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In ongoing experiments ultracold molecules are first created in a weakly bound level of their electronic
ground-state manifold, requiring further manipulation with optical fields to transfer them in their absolute
ground state. We performed a detailed theoretical analysis of the spectroscopic properties of potassium rubidium
diatomic to determine efficient routes for this purpose via stimulated Raman adiabatic passage. We used state-of-
the-art molecular potentials, spin-orbit coupling and transition dipole moment to perform our calculations. The
dependence of spin-orbit couplings with internuclear distance are of crucial importance as the relevant transitions
mainly occur in the chemical bond domain. Two main mechanisms involving a different pair of excited electronic
states are modeled and compared for the various isotopologues K3 Rb, *K®’Rb, “*K®’Rb, and ' K*Rb, starting
from the uppermost levels of their lowest triplet state a®> " towards the lowest vibrational level of their ground
state X! Z*. The present model confirms the experimental findings. In addition, it predicts a transfer scheme

which involves more efficient transitions.
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I. INTRODUCTION

The ability to create in the laboratory samples of dilute
atomic gases at ultracold temperatures (T = E/kg < 1 mK),
where atoms are almost at standstill, represents one of the
most fascinating recent developments of atomic physics. Such
systems offer long observation time so that measurements
with unprecedented precision are achievable. The combined
effects of ultralow temperatures (down to the nK scale) and
of relatively high number density (up to 10'* atoms/cm?)
lead to the spectacular observation of quantum degeneracy
in ultracold atomic gases of bosons [1-3] and fermions [4].

In such gases, the existence of long-range anisotropic
interactions between the atoms induced by the existence of
an intrinsic magnetic dipole moment (nowadays referred to as
dipolar gases) is expected to reveal novel physical phenom-
ena [5,6]. The first manifestation of these effects has been
demonstrated in experiments dealing with ultracold magnetic
atoms like chromium [7,8], erbium [9], or dysprosium [10].
Similar anisotropic interactions are also expected between
particles exhibiting an intrinsic permanent electric dipole
moment (PEDM), which is a feature of many molecules.
This explains the continuously growing interest for achieving
a dense sample of ultracold polar molecules [11-13] like
diatomic molecules composed of two different alkali-metal
atoms which possess a PEDM ranging typically between 0.5 D
(for LiNa, KRb) and up to 5.5 D (for LiCs) [14] at the
equilibrium distance of their electronic ground state X'X+.
Such polar molecules are also proposed as attractive candidates
for precision measurements like the tests of fundamental
theories through the search for the PEDM of the electron
[15-19], for parity violation [20], for measurements of
fundamental constants [21,22] and of their time varia-
tion [23], for quantum information devices [24,25], and for the
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emergence of a novel ultracold chemistry dominated by
quantum effects [26].

Despite the first observation of ultracold Cs, molecules
in 1998 [27], the formation of ultracold polar molecules in a
single quantum state as the initial step for further experimental
investigations is still challenging. Due to their complicated
internal structure, they cannot be directly laser-cooled just
like atoms as they do not exhibit an appropriate closed
radiative cycle (except in a few exceptional cases [28-31]).
Photoassociation (PA) [32-34], namely, the absorption by an
ultracold atom pair of a photon with an appropriate energy,
followed by radiative stabilization (RS), has proven very
efficient to create sizable samples of ultracold heteronuclear
alkali-metal diatomics like KRb [35-37], RbCs [38-40],
LiCs [41,42], NaCs [43], and LiRb [44]. In general, the main
drawback of such an approach is that the RS step yields
molecules in a broad distribution of rovibrational levels in
the ground electronic state. To overcome this issue, it was
suggested to use a second laser to stimulate the emission down
to a specific ground-state level either via a dump pulse (in
RbCs, [39]) or to achieve a coherent stimulated rapid adiabatic
passage (STIRAP [45,46]) step (in KRb, [47]).

Alternatively, the tunability of Fano-Feshbach resonances
(FFRs) with magnetic field [48—50] is routinely used to convert
pairs of ultracold atoms into a so-called Feshbach molecule in
a well-defined weakly bound energy level related to a dissocia-
tion limit defined by a given combination of hyperfine levels of
the separated atoms. Interspecies FFRs have been observed in
many alkali-metal diatomics (LiNa [51], KRb [52], RbCs [53],
LiCs [54,55], LiK [56], NaK [57], NaRb [58], LiRb [59,60]).
Such a magnetoassociation (MA) process has proven tremen-
dously efficient to deliver dense samples of ultracold polar
molecules in a single quantum level (with KRb [61], LiK [62],
RbCs [63,64], NaK [57], NaLi [65]). Thus, it provides the ideal
initial step for a coherent transfer via STIRAP of the population
down to a single energy level—preferably the lowest one—of
the molecular ground state. So far, such a transfer has been
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achieved for the Cs,[66], Rb, [67], KRb [61,68], RbCs [69]
species, while a similar goal is currently pursued for most of the
other molecular species above. The efficiency of the transfer
requires the identification of a two-step Raman transition such
that, besides usual angular momenta selection rules for electric
dipole allowed transitions, the radial wave function of the
intermediate excited level has a favorable overlap with those
of the initial state (the Feshbach molecule) and the final one
(the lowest level of the ground state).

The purpose of the present paper is to investigate the
efficiency of the STIRAP schemes represented in Fig. 1 for
several experimentally relevant isotopologues of KRb initially
formed in one of the uppermost levels of the lowest metastable
triplet state a3 X *. These schemes involve as the intermediate
step a pair of excited molecular states coupled by spin-orbit
interaction combining the singlet and triplet characters: (a)
the B'TT and ¢3 =7 states, and (b) the b°IT and A' T states
(hereafter referred to as the [B-c] and the [b-A] STIRAP
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schemes, respectively). The experiments of Refs. [61,68] rely
on the STIRAP scheme of Fig. I(e). It is shown that as
envisioned in the experiments, the [B-c] STIRAP scheme is
generally more efficient than the [b-A] scheme, while this
statement may not necessarily be true for all heteronuclear
alkali-metal diatomics. The obtained results should guide
further experimental investigations to locate various ranges of
favorable wavelengths to perform a complete conversion into
ground-state molecules of molecules formed by FFR or PA.
The paper is organized as follows. We first recall the main
features of the STIRAP calculations in Sec. II based on the
mapped Fourier grid Hamiltonian (MFGH) approach [70]
for the computation of vibrational energy levels and wave
functions. Then in Sec. III we collect all published molecular
spectroscopic data for the relevant KRb potential energy
curves (PECs) [71-76], combined with up-to-date ab initio
data for PECs and/or transition electric dipole moments
(TEDMs) [77-83] and spin-orbit couplings (SOCs) [77]. Thus,
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FIG. 1. (Color online) Optimal STIRAP schemes for * K®Rb and relevant molecular data. (Left panels) The [h-A] scheme; (right panels)
the [B-c] scheme. (a),(d) R-dependent diagonal and off-diagonal spin-orbit matrix elements coupling the b°IT and A' =+ states of panel (b)
and the B'TI, ¢*X*, and b*I1 states of panel (e). (c),(f) Relevant TEDMs for the considered STIRAP schemes. The bibliography for these data
is indicated in the text. The optimal intermediate levels for each scheme are reported and connected with upward and downward arrows to the
initial v, = 29 level of the a®* X+ state and to the v = 0 level of the X! =7 state. The current range of spectroscopic knowledge is indicated
with indexed vertical colored bars drawn close to the related PEC: (i) [97]; (ii) [86]; (iii) [31]; (iv) [73]; (v) [75]; (vi) [87]; (vii) [88]; (viii) [37]

