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OPTICAL CYCLE MODELLING FOR RbYb AND CsYb MOLECULES
D. N. Menailava® and M. B. Shundalau™”” UDC 535.34

The probabilities of two-step schemes (optical cycles) for the transition of polar RbYb and CsYb molecules from
highly excited vibrational states into the ground vibronic state were calculated. It was shown that the most effective
optical cycles involved the excited 2y 1/-state.
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Introduction. Cold (1 mK-1 K) and ultracold (<1 mK) polar diatomic molecules containing different alkali metals
are promising species for various basic and applied problems, e.g., verifying the theory of the electron dipole moment,
creating quantum computers, etc. [1, 2]. Polar diatomic molecules for these purposes must be produced in the ground and
so-called absolute rovibronic state X(v = 0, J = 0). Photoassociation is one method for synthesizing such molecules [1-3].
In it, atoms with a low translation temperature due to preliminary laser cooling form molecules in highly excited (near the
dissociation limit) short-lived vibrational states of the ground electronic state with internuclear distances far exceeding the
equilibrium value. The weakly associated atomic dimers exist in rotational states with small J values because of the low
initial temperature of the atoms. Then, a two-step scheme can be used for the transition of the molecules into the absolute
rovibronic state [4, 5]. In the first step, molecules with low rotational temperatures in weakly associated vibrational states
of the ground electronic state X(v"', J" = 0) absorb a pump laser photon and transition into vibrational-rotational states of
an excited electronic state £(v', J' = 1) (pump or transition 1 in Fig. 1). The pump laser wavelength can be adjusted to avoid
populating rovibronic states E(v', J' # 1) that are not involved in the scheme. The second step of the scheme occurs as a result
of stimulated radiative transitions of molecules from the excited rovibronic states E(v', J' = 1) into an absolute rovibronic
state X(v"" = 0, J"" = 0) (dump or transition 2 in Fig. 1). A pulse from a second laser phase-synchronized with the pump laser
is used to produce coherent pumping and stimulated emission and to avoid undesired spontaneous transitions and branching.
This stimulated Raman adiabatic passage (STIRAP) method [6] can completely control the population of internal degrees
of freedom, which increases practically to 100% the efficiency of a given optical cycle scheme. A suitable scheme with the
maximum probability for the cycle X(v", J" =0) — E(V', J' =1) — X(v" = 0, J" = 0) must be chosen for high efficiency.
In turn, the exact potential-energy functions (PEFs) of the ground and excited molecular states must be known in order to
construct and optimize the optical cycles. Such PEFs can be obtained by analyzing high-resolution rovibronic spectra or by
using quantum-chemical calculations at a high theory level.

Diatomic molecules containing an alkali metal and ytterbium atom (e.g., RbYb and CsYb) have constant electric-
dipole and magnetic-dipole moments because they contain an unpaired electron. This provides additional opportunities to
control gas molecules cooled to low and ultralow temperatures by using electric and magnetic fields [7, 8].

The term X2 of the ground electronic state of RbYb and CsYb corresponds to the dissociative limit Rb(5s) +
Yb(6s2) [Cs(6s) + Yb(6s2)] (limit I). Lower excited electronic terms 225" and 1711 arise from electronic configurations
Rb(5p) + Yb(6s2) [or Cs(6p) + Yb(6s2)] (dissociative limit IT). Terms X° 2yt and 275" correspond to states X 221+/2 and 2° DI
for calculating the spin—orbit coupling (SOC). Term 1’1 is split into 121'13/2— and 12H1 n-states. Figure 1 shows the PEFs of
RbYD lower electronic states [9]. The PEFs of CsYDb are analogous [10]. The next nine spin-mixed excited molecular states
of RbYDb arise by combining the Rb ground 28 term and the Yb excited triplet 3P term (dissociative limit III). Six CsYb
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Fig. 1. Optical cycle scheme involving ground X 22172- and excited 222172 -states of
RbYb: 1) excitation channel (pump); 2) stimulated transition channel (dump).

