, > 30.
Thus, bound-continuum transitions are expected to diminish
the efficiency of spontaneous emission to the ground X (0,0)
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FIG. 11. (Color online) The decay branching ratios of the E state:
(a) to the lower-lying singlet X; A;C'S*,B'TI and triplet a2+
states; (b) to the continuum part of the £ — X (solid symbols) and
E — a (open symbols) transitions along with the corresponding sums
of Franck-Condon factors S5,
level. In particular, for v}, = 44 about 20% of molecules decay
into continuum.
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The radiative lifetimes of the intermediate E state were
calculated for vg,J’ = 1 levels according to the approximate
relation (8). The resulting rg values monotonically increase
with v}, from 67 to 135 ns for v, € [0,75].

VI. CONCLUSION

In accordance with the present study, we claim that the
translationally ultracold KCs molecules could be efficiently
produced in their absolute ground rovibronic state in a two-
photon transfer process X '2*;a %2 (v") > E(4) 2+ (v}, =
4,J, =1) - X £%(0,0) from the weakly bound rovibronic
levels of the singlet X and triplet a states repopulated by
spontaneous decay of the photoassociated laser-cooled atoms
or produced by the magnetic Feschbach resonance.

Due to a large probability of undesired bound-bound and
bound-free transitions from the E(4) '+ state, implementa-
tion of the STIRAP technique is essential.

We believe that the shelflike E(4) 'S state is a promising
intermediate state for efficient production of deeply bound
ultracold RbCs molecules as well. The modeling of the
respective optical cycles in the RbCs molecule is currently
in progress.
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