(see Table I).
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we provide an up-to-date description of the KRb molecule
which represents a useful database for further investigations.
Section IV focuses on the [b-A] STIRAP scheme. There are
currently no published experimental results on this scheme,
so we restrict our study to the two bosonic isotopologues
K3 Rb and **K3"Rb. We found that around 9100 cm™! for the
pump pulse and 13 300 cm™! for the dump pulse—assuming
the same laser intensities—Rabi frequencies are of the same
order of magnitude ensuring the efficiency of STIRAP to
transfer the population from a Feshbach state down to the
v = 0 ground-state level. Nevertheless, those are quite weak
and should require large laser intensities. Section V models
the [B-c] STIRAP scheme which has been implemented
experimentally for the “°K®’Rb and *'K®’Rb isotopologues.
Our study reveals that a broad range of frequencies, namely,
between 9800 and 11 700 cm™! for the pump step and between
14 000 and 15 900 cm ™! for the dump step, thus confirming the
experimental findings of Refs. [31,61]. The Rabi frequencies
are found to be about 10* to 10° larger than for the [b-A]
scheme. Moreover, the combination of the spectroscopic
information collected in Refs. [61,84,85] allowed us to predict
a new set of optimal vibrational levels for the [ B-c] STIRAP
scheme. We discuss the huge difference between the [b-A] and
the [ B-c] schemes on the basis of the peculiar feature of the
KRb electronic structure, which may not be reproducible for
the other heteronuclear alkali-metal diatomic species.

When appropriate, the atomic unit of length (1ag =
0.052917 721 092 nm) and of electric dipole moment (1 a.u. =
2.54158059 D) is used.

II. MODEL FOR STIRAP WITH KRb MOLECULES
A. STIRAP basics

The STIRAP technique has been extensively dis-
cussed [45,46]. In a three-level system in A configuration, it
allows a coherent transfer of the population between an initial
level |i) and a final level |g) which cannot be directly coupled
by alaser field. The trick consists of coupling these levels to an
intermediate level |e) with a pump and a dump laser pulse of
frequency ;. [w. ] and a time-dependent Rabi frequency
Qi o(t) [Qe4(t)]. When the two-photon Raman resonance
condition is fulfilled, one of the instantaneous eigenstates
of the system, the dark level, is a coherent superposition of
|i) and |g) only, so that the population can be transferred
without loss due to spontaneous emission of the—usually
short-lived—I|e) level. To achieve the full population transfer,
the two laser pulses must have a well-defined phase relation
with no fluctuations, implemented through a counterintuitive
time sequence where the dump pulse overlaps the pump pulse
but starts before it. Moreover the maximum value of the two
Rabi frequencies should be equal to allow for the adiabatic
following of the dark state. In a diatomic molecule like KRb,
the Rabi frequency for a transition between two levels | j) and
|j’) is expressed as

Q= (jld(R) - Eolj")/h,

where c?(R) is the R-dependent TEDM and Eo the time-
dependent electric field with maximum amplitude Ej.
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Determining the most efficient STIRAP transfer scheme for
a given pair of levels |i) and |g) consists of finding the |e)
level for which the Rabi frequencies ﬁi’e(t) and Q. ¢(1) are
sufficiently large and of the same order of magnitude. Let
us emphasize, that it is possible to vary independently the
intensities of the pump and dump laser pulses to reach the
strict equality between the two Rabi frequencies.

Let us emphasize that we applied several approximations in
our model, most of them depending on the chosen experimental
conditions, and which are not crucial for our purpose. First, the
polarizations of the pump and dump lasers are not considered.
Consequently, the rotation £ of the molecular axis in the
laboratory frame is disregarded, as well as the relevant Holn-
London factors in the related matrix elements. Furthermore,
the STIRAP processes depicted in Fig. 1 rely on a pump
transition taking place mainly around the inner turning point
of the a? =T state where the perturbation of the nodal structure
of radial wave functions induced by the hyperfine or Zeeman
couplings with the X! =7 state is negligible.

B. The choice of the initial levels in KRb

In the following the final level will always be the v =0
vibrational level of the X'X* ground state of KRb, i.c.,
|g) = |X,v = 0). The initial level depends on the association
process chosen to form the molecules from laser-cooled
atoms, resulting in different optimal schemes for the STIRAP
transfer.

Ni et al. [61] successfully achieved the conversion of cold
atom pairs from a dense gas of “°K fermions and 8’Rb bosons
into **K®"Rb | X,v = 0) fermionic molecules through MA fol-
lowed by a STIRAP step. The vibrational wave function of the
Feshbach molecule, with typical binding energy of a few hun-
dred kHz, has been identified as being very close to that of the
level |a®=*; v, = 30) [77,87,89]. This Feshbach molecule is
also denoted by v, = —2, where the vibrational quantum num-
ber v, is counted downward from the dissociation limit. Fur-
thermore, these Feshbach molecules have been converted via
a highly efficient (84%) STIRAP step into v, = —3 molecules
bound by more than 10 GHz [87,90]. Therefore, according
to the approximations described above, we will consider as
initial levels the uppermost levels of the a®> ™ state, namely,
li) = la,v, =29), |a,v, =30), and |a,v, = 31). They cor-
respond to v, = —3,—2, and —1, respectively, except for
4IK35R, which possesses 33 bound levels in the a state due
to its large scattering length.

In a different experiment, Aikawa et al. created axt
4IK87Rb bosonic molecules in v, ~ 20-25 levels by PA
followed by radiative decay [88]. The population is generally
distributed over a large number of rotational and hyperfine
levels, but the hyperfine mixing is less significant for such
levels bound by ~15 cm™!. We also consider the initial state
li) = |a,v, = 21) as representative of this case.

In the Supplemental Material attached to the present
paper [91], the energy levels and squared transition matrix
elements for the STIRAP schemes with |i) = |a,v, = 20-31)
are reported for the most commonly studied isotopologues
¥K3Rb, ?K3Rb, °K8’Rb, and *'K8’Rb. Data concerning
other v, values or isotopologues are available on request.
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C. The choice of the intermediate levels in KRb
and their modeling

The |e) levels must belong to an electronic state with
mixed triplet and singlet characters, connected to the |i) =
la,v, = 20-30) and |g) = |X,v = 0) levels through electric
dipole transitions with large matrix elements, i.e., large
TEDM and good Franck-Condon factors (FCFs). As stated
above, we investigate two STIRAP schemes, based on two
different sets of intermediate excited electronic states coupled
by spin-orbit interaction (Fig. 1). The [b-A] scheme relies
on the H°TT and A'S* coupled states leading to a pair of
Q = 0T states in Hund’s case ¢ notation, correlated to the
K(42S,; )+ Rb(5%P, /2,3/2) dissociation limits. The notation
Q denotes the absolute value of the projection of the total
electronic angular momentum on the molecular axis. This case
has been considered in the first theoretical searches [92,93] for
reliable STIRAP schemes. The [ B-c] scheme actually involves
three coupled molecular states, namely B'II, ¢*%+, and
b1, inducing states of Q = 1 symmetry dissociating to the
same asymptotes K(425, 2) + Rb(52 P /2.3/2). The successful
experiment of Ref. [61] proceeded through this scheme. We
restrict our investigations up to moderately excited levels to
avoid exploring complex and dense spectra in the upper range
of the corresponding PECs.

D. The spin-orbit coupling matrices

The structure of the matrix representation of the spin-orbit
operator W coupling the »°IT and A' X7 states for Q = 0*
and the B'TI, 3%+, and HIT states for Q = 1 are displayed,
for instance, in Ref. [94], where the constant SOCs related to
the Rb fine structure splitting AR® =237.594 cm~! are here
replaced by R-dependent functions displayed in Figs. 1(c)
and 1(e) and specified in Sec. III B.