molecular spin-mixed states that arise by combining the Yb ground IS term and Cs excited 2D (five states) and g (one state)
terms (dissociative limits IV and V) are situated between dissociative limits II and III.
Electronic states of RbYb were studied experimentally [3, 7] and theoretically [8, 11-15]. Energies of only vibrational

states 7 and 15 were determined experimentally near the dissociative limits of the ground X 22;’/ » [3] and excited 12H1 n 7]
electronic states. It is noteworthy that the PEFs of the lower electronic states of RbYDb that were calculated by the different
methods differed considerably [8, 11-15]. The PEFs of the ground and several lower excited electronic states of CsYb were
also calculated [12, 15]. The results of these calculations were also inconsistent. The dissociation energy of the ground state
according to one calculation [15] was greater than three times that obtained from the other [12].

Herein, the previously calculated [9, 10] spectral and energy characteristics of RbYb and CsYb molecular vibronic
states were used to model optical cycles for the efficient transition of these molecules into the absolute rovibronic states.

Calculations. The overall probability of optical cycle P is proportional to the product of the probability P, XV_,JE_) v

of optical excitation X(v",J'") — E(v', J") and probability PEV%JX% v'=0.7"=0 4 the transition into the ground state E(v', J') —
X(v"=0,J"=0) (here, transitions with selection rules AJ = +1 are considered):

VTN T VS V=0, =0
PNPX—)E PE—>X >

where Py OV T BN — BV SpoxgY'S’" Y and EY 7, energies of rovibronic states; Sg.., y, strength of
the electronic transition line; qV"V", Franck—Condon factor; and s’ ,J”, Henley—London factor. The effect of rotational degrees
of freedom on the overall probabilities turned out to be insignificant (Henley—London factors equal to unity, energies of
rotational sublevels small because of a small rotational constant) and was not examined further because the molecules formed
by photoassociation had a very low rotational temperature.

Thus, transition dipole moments, which are proportional to the corresponding line strengths, must be considered first
when optimizing the optical cycle. Franck—Condon factors are also important and can differ by several orders of magnitude.
Furthermore, the excited-state lifetime, which is related to the existence of several additional channels for spontaneous decay,
can also be a significant factor.

The probabilities of vibronic transitions were determined from the PEFs of RbYb [9] and CsYb [10] ground and
lower excited electronic states that were calculated earlier using CASSCF/XMCQDPT2 multi-reference perturbation theory
[16] taking into account SOC [16]. The approximation used by us to solve multi-configuration problems considered static
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Fig. 2. Probabilities of optical cycles involving the ground X ) |/ and excited 22T |/o-states
of RbYb (a) and CsYD (b); in the insets, probabilities of highly excited vibrational states of
the ground electronic X" ) 172- state.

(CASSCF) and dynamic (XMCQDPT2) components of the electronic correlation energy. This in combination with relativistic
effects (SOC) can highly accurately reproduce [17, 18] experimental [19] energy and spectral characteristics of ground and
excited electronic states of both heavy diatomic molecules and complicated organic compounds [20]. In instances where
experimental data for the molecular parameters of PEFs of diatomic molecular electronic states are missing (e.g., RbYb
and CsYDb), the agreement between the calculated energies of electronic terms at the dissociative limits and the sums of
experimentally determined energies of states of individual atoms can act as an acceptance criterion for the results. The lower
electronic states of RbYb and CsYDb agreed within a few cm”! [9, 10, 21]. Thus, it was assumed that the calculated PEFs of
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Fig. 3. Probabilities of optical cycles involving the ground Xzzf/rz- and excited
1%11,, -states of RbYb (a) and CsYb (b).

RbYD and CsYb were also close to the experimental values. The PEFs and dipole moments of the electronic transitions were
calculated using the Firefly applied quantum-chemistry suite [22]; energies of vibrational states and PEFs, using the LEVEL
program [23].