We thus have for Q = 01

|b) |A)
co b)Y [ —Wp(R) Wpa(R)
Weo = |4y ( Woa(R) 0 ) M
and for Q =1
lc) |b) |B)
N |C) O ch(R) WCB(R)
WS = 1b) | Wa(R) 0 ~W,s(R) |. (2
1B) \ Weg(R) —Wpyp(R) 0

E. Calculation of vibrational wave functions

The vibrational levels of the X' =T and > electronic
states are described in a single-channel picture (N = 1),
with the Hamiltonian I-?X,a =T+ ‘A/X,a(R), where T is the
nuclear kinetic-energy operator and VX(R) and Va(R) the
Born-Oppenheimer potentials for these states.

The vibrational levels of the coupled 2 = 0" and Q =1
electronic states are extracted from a two-channel (N = 2)
and a three-channel (N = 3) representation. The Hamiltonian
of the system is then Ho =T + Vo(R) + Wﬁ(R). In this
expression the matrix representation of V is diagonal and
contains the PECs for the b and A states (2 = 0) and for
the B, ¢, and b states (2 = 1).

PHYSICAL REVIEW A 90, 033413 (2014)

The eigenvalues and eigenvectors of ﬁx_u and ﬁQ are
calculated by expressing them with the MFGH method,
based on a spatial grid with a step adjusted to the local de
Broglie wavelength with a scaling parameter 8 = 0.4 (see
Refs. [70,95] for more details), extending from R, = Sag to
Riax = 3004y, and containing up to Ng = 566 grid points. We
have checked that the chosen value of R, is sufficiently large
to allow the correct description of the uppermost bound level
of the a® X+ state, in particular for the *'K®Rb isotopologue
with the largest positive scattering length a; = 349.8ay [76],
i.e., with the last bound level very close to the dissociation
limit with a large R extension. Our calculated binding energy
for this level agrees within a few percent with the value
—0.000275 cm™! predicted by the quantum defect theory
(QDT) law or Ref. [96] for a 1/R® long-range potential.

The representation of the Hamiltonians thus involves
squared matrices of N x Ng order, which, after diagonal-
ization, yield energies E(vg) and radial wave functions for
the vibrational levels of the system. Energy levels of the
coupled states are labeled with a global index vg, increasing
with decreasing binding energy, and have a mixed b and A
character (for Q = 0%) and B, c, and b character (for Q = 1).
The eigenfunctions for a given 2 value are expressed as
linear combinations of the related coupled electronic states

| /) weighted by radial wave functions 1//52U5(R) according to

N
1 Qur .
195 va) =D =¥ R, 3)
j=1
with the normalization condition

’

N s ) ) N
Z/ W RPdR =) it =1 4)
j=170 j=1

In the following we sometimes use a different index vg'i )

(with j = b,A,B,c,b) to refer to a level with a prevailing
*“j” character assigned through the largest weight ZD'J-QUQ in the
expansion of Egs. (3) and (4) (see, for instance, Table I, and
Sec. III C). This assignment may be completed by considering
the rotational constant

Boy, = (@ vg|h*/QuRY)|Q; vg)

N 0o 52
Quyg 2
_ |y ™R [2dR 5)
]Z_;/(; 2,LLR2| J |
and the energy spacing between neighboring levels
AG(vy") = E(v +1) — E(v3)). (6)

F. Transition matrix elements

The Rabi frequency for the pump (dump) transition is
proportional to the TME which involves the vibrational
functions g% (%) of the a*E+ (X' ) state and the triplet
(singlet) part of the coupled wave function of the intermediate
level |2; vg) [Eq. (3)]

Y A
d;2" = (Qvgldjala; ve)

= /0 YR dj(R) @ (R)AR — (Ta)
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TABLE I. Available spectroscopic data for the excited electronic states of various KRb isopotologues correlated to the K(4s) + Rb(5p)
dissociation limit (also depicted in Fig. 1). The studied energy range 1s given with respect to the minimum of the ground electronic state X' £+

with the related range of assigned vibrational quantum numbers v
calculated level energies is also reported.

). The root mean square deviation (rms) A,,s between experimental and

Electronic state Isotopologue Energy range (cm™') Amms (cm™)
Al E:; o+ PKSRb 15363.43 < (/JA < 16224.36 3.26
[86] 93 < v < 122
b Tg_o+ K3 Rb 15526.69 < Ev(/]h < 16037.76 3.00
[97] 91 < vy, < 104
I ESJ;:l FKRb 13531.42 < Ev/lz < 14132.73 0.384
[75] 0<ve <13
4OK8Rb 13903.17 < Ev;r 14 545.01 3.17
87] 8 < v <23
PYKSRb 15116.18 < Evi( 16087.40 7.33
[97] 38 < v < 710
4IKSRb 15124.50 < Evr < 15636.13 5.52
[88] 39 <vff <55
258 ) P MK Rb 15355.10 < Evm < 16107.34 2.06
[97] 87 < v < 106
B'Tlg_, PYKSRb 15043.19 < Eur < 16854.67 4.6
[73] 0<vB <310
PKSRb 15043.05 < E, B < 15993.45 4.25
[97] 0< v;B <20

*Our vibrational assignment v|® differs by four units from the one of Ref. [97].

Levels with vz < 25 only are included in the rms (see text).

UUQ

= (X; vx|dx;, 192 vG)

= fo oy (R)dy;, (R) Y (R) R, (Tb)

where the indexes j; and j; refer to the triplet and singlet
electronic states coupled in a given €2 symmetry, and d;,,(R)
and dyxj (R) are the R-dependent TEDM for the pump and
dump transitions. For = 0% we have j, = b and j; = A,
while for 2 = 1 we have j; = b orc, and j; = B. The squared
matrix elements |dv“v“ |2 and |d 2|2 determine the efficiency
of the STIRAP process and are systematically calculated in
Secs. IV and V for both STIRAP schemes above.

III. MOLECULAR STRUCTURE AND SPECTROSCOPIC
DATA FOR KRb

In the following, we build a representation of the KRb
potential curves from a combination of available spectroscopic
data (collected in Table I) and results from accurate ab initio
calculations. We display in Table IT a summary of the piecewise
construction of these PECs, explained in details in Secs. III A
and I C. In addition, TEDMs and SO couplings are taken
from several sources based on ab initio calculations (Secs. III B
and III D). All the molecular data used in our calculations are
given in the Supplemental Material attached to the present
paper [91].

A. Building the potential energy curves piecewise

The X'Z+ and a*X7 electronic states of the *K%Rb
and *K3%Rb molecules have been extensively studied ex-
perimentally by various spectroscopic techniques [71,74].
Numerous perturbations due to the hyperfine structure (HFS)
were observed for levels lying close to the K(4s) + Rb(5s)
dissociation limit. More recently, several Feshbach resonances
have been measured in cold “°K®’Rb molecules [99]. We
use here the X and PECs which have been derived from a
coupled-channel model [76], yielding an accurate analytical
form valid for any combination of K and Rb isotopes, and
over all internuclear distances from Sag up to 4000ay. In the
following, the origin of energies is taken at the minimum of
the X! = potential. The K(4s) + Rb(5s) dissociation limit is
then located at 4217.822 cm™~! [100].

The excited electronic states converging toward the
K(42S) + Rb(52 P;) dissociation limits (the J = 1/2 limit be-
ing located at 16 796.8 cm~' [100]) are strongly perturbed by
the large spin-orbit interaction resulting in complicated spec-
tra. Thus, experimental spectroscopic data are fragmentary and
mainly concern the high energy range 13 000-16 500 cm™!
However, a Rydberg-Klein-Rees (RKR) potential curve for
the bottom of the B'II [72,73] and the 3t [75] wells
have been derived by standard spectroscopic analysis. It is
worthwhile to mention that the recent production of ultracold
molecules by MA [87] or PA [86,88,97] provided information
on more excited vibrational levels with @ = 0" and Q =1
symmetries.
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TABLE II. Piecewise PECs used in our calculations, built from experimental and ab initio data. Ab initio may be globally shifted either in
energy by A? (j = A,b,B) to minimize the rms deviation between calculated and experimental energies of the vibrational levels (see Table I),
in energy by A! and in distance by A}e;c (for ¢*£*) to match the experimental energy minimum and equilibrium distance of the PEC, or by A},
(for B'TI) to account for the difference between the minima of the calculated B'IT and the fourth = 1 PEC. The asymptotic part is described
by a multipolar expansion in (C,/R") (n = 6, 8). A cubic spline interpolation is used between two successive nonadjacent R domains.

X'zt Experiment [76]
axt Experiment [76]
b’ 11 R < 19.8ay R > 25.0ay
ab initio [83] R™" expansion [98]
A) = —17.5cm™!
Al R < 25.0ay R > 35.0ay
ab initio [83] R™" expansion [98]
A% = +10.0 cm™!
Azt R < 7.85a 7.85ay < R < 11.65ay 11.65a¢) < R < 30ay R > 40ay
ab initio [83] experiment [75] ab initio [83] R™" expansion [98]
Al'=-222cm™! Al'=-222cm™!
Ak . = ~+0.053a9 A . = +0.0534
B'll R < 6.8ay 6.8ap < R < 19.1qy 19.1ay < R < 20.0ay R > 30.0ay
ab initio [83] experiment [72,73] ab initio [83] R™" expansion [98]
AL =-82cm™! AL =-82cm™! AL = —-82cm™! R > 27.9ay
R < 21.7ay

The spectral windows experimentally investigated for
different KRb isotopologues are summarized in Table I and
depicted in Fig. 1. Note that the two lowest levels v(/)(f ) =0,1
located around 9800 cm~' have been observed only very
recently [31] and have not been incorporated in the present
work.

Due to the lack of experimental data, accurate ab initio
calculations are necessary to complete the construction of the
PEC:s for the excited states. In the present work, we construct
piece by piece the PECs at small and intermediate interatomic
distance by combining the RKR potentials above with the
accurate PECs computed in our group [83]. Our approach
employs large effective core potentials and core polarization
potentials accounting for the K™ and Rb* ionic cores and is
based on full configuration interaction for the two valence
electrons built from a large Gaussian basis sets [14,101]. The
repulsive energy between the Rb™ and K™ cores,

Vee(R) = 720.125 exp(—2.10793 R)

(in a.u.) [102,103], is added to the calculated PECs. Finally,
all the PECs are connected through a spline interpolation to an
asymptotic expansion —Cg/R® — Cg/R® where the Cy and Cg
coefficients are taken from Ref. [98]. Details on the piecewise
construction of the PECS are displayed in Table II.

B. Spin-orbit interaction

The matrix elements of the W and W defined in Sec. 1D
are represented in Figs. 1(a) and 1(d). At large internuclear
distance, they are expressed in terms of the spin-orbit constant
of the Rb atom A/2 = AR /3 =79.198 cm™".

For = 0" [Eq. (1)], there is no available spectroscopic
nor theoretical determination of the diagonal Wj,(R) and
off-diagonal Wj,4(R) couplings. Thus, we used those of the
NaRb molecule [104] also involving Rb and therefore correctly
describing at large R distances the splitting between the

K(42S) + Rb(52P;) asymptotes. We assumed that as Na is
the nearest alkali metal of K, the couplings at small R are
similar in NaRb and KRb.

For Q =1 [Eq. (2)], the off-diagonal elements W,(R),
W.g(R), and W, g(R) are taken from the ab initio calculations
of Ref. [77].

C. Adjustment of the potential energy curves

The diagonalization of the Hamiltonian of Sec. IL E includ-
ing the above PECs and couplings yields energy levels vg, and
their composition in terms of electronic states.

For Q =07, the resulting levels v(’)+ are ascribed to

the series of perturbed levels arising either from A'Z+ (if
oty 0t
@, " > 1/2)or from b*I (w, " > 1/2) and are labeled

with the index v(/)(f ) or v(/)(f ), respectively. The energy spacing

between neighboring levels of a given series AG(v(')(f )) and
AG(vgf D) [Eq. (6)] is in good agreement with the experimental
results of Ref. [86] in the former case and of Ref. [97] in the
latter case for the *K®Rb molecule, justifying the vgf ) and
v(')(f) assignments. Before connecting them to their asymptotic
limit, we shifted the ab initio A= or b*I1 PECs by A% and
A2 in order to minimize the residuals between the calculated
and experimental energies of the perturbed levels. A cubic
spline interpolation is used to connect two adjacent domains
at small, intermediate, and asymptotic range. The obtained rms
for the residuals amounts to about 3 cm™! for the studied range
of levels (see Table I).

The H*T1 PEC determined above is then used for the Q = 1
case. The RKR curve of the ¢ state [75] is matched to
our ab initio curve at short and intermediate distances after
shifting it in energy by A! = —22.2 cm™! and in distance
by A}e . = 0.053qa, to match the experimental spectroscopic
constants.
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The case of the B'IT state is slightly more involved.
We use the RKR potential [72,73] given over a wide range
of distances and energies and we connect it at small and
intermediate R to the ab initio potential. An energy shift
AL =-82 cm™! is applied to both the RKR and the
ab initio curves for R < 21.7ay in order to minimize the
rms between calculated energies and experimental energies
measured in Ref. [97] for 3°K®Rb. Shifting the RKR curve
of Refs. [72,73] is actually not surprising. Indeed, this RKR
curve is extracted from observed B'IT levels extending from
the bottom of the potential (7, = 15012.493 cm™") up tolevels
lying ~100 cm~! above the K(4%S) + Rb(52 P, /) dissociation
limit at 16796.8 cm~!. The PEC is therefore assigned to the
fourth 2 = 1 state [hereafter denoted 4(1)] correlated to the
K(42S) + Rb(5% P3») limit at 17 034.4 cm™". Due to the strong
SOC the calculated 4(1) curve is shifted upwards compared
to the isolated B'TT PEC. The downward shift A,'B of the
RKR curve thus approximately compensates this effect and
our model correctly reproduces the B'IT levels with v, < 25
observed in Refs. [73,97], with an rms of about 4 cm™'.
In addition, the ab inito calculations reveal that there is an
anticrossing between the B'TI and (2)' TI PECs around 9.5a,
and around 15 550 cm™!. Our model does not take into account
this feature. Thus, we consider that our description of the
Q =1 states is valid only for vibrational levels with energy
smaller than the anticrossing energy location.

The assignment of the |2 = 1;v]) levels resulting from
the interaction between the »3T1, ¢3X 7, and B'IT states, in

terms of v/, v, and v/ labels is sometimes delicate.

For instance, the weights zzrl " (j = B,c,b) may be almost
equal for strongly coupled levels. This assignment is also
constrained by the necessity to avoid large irregularities in the
level spacing or in the rotational constants. Table I displays the
rms between calculated and experimental energies for levels
assigned to the three €2 = 1 states in various isotopologues:
FKERD [73,86,97], “°K¥"Rb [87], and *'K®'Rb [88].