Results and Discussion. Dipole moments of electronic transitions between ground X 2%}, and excited states arising
from electronic configurations of atoms at dissociative limits III (for RbYb and CsYb) and IV and V (for CsYb) were different
from zero only at small (3.5-8 A) internuclear distances R (Fig. 2 and [9]) because the corresponding transitions at the
dissociative limits were forbidden by selection rules for the atoms. Therefore, probabilities PXV”__))EV’ of optical excitation of the
molecules (actually atom pairs with large internuclear distances) from weakly bound vibrational states of the ground electronic
term lying near its dissociative limit into vibronic states of molecular terms arising from dissociative limits III, IV, and V were
equal to zero near R > 8 A. As a result, optical cycles involving these states turned out to be inefficient. Furthermore, states
belonging to dissociative limit IT were located between electronic states belonging to limits III, IV, and V and the X 22{'/2
ground state. Therefore, the existence of additional decay channels of excited states had to be considered when constructing
optical cycles involving states belonging to limit III. This decreased their average lifetime and reduced the cycle efficiency.

Thus, one of the states belonging to dissociative limit 11 (222172, 121'[3/2, or 12H1 1) was effectively used as the upper
electronic state to construct efficient optical cycles for RbYb and CsYDb.

Figure 2 shows probabilities of the existence of optical cycles for RbYb and CsYb involving excited state %% 172. The
probabilities were calculated for all vibrational states belonging to the X ) 1/o- ground and 2’2 1> excited electronic states (v =
045, v' = 0-125 for RbYb and v"" = 0-36, v' = 0-119 for CsYb). The probability distributions were normalized to the maxima
corresponding to transitions v’ = 0—v' = 6 for RbYb and v’ = 0—V' = 17 for CsYb. Each P value with coordinates (v”, v') in the
diagrams determined the probability of excitation from vibronic state X’ ) 172 (V") into state 222172 (V") and of radiative transition
into the X%/, (v = 0) state.

Figure 2 indicates that optical cycles for states with v’ = 0-10 were most efficient. Nevertheless, these excitation
channels and stimulated emission of excited vibronic states were not suitable for photoassociation of diatomic molecules
because the resulting molecules existed in highly excited vibrational states. Probabilities of optical cycles for these states
were units of percent of the maxima (Fig. 2, insets). Optical cycles were most efficient for v’ = 3045, v/ = 4-8 for RbYb and
V" =19-36, v/ = 13-23 for CsYD for weakly bound vibrational states lying near the dissociative limit.

Figures 3 and 4 show analogous optical cycle schemes involving upper electronic 12H3/2— and 121'[1 p-states. Here,
the probabilities were also normalized to the corresponding maxima for cycles involving the 2%y 1/ state. Probabilities were
calculated for all vibrational states belonging to the ground and excited I1-states: v = 0-142 for 12H3/2, v/ =0-167 for 12H1 n
(RbYb); v' = 0-137 for 1%I13)5, v/ = 0-144 for 1711, » (CsYb).

Figures 3 and 4 show that optical cycles involving excited [1-states were considerably less efficient. The probabilities for

optical cycles involving 2%y /> and Il-states differed primarily by the dipole moments of the corresponding electronic transitions.
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Fig. 4. Probabilities of optical cycles involving the ground X22172- and excited
1%11,, -states of RbYb (a) and CsYb (b).

The average transition dipole moments of the X 2y h— 2%y 1/ transition for RbYb and CsYb were ~8.5 and 9.2 D over a broad
range (3.5-20 A) of internuclear distances whereas those for the X ) i — 121'[3/2 and X°X 1 — 1’1 12 transitions decreased
from 8-9 D for R=15-20 A to 2 D near R=4 A [9, 10]. However, the difference in the Franck—Condon factors, which were 1-2
orders of magnitude less for transitions from the I1-states than from the 2’z |o-state, played the decisive role.

Conclusions. Probabilities of optical cycles for efficient transition of polar diatomic RbYb and CsYb into an absolute
rovibronic state involving lower excited electronic states were analyzed. It was shown that two-step schemes through the
following channels were most efficient for transitioning RbYb and CsYb molecules formed by photoassociation from highly
excited vibrational states into the ground state: X°2,h (v/' = 30-45) — 22X}, (v' = 4-8)— XX,/ (v" = 0) for RbYb and X*2),
(V' =19-36) — 2227, (v' = 13-23) — X?217, (v = 0) for CsYb.
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