D. Transition electric dipole moments

The TEDMs dx4(R) and dyxp(R) between singlet states
and dp,(R) and d.,(R) between triplet states are obtained
from our ab initio calculations [83] and are displayed in
Figs. 1(c) and 1(f). The rapid decrease of dxg(R)at R ~ Sag
is due to the avoided crossing between the B'IT potential
and the next (2)'TT potential. This pattern is in agreement
with the results of Leininger et al. [79], while the variation
reported by Kotochigova [77] is smoother and occurs over a
broader R domain 7.5ap < R < 12.5a,. We emphasize that in
the considered energy range, smaller than 16300 cm™!, the
relevant parts of the potential wells of the excited PECs do
not extend beyond R = 20ay, so that such a difference in the
TDMs should lead to different results for the optimal STIRAP
transitions. Note also that d.,(R) is larger than d;,(R) by more
than a factor 400, so that the [ B-c] STIRAP scheme is expected
to be more favorable than the [b-A] one.

IV. THE [b-A] STIRAP SCHEME WITH 2 = 0* LEVELS

Owing to the lack of experimental data for this scheme,
we restrict our study to the most abundant bosonic species

PHYSICAL REVIEW A 90, 033413 (2014)

3KB35Rb and to the bosonic >’ K®"Rb species, which is currently
widely investigated. Also, we only discuss the STIRAP
schemes starting from the v, = 29 level (with a binding energy
of 0.270 cm~! = 8.084 GHz) and the v, = 31 level (with a
binding energy of 0.005 64 cm~!' = 169 MHz). We recall that
level energies are generally given with respect to the bottom
of the X!+ PEC, unless otherwise stated.

First we can invoke simple arguments based on the Franck-
Condon (FC) principle to easily locate favorable intermediate
levels allowing the implementation of a STIRAP scheme.
The A'X*and H*I1 PECs cross each other at R ~ 9.lay.
From usual intuition, efficient transitions are expected to occur
toward levels v, with an energy close to the crossing location,
where strong triplet-singlet mixing takes place, thus enhancing
transition probabilities with both the initial v/, levels and the
v = 0 level [92,93]. Furthermore, as suggested in Fig. 1(b),
an efficient pump transition is expected to occur mainly at
the inner turning point of the a*-* PEC at R, = 9.273ay,
populating 0% levels with a turning point around R,. This
leads to the selection of the vj, = 19 level at the energy
11031.70cm™! [or abinding energy of 5910 cm™! with respect
to the K(4s) + Rb(5p) limit]. This level lies about 73 cm™!
above the [b-A] crossing and indeed presents an almost equal
singlet-triplet mixing. However, a look at Fig. 1(c) reveals that
the TEDM d,,(R) almost vanishes for R < 15ay, i.e., in a
range covering the b3IT well. This feature induces transition
matrix elements for the pump and dump transitions which
differ by a huge 2 x 107 factor (|d.o>"|*> ~ 1.7 x 1078 and

1d% %12 ~ 8.3 x 1073), thus preventing any implementation of
an efficient STIRAP scheme. We come back to this peculiar
feature of KRb in the Concluding Remarks.

A. Transition matrix elements in the 0* symmetry

The FC principle being invalid for selecting an efficient
STIRAP scheme, it is necessary to perform a systematic search
for possible STIRAP schemes looking at any intermediate level
vy.. Using the data of Sec. III we computed their binding
energies and the corresponding excitation energies, their
mixing weights [Eq. (3)], and their squared TMEs [Eqs. (7a)
and (7b)] for the pump and dump transitions. All these results
are reported in the Supplemental Material attached to this paper
for the ¥K®Rb and **K®"Rb isotopologues [91].

The squared TMEs are displayed in Fig. 2 for the **K®’Rb
species, on a doubly scaled graph with both the pump and
the dump transition energies. We recall that these energies
are evaluated by neglecting any HFS, which is a reasonable
assumption for the present purpose. The general trends of the
variation are similar for all isotopologues not shown here.

The change of the initial level from v, = 31 to v, =29
simply results in a global increase of the squared TMEs by
a factor of about 10. Indeed, the magnitude of the TMEs is
mainly determined by the short-range part of the v, wave
functions, only differing by a normalization factor for these
levels close to the dissociation limit. It should be noted also that
including the hyperfine interaction would bring, in principle,
another scaling factor depending on the amount of triplet
state in the chosen initial level (for instance, the one of the
Feshbach molecule). Thus, we assume here that for the sake
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FIG. 2. (Color online) Computed

v 3 . A
|d,,2+ “|? as a function of pump transition energy (bottom horizontal

squared matrix elements

axis) and |d;v£+|2 as a function of dump transition energy (top
horizontal axis) of the *K®Rb TEDM relevant for the [b-A]
STIRAP scheme through = 0" intermediate levels vy, . The pump
transition starts from the v, = 29 (solid red circles) and v, = 31
(open black circles) levels of a®X*, towards vibrational levels
vy of the A'S™ and b*IT coupled states located well below the
K(4%S, ) + Rb(52 Py ) limit. The dump transition (blue triangles)
starts from those levels to end into the v = 0 level of the X!XZ+
ground state. The inset enlarges the most favorable region where both
matrix elements are nearly equal. The intermediate levels v), = 88
and vy, = 103 (reached from v, = 31) and v,, = 90 and vy, = 105
(reached from v, = 29) correspond to optimal efficiency. The pump
transition frequency toward vy, = 103 and vy, = 105 are close to
the one of a 1064-nm laser.

of experimental efficiency the initial wave function has a pure
triplet character.

For pump transition energies below 7000 cm~!, only
low-lying levels in the H°TT well can be reached from the
uppermost ¢> X T, but their radial wave functions are located
at distances smaller than R, so that the overlap with v,
wave functions is negligible. Above Epymp, = 7000 cm™!,
the transition enters the zone of the avoided crossing. The
combination of reasonable wave-function overlap, mixed b-A
character of the 0 levels, and still weak TEDM results in
squared TMEs reaching a range of 1075-107> a.u., with a slow
increase when increasing energies. The oscillatory pattern of
the squared TME:s is induced by the interference between the
radial wave functions involved in the TME integral [Eq. (7)],
as well as the alternate main triplet or singlet weight of the 0"
levels.

Figure 1(b) shows that the X'X+ and b*I1 PECs are
surprisingly similar, which induces a fairly diagonal FC matrix
for such a spin-forbidden transitions Besides, the v, =0

level, readily assigned to vO+ = 0, contains a few percent of
singlet character with a wave function very similar in shape to
the one of the triplet component. This results in a surprisingly
high squared TME of about 0.01 a.u., enhanced also by the
high value of the dx, function [about 4.5 a.u.; see Fig. 1(c)]

PHYSICAL REVIEW A 90, 033413 (2014)

in the related R range. Note that this peculiar feature, together
with the long radiative lifetime (several us) of the v(’)(f) =0
level (which cannot decay to any of the a®*X* levels which
lie in a different R domain, while the TEDM is very low, as
already stated), is at the core of the proposal for a narrow-line
laser cooling of *' K®’Rb molecules in the rovibrational ground
level [31].

For vy, > 0 levels, the squared TMEs for the dump
transition decrease with the spatial overlap between the final
v = 0 wave function and the vj, ones. They increase again
when reaching the region of the [A-b] crossing (around
Eqump = 11000 cm™!) as the vy« levels acquire a strong singlet
component. Their magnitude culminates at about 2 a.u. around
Edump = 11500 cm™", thus being 10° larger than the squared
TMEs for the pump transitions.

B. Identification of the optimal 0% levels for STIRAP

Figure 2 shows that the squared TMEs of the pump and
dump transitions cross each other in two energy regions.
A first sharp crossing occurs for v6+ =15 (v(')(f) = 15) for
Epump = 6675.1 cm™' and Egymp = 10854.9 cm™!, with a
quite weak squared TME of about 10~7 a.u. A somewhat
more favorable region is shown in the inset of Fig. 2, where a
compromise between the low magnitude of the dp,, (R) function
and the weak spatial overlap between the v =0 and the
singlet component of the v, wave functions is reached. The
detailed information on the most favorable STIRAP process
for the 3°K® Rb and *K37Rb species is given in Table III. For
convenience, both the excitation energy and the binding energy
with respect to K(4s) + Rb(5p) are reported in the table.
The latter energy can readily be related to the K(42S;,,) +
Rb(5% P ») limit by subtracting (2/3)AR" = 158.398 cm™!.

We selected two optimal 0% levels in 3*K3’Rb, namely,
vy = 90 and vy, = 105 for implementing a STIRAP scheme.
The latter has a main singlet character and involves a pump
transition energy close to the one offered by a conventional
laser at 1064 nm, but with weak squared TMEs of about
1078 a.u. The former level, with a main triplet character, has
squared TMEs, with the v, = 29 level and the v = 0 level
about 100 times larger, and should definitely be recommended
in this situation. The table confirms that similar conclusions
can be drawn for the other level v, = 31 and the other
isotopologue ** K3 Rb. Obviously, other combinations of levels
could be identified using the Supplemental Material [91],
providing that the chosen laser intensities for the pump and
dump transitions compensate the difference in the squared
TMEs (as has been experimentally demonstrated, for instance,
for the 8’Rb'33Cs molecule [103]).

V. THE [B-c] STIRAP SCHEME WITH © = 1 LEVELS

The theoretical model is expected to be more accurate in
this case due to the large amount of available spectroscopic
data concerning the c>X*and B'IT coupled states visible
in Fig. 1 [31,37,72,73,75,86-88,97], which allowed us to
improve the quality of the PECs (Sec. IIIC). Note that
this is the motivation for naming the presently investigated
STIRAP scheme by the labels of these two states. In addition,
only little spectroscopic information is available for the H°I1
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TABLE III. Summary of the characteristics of the optimal transitions for the [b-A] STIRAP scheme through = 0" intermediate levels
v+ in K®Rb and *K¥Rb. Pump transition from v, = 29,31 a* %" levels are considered. The dump transition ends at v = 0 of the X'+
state. Both binding energy Ey;ng [relative to the K(4s) 4+ Rb(5 p) dissociation limit], and excitation energy E.,. (relative to the minimum of the
X' = *potential well) of the vy levels are given, with the weight of the A and b components [Eq. (3)]. The energies Epump and Egump and the

related squared transition dipole moments |de2+ " |? and |d;t§’+ |2 of the pump and dump transitions are also reported. Numbers in parentheses
hold for powers of 10.
391,85 391,87

Initial level K”Rb K"Rb
Vg 31 29 31 29
Intermediate level
Vgt 99 90 88 103 90 105
Eling (cm™") 3544.8 3795.2 3868.2 3450.1 3805.7 3403.4
Eey (cm™h) 134104 13 160.0 13 087.0 13505.1 13 149.5 13551.8

oy
w: or 0.928 0.903 0.926 0.092 0.921 0.058

+
zzrj o* 0.072 0.097 0.074 0.908 0.079 0.942
Pump transition
Epump (cm™) 9192.5 8942.4 8869.2 9287.3 8932.0 9334.2
4,5 (au) 7.7 (—8) 1.2 (—6) 9.9 (=8) 9.74 (—9) 1.35 (—6) 5.54 (=8)
Dump transition
Egump (cm™1) 133725 131222 13049.3 13 467.4 13111.8 13514.0
|dye o * (au.) 23(-8) 75 (=7) 2.75 (=7) 2.0 (-8) 8.0 (—7) 1.1 (~8)

state [31,84]. Figure 1(f) also shows that large TMEs are
anticipated for both the pump and the dump transitions as
both relevant TEDMs d,.,(R) and dxg(R) amount to several
atomic units in the region of the inner turning point of the
a*X 7 state and of the bottom of the B'IT and X' X+ PECs.

In contrast with the previous case, several attempts to
implement the desired STIRAP transfer relying on Q2 =1
levels have been achieved. The first successful experiment
concerns the fermionic *“’K®’Rb species created by MA
through a Feshbach resonance in a level that can be assigned
to a good approximation to the v, = 30 (or v, = —2) a’Z+
level. In a second step, the molecules were transferred tov = 0
with an efficiency larger than 90% [61,87,106]. The chosen
intermediate level was the v;(c) = 23 (coupled) level of the
Axfat14 5448 cm™!.

A recent proposal [88] starts from the v, = 21 axt
level bound by —15.90 cm™! below the K(4s)+ Rb(5s)
limit in the bosonic 'K®’Rb molecule. This level is initially
populated by PA followed by spontaneous emission. The
spectroscopic properties (including HFS) of Q2 = 1 coupled
levels with a strong ¢3S+ character (39 < v < 55) lying
in the 15124.9-15636.6 cm™! energy range were carefully
analyzed, revealing TMEs large enough for being intermediate
levels of a STIRAP scheme.

An optimal STIRAP pathway in 3°K®Rb has been iden-
tified with a purely spectroscopic investigation, i.e., by
combining two independent spectra probing the same excited
states reached from both v, a®> X% levels and from the v =0
X'+ level [84]. Let us note that such an approach does
not provide the mixture of B, ¢, and b character of the excited
level [85]. Thus, starting from v, = 21, the v;(B) = 7,8 excited
levels are good candidates for an efficient STIRAP transfer.

In the present section, STIRAP schemes starting from v, =
21 and v, = 29 levels and using intermediate 2 = 1 levels are

systematically modeled for the species of experimental interest
39K85 Rb, 39K87Rb, 40K87 Rb, and 41 K87 Rb.

A. Transition matrix elements in the 2 = 1 symmetry

The TME:s for the pump transitions from v, = 29 and for
the dump transition to v = 0 are displayed in Fig. 3(a) for
the *'K®Rb isotopologue. At the pump step, both »°IT and
3L components of the intermediate level can be excited
and the corresponding TMEs are separately drawn. For pump
transition energies below ~9300 cm~!, corresponding to the

bottom of the ¢*Xt PEC, the TMEs |d£iv“|2 (black trace)

are almost identical to the results for |dbu2+ . |> in Fig. 2. The

|afcvtiv“|2 curve (red trace) follows a similar variation, as the
3T+ component of these levels is small (with a weight smaller
than 0.0015), and similar to the one of the b3TI component.
However, it is still larger than |a’£(‘lv"|2 due to the d..(R)
larger than dj,(R) by about two orders of magnitude. Above

~9300cm™!, the |d:‘iv" |> TMEs suddenly increase as the ¢> X+
levels are reached, resulting in a large spatial overlap of the

vibrational wave functions. The |d,'"|*> TMEs remain at the
same level because the H°TT vibrational wave functions are
more and more oscillatory. As for = 0%, these curves are
strongly oscillating according to the alternate main character

(j: = b or ¢) of the corresponding levels.

The first points of |d;l)(() | are very similar to those reported
in Fig. 2. Then the TMEs are negligible, revealing a very
small admixture of B character in the v} levels until Eqymp ~

13500 cm™!, corresponding to the lowest vi(c) levels. A strong
coupling is then induced by the large spin-orbit interaction
taking place at the crossing between the B'TT and ¢* X * curves
around 7.3ay. In addition, the TEDM is large, dx 5 (R) ~ 3.5ay,
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FIG. 3. (Color online) (a) Computed squared matrix elements

|d;':“ | as a function of pump transition energy (bottom horizontal

axis) and |d;ﬁ |> as a function of dump transition energy (top
horizontal axis) of the *' K3 Rb TEDM relevant for the [ B-c] STIRAP
scheme through © =1 excited states. The pump transition starts
from the v, = 29 level of a*X*, towards vibrational levels v of
the B'II, ¢*T*, and H°I1 coupled states located well below the
K(4%S1,2) + Rb(5> P, ») limit. The curves for j, = ¢ (red solid circles)
and j, = b (open black circles) are displayed. The dump transition
(blue triangles) starts from those levels to end at the v = 0 level of
the X'X* ground state. (b) Magnification of the region of the most
favorable intermediate coupled levels. The v; = 101 and v{ = 165
are the optimal intermediate levels predicted by our calculations. The
level v; = 96 (assigned to vy" = 23) is analogous to the one used in
the experiment of Ref. [61] with Feshbach “°’K®Rb molecules. The
v; = 146 and vj = 152 levels exhibit a strong mixture of v}® =~ 7-8
and vy’ =~ 48-50 and could result in optimal STIRAP transfer in
3KERb [84].

in this range of distances [Fig. 1(f)]. The lowest B'TI levels
v;(B) are reached when Egyy, ~ 15000 cm™!, leading to

a further increase of |dg1)? |> by two orders of magnitude
for several coupled levels (v; = 120, 124, 127, 132, 136),
assigned to v;(B) = 0,1,2,3,4. The decrease for higher dump
energies above ~15 700 cm~! is not significant because
the avoided crossing between the B'IT PEC and the next
(2)'T1 PEC (not represented in Fig. 1) is not included in
our model. Note that this avoided crossing results in a huge
drop of the dxp(R) down to small magnitude beyond this
distance.
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The identification of an optimal intermediate level for the
STIRAP scheme will then concern levels with mainly ¢ and B
character, chosen in the pump and dump energy range depicted
in Fig. 3(b). In the following, we focus our study on three
cases. We first look for the optimal intermediate levels starting
with molecules initially in the v, = 29 level. Then we analyze
the experimental predictions for optimal STIRAP predicted in
3K3Rb for molecules produced through PA in the v, = 21
level [84] and extend these “spectroscopic” predictions to other
KRb molecules. Finally, we discuss the efficiency of a STIRAP
process transferring v, = 29 molecules into v = 0 through the
optimal intermediate level of the second case above.

B. Identification of the optimal intermediate 2 = 1 levels
for STIRAP

The characteristic of such levels are summarized in Table IV
for the ¥K®Rb and ¥K®Rb isotopologues and in Table V
for the “°K®”Rb and *'K®"Rb isotopologues. As previously
stated, two initial a> =% levels are considered, v, = 21,29. In
addition, we report in Table VI the levels which are involved
in the available experimental results, which we tentatively
characterize through our theoretical model.

Starting from v, =29, two sets of optimal levels are
identified for the four molecules. First the levels v{ ~ 100 are
located in the Eqymp ~ 14 625-14 675 cm™! range—below the

minimum of the B'TT PEC—and are assigned to v/l(c) =25o0r
26 with adominant ¢> £+ character. An equivalent efficiency of
the STIRAP process is predicted if it relies on the intermediate
levels v] ~ 162-165 around Egump ~ 15670 cm~!, now above
the B'TI minimum, presenting a strong mixture of ¢ and B
character, but for which a tentative assignment to v’l(c) levels is
proposed.

It is worthwhile to note that our predicted level vi = 99 in
40K®7Rb results in a STIRAP scheme very similar to the one
used in Ref. [61]. In this experiment, the intermediate level
v;(c) = 23 has been used to transform Feshbach molecules
from v, = 30 (orv, = —2)into v = 0 ground-state molecules.
This assignment is provided by the theoretical analysis of
Ref. [77] based on another set of ab initio potentials from
Ref. [81], which also calculated a squared TME for the dump
transition in very good agreement with the measured value.
In our model this level is assigned to v} = 95 and presents
a balanced mixture of b and c states (see Table VI). Clearly,
the description of the strongly mixed v’ = 95 level is very
sensitive to the details in the PECs, preventing a more detailed
interpretation of the observations. We ensured, however, that
using our v intermediate level to transfer 40K87Rb molecules
from the v, = 30 (or v, = —2) level ,leads to well-balanced
TMEs of |d/i" | = 0.002 a.u. and |dyy |2 = 0.0048 a.u. (and
a negligible |d;;(‘lu” 2=5x 1077 a.u.)

As a test of our model, we report in Table VI the
characteristics of the intermediate levels predicted by our
calculations for the STIRAP scheme determined from the
spectroscopic analysis of Refs. [84,85]. Starting from v, = 21,
the intermediate levels are assigned to UII(B) = 17,8, strongly
mixed to neighboring v and v'® levels, resulting in a set
of four levels v/ = 145,146,149, and 150 (indexed by «, S,
y, and §) in the table. We see that our calculated weights
justify such an assignment. Their calculated energies are in
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TABLE IV. Summary of the characteristics of the optimal transitions for the [B-c] STIRAP scheme through € = 1 intermediate levels
v} in ¥K%Rb and *K3’Rb. Pump transition from a* =+ levels v, = 29 (simulating a Feshbach molecule) and v, = 21 (populated by PA in
Ref. [84]) are considered. The dump transition ends at v = 0 of the X' X *state. Both binding energy Eyinq [relative to the K(4s) + Rb(5p)
dissociation limit] and excitation energy E.,. (relative to the minimum of the X'+ potential well) of the v/ levels are given, with the weight
of the B, c, and b components [Eq. (3)]. The energies Epump and Eqump and the related squared transition dipole moments of the pump and
dump transitions are also reported. The intermediate levels vi(c) =48 and vi(B) = 8 correspond the pump transition proposed in Ref. [84] for
39K¥Rb, starting from v, = 21. The same scheme also holds for **K¥’Rb with v|" = 44 and v = 8. These levels are found to be suitable
for a STIRAP transfer when starting from v, = 29. Numbers in parentheses hold for powers of 10.

3985 3987
Initial level K”Rb KRb
Va 29 21 29 21
Intermediate level
v 100 162 145 149 145 149 98 162 145 149 145 149
v 26 55 48 48 26 59 44 44
v 8 8 8 8
Eping (cm™") 2280.6 12728 1501.1 14416 1501.1 1441.6 2329.7 1278.0 15057 1446.5 15057 1446.5
Eexe (cm™) 14674.6 156824 15454.1 15513.6 15454.1 15513.6 14625.5 156772 15449.4 15508.6 15449.4 15508.6
o, 0271 0071 0040 0042 0040 0042 0314 0170 0.061 0.161 0061  0.161
o 0.726  0.566  0.584 0463  0.584 0463  0.683 0416 0651 0532 0651  0.532
] 0.003 0363 0376 0495 0376 0495 0003 0413 0288 0307 0288  0.307

Pump transition
Epump (cm™) 10457.0 11464.8 11236.5 11296.0 11251.1 11310.6 10407.9 11459.6 11231.9 11291.1 11246.8 11 306.0
‘df,}va 2 (au.) 6.29(—3) 6.19(—3) 1.73(—3) 2.64(—3) 4.17(—2) 6.37(—2) 5.62(—3) 4.73(—3) 1.44(—3) 3.57(—3) 4.66(—2) 8.36(—2)
‘d:[‘lvu 2 (au.) 5.23(=7) 6.31(—8) 5.46(—7) 1.43(—9) 3.01(—7) 4.74(—6) 5.78(—=7) 1.99(—6) 1.40(—6) 2.75(—6) 6.11(—6) 9.18(—6)
Dump transition
Egump (cm™) 14 636.7 15644.5 15416.2 15475.8 15416.2 15475.8 14587.8 15639.5 15411.7 154709 15411.7 154709

|y |2 @u)  7.93(=3) 6.58(=3) 1.08(—1) 6.80(—2) 1.08(—1) 6.80(—2) 7.30(=3) 6.10(=3) 7.39(2) 3.64(—2) 7.39(—2) 3.64(—2)

good agreement with the experimental ones, especially for STIRAP, while it is hard to reproduce the experimentally
the levels o (V@ =44) and y (v'® = 8) with theoretical determined TMEs. These levels lie in an energy domain only
energy higher then the experimental ones by only 1.07 and 220 to 250 cm™! below the upper optimal energy domain
1.70 cm™!, respectively. The calculated TMEs confirm that  identified with our model. In Tables IV and V we extended the
these four levels are suitable for implementing an efficient =~ modeling of this scheme for the four isotopologues, starting

TABLE V. Same as Table IV for the “*K*"Rb and *'K®¥’Rb isotopologues.

4087 4187
Tnitial level KRb K"Rb
a v, 29 21 29 21
Intermediate level
v 99 164 146 151 146 151 101 165 146 152 146 152
v 25 55 47 47 26 56 48 48
v ® 8 8 8 8
Eping (cm™") 23279 1269.0 1513.6 14409 1513.6 14409 2303.5 1279.5 1529.2 14472 15292 14472
Eexe (cm™") 14 627.3 156862 15441.5 155143 154415 155143 14651.7 156757 15426.0 15508.0 15426.0 15508.0
w,! 0413 0212 0421 0099 0421  0.099 0262 0051 008 0057 0.088  0.057
! 0.586 0558 0509 0431 0509 0431 0735 0669 0810 0378 0810 0378
! 0.002 0230 0070 0470 0070 0470 0.003 0279 0102 0565 0.102 0565

Pump transition
Epump (cm™) 10409.8 11468.7 11224.1 11296.8 11239.6 113124 104343 114583 11208.6 11290.6 11224.8 11 306.8

|d:(iv”|2 (a.uw) 4.32(—3) 5.46(—3) 9.76(—4) 5.26(—3) 5.30(—2) 4.41(—2) 8.26(—3) 6.84(—3) 6.02(—4) 5.51(—3) 6.79(-2) 2.43(-2)

|d,:[iv”|2(a‘u‘) 1.3(—6) 7.94(—6) 2.6(—6) 2.46(—6) 6.55(—5) 1.15(—6) 8.65(—7) 2.76(—7) 2.1(—6) 1.7(=7) 1.8(—6) 9.0(—6)
Dump transition
Egump (cm™) 14 589.9 15648.8 15404.1 15476.9 15404.1 15476.9 14614.6 15638.6 15388.9 15470.9 15388.9 15470.9

v

|dBX}2 (au) 4.84(=3) 5.1(=3) 1.4(=2) 7.7(=2) 1.4(=2) 7.7(=2) 7.64(=3) 6.54(=3) 3.2(=3) 9.4(=2) 3.2(=3) 9.4(=-2)
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TABLE VI. Energies of the coupled = 1 levels v| assigned from the present model and involved in the experimentally investigated
STIRAP processes. The experimental assignment in terms of levels of the ¢ or B state is given, together the calculated weights whl o tl}v‘ ,and
wcl *! The calculated squared TMEs for the pump and dump transitions are reported and compared to the experimental data. Two isotopologues
are addressed: the “°K®’Rb one for which an optimal STIRAP process has been successfully achieved [61] (the estimate provided by Ref. [77]
for the dump transition in **’K®Rb is also reported); the 3*K®Rb one for which optimal STIRAP processes have been predicted in [84] relying
on the intermediate level «, B, y, or § (see text). For these levels the product of the intensities of the pump and dump transitions is the largest.
Numbers in parentheses hold for powers of 10.

Initial level Ref. Exp. assigned level ~ Calc.v{  Energy (cm™) whl " w;vi wcl " ]deu,i,v“ g (a.u.) ]d,vgi; ‘2 (a.u.)
40KSTRD This work 95 14 540.21 0478  0.002 0.520 6.0(—4) 3.1(=3)
Exp. [61] v =23 14 545.01 2.5(—5) 1.44(—4)
v, =30 Theor. [77] 0210 0.002 0.788 3.24 (—4)
This work 145 15 454.07 0.040 0376 0.584 0.0417 0.1078
IKHRb Exp. [84,97] a9 =44 15 452.99 1.1 0.6
This work 146 15 466.78 0.038 0521 0441 0.0347 0.1510
Exp. [84,97] g:v® =17 15 459.55 1.9 0.5
v, =21
This work 149 15513.61 0.042 0495 0.463 0.0637 0.0680
Exp. [84,97] yiu® =38 15511.90 1.4 0.8
This work 150 15524.84 0354 0244  0.402 0.0520 0.0367
Exp. [84,97] s:v9 =46 15520.21 0.7 0.9

from v, = 21 and involving the analogous « and y levels with
calculated energies close to the experimental ones. Results for
levels lying in this favorable energy domain, for example, for
the B and § levels, are available in the Supplemental Material
attached to the present paper [91]. This demonstrates that this
favorable STIRAP scheme is general and can be applied to all
KRb isotopologues.

Finally, we predict that the above intermediate levels «
and y are also suitable for transferring v, = 29 molecules
into v = 0 ground-state molecules for all isotopologues. Their
characteristics are reported in Table IV for *K3%Rb and
9K8Rb (v = 145,149) and in Table V for “°K¥Rb and
4IK8Rb (v] = 146,151 and v] = 146,152, respectively).

VI. CONCLUDING REMARKS

Experimental results are often obtained before a complete
theoretical modeling of the physical system under study is
available. This is undoubtedly the case for the demonstration
of the first STIRAP transfer scheme achieved on ultracold
KRb Feshbach molecules by Ni et al. [61], relying on a partial
knowledge of the KRb molecular structure. By collecting
all the available spectroscopic and theoretical data on this
molecule, the present paper delivers a complete view of
the current knowledge of the KRb spectroscopy. This study
confirms the results of Ref. [61], that is the efficiency of the
[B-c] scheme used by the authors to set up their STIRAP
transfer. The additional knowledge brought by Kim et al. [84]
allowed us to predict a STIRAP scheme relying on molecular
transitions which is expected to be 100 times more intense
than the one used in Ref. [61].

Moreover, our results confirm the superiority of the [B-c]
STIRAP scheme compared to the [b-A] STIRAP scheme

which was previously used in Cs; [66] and explored later on
RbCs by the same group [69,105]. Despite favorable FC factors
for the pump step of the [b-A] scheme, the TEDM for the
upward a®* £+ — b3I1 transition around the inner turning point
of the a> =7 potential (located at R, ~ 9 a.u.) is surprisingly
small, i.e., 0.028 a.u. [83]. This induces a very weak pump
transition most often strongly imbalanced with the downward
X'+t — A'S* transition of the [b-A] scheme. However,
such a situation is probably not applicable to the entire series
of heteronuclear alkali-metal diatomics. Indeed, as reported
in Ref. [107], the electronic transition dipole moment for the
same transition in NaK, NaRb, and NaCs amounts to about
0.85 a.u. at the same internuclear distance of 9 a.u., which still
corresponds to the inner turning point of the a®> -+ potential
curve. Therefore, for these molecules, the [b-A] STIRAP
scheme is expected to rely on upward vibrational transitions
which are about 1000 times stronger than for KRb. Such a
result should be of interest for the ongoing experiments with
these molecules [57,58].
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