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We report on the production of ultracold heteronuclear NaCs* molecules in a dual-species magneto-
optical trap through photoassociation. The electronically excited molecules are formed below the Na
(3S1/2) + Cs (6P ») dissociation limit. 12 resonance lines are detected using trap-loss spectroscopy
based on a highly sensitive modulation technique. The highest observed rovibrational level exhibits
clear hyperfine structure, which is detected for the first time. This structure is simulated within a
simplified model consisting of 4 coupled levels belonging to the initially unperturbed Hund’s case

a” electronic states, which have been explored in our previous work that dealt with the Na (351,2)
+ Cs (6P3/,) asymptote [W. Liu et al., Phys. Rev. A 94, 032518 (2016)]. Published by AIP Publishing.
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. INTRODUCTION

Recently, immense interest has been focused on the pro-
duction and investigation of ultracold heteronuclear polar
molecules due to their intrinsic permanent electric dipole mo-
ment in the rovibrational ground states and their long-range
anisotropic dipole-dipole interactions, both of which are
inaccessible in ultracold atomic systems.! These novel fea-
tures have made the polar molecules ideal candidates for
precision measurements,”> quantum computation,® quantum
chemical reactions,* and quantum simulation of condensed
matter systems.>® In recent decades, significant successes
have been witnessed in the creation of ultracold fermionic
40K87Rb’ and 2*Na**K?® molecules and bosonic 8’Rb!33Cs%10
and *Na¥’Rb!! molecules, all of which were achieved by
coherently transferring the weakly bound Feshbach molecules
via a Stimulated Raman Adiabatic Passage (STIRAP) to their
absolute rovibrational ground states.

Most of the studies on the ground electronic states of
heteronuclear polar molecules have been achieved, e.g., by
spontaneous decay in the case of RbCs'?> and LiCs'? or by
using an auxiliary laser which couples the excited molecu-
lar state to a ground state as for KRb,'* but efforts are still
required to obtain precise knowledge of the excited electronic
molecular structures.’> Photoassociation (PA) has served as
a simple and rapid approach to produce ultracold molecules
far below 1 mK.'® Meanwhile, high resolution PA spec-
troscopy (PAS) has enabled the obtainment of rich information
about molecular structures and the precise measurement of the
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fundamental physical constants including their hypothetical
time variation'’2° and the s-wave scattering lengths.>' >3

PA of ultracold polar molecules has been realized in
diatomic species with different combinations of alkali met-
als (i.e., LiNa, LiCs, LiRb, KRb, NaK, and RbCs)"3*+%’
or alkaline-earth metals (i.e., RbYb and LiYb),223031 whose
excited molecular states at large inter-nuclear separations
present a van der Waals potential proportional to 1/R® (where
R is the nuclear distance). The NaCs molecule possesses the
second largest permanent electric dipole moment (4.6 D?)
among all the heteronuclear alkali diatomic molecules, and its
ground state is expected to be stable against two-body inelas-
tic collisions.**** It should be noted that the strong spin-orbit
mixing in the excited A'X* — HII state complex of NaCs
can lead to large vibrational wave function perturbations,
which facilitate radiative stabilization directly into the vibra-
tional ground states. Finally, as NaCs molecules have only
one stable bosonic isotopomer, these systems are prospects
for the Bose-Einstein Condensation (BEC) of polar molecules.
These distinctive merits made the NaCs molecules intriguing
for various ultracold molecule applications.>®

Due to these characteristics, a number of spectroscopic
investigations on NaCs have been performed in hot molecular
samples during the recent years, and various states, i.e., the
3L AL, K311, X' =+, a2+, 5310, and 12(0%) states of NaCs,
have been analyzed.*>37~*! Nevertheless, at a lower temper-
ature far below 1 mK, the ultracold polar NaCs molecules
demonstrate their advantages with enhanced accuracy and
resolution. By using the PA approach, the ultracold NaCs
molecules were created by Bigelow and co-workers for the
first time.*> Photoassociation spectra for several electronic
states of NaCs molecules, i.e., the 1'Z+,*2 the 32+, the B,

Published by AIP Publishing.
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and the X'X*4* states, had been obtained using the ionization
detection technique.*>*® Ground-state NaCs molecules have
been reached by the decay following the PA process*® or by
optical pumping approaches.*’ Although featured by its zero-
background signal and high sensitivity, the ionization method
can only detect partial molecular states and does not provide
useful molecular information such as PA transition intensi-
ties due to the interference from the ionization laser.*® As an
alternative approach to obtain the PAS, the trap-loss detection
technique,*® which directly monitors the fluorescence from
the trapped ultracold atoms, is feasible for characterizing the
majority of the electronic states in NaCs. High-resolution trap-
loss spectroscopy (TLS) provides precise binding energy data
for molecular rovibrational levels. In addition, it conveys rich
information about their relative transition strengths,50 which
is of key importance to understand ultracold collisions, to ver-
ify ab initio theoretical predictions and to perform quantum
simulations based on the creation of ultracold NaCs ground
state molecules.

However, as the Franck-Condon factors (FCFs) of PA
transitions are extremely small for heteronuclear molecules
and the sensitivity of trap-loss detection is not sufficiently
high, there were previously few reports on TLS for NaCs
molecules.’!>2 Detailed studies on NaCs molecular TLS,
especially for the mixed A'=* — b*I1 singlet-triplet states and
for the molecular hyperfine structures, are required for many
potential applications of ultracold polar molecules.’?>3

In this paper, we demonstrate the high-resolution trap-loss
spectroscopy of ultracold polar NaCs molecules below the Na
(3S12) + Cs (6P1/2) asymptote (corresponding to the cesium
atomic Dy line at 894 nm), which are induced by the PA of a
dual-species Na—Cs magneto-optical trap (MOT) using a mod-
ulation spectroscopy technique.> 12 rovibrational levels were
observed, whose electronic components have a blended nature
with prevailing A'X* and 511 characters. The hyperfine struc-
ture of the highest observed ro-vibrational level is registered
and analyzed. Although the computational model is simple, it
reproduces the overall characteristics of the hyperfine structure
in the experimental spectrum.

J. Chem. Phys. 148, 174304 (2018)

This paper is organized as follows. In Sec. II, we briefly
overview the experimental schemes and the setup. In Sec. III,
we demonstrate the experimental results for the PAS of the 12
rovibrational levels of NaCs molecules. The theoretical model
simulations for the observed hyperfine structures are presented
in Sec. IV. Finally, the conclusions are given in Sec. V.

Il. EXPERIMENT

As Fig. 1 depicts schematically, the experiment was car-
ried out in a dual-species Na-Cs apparatus; most of these
details were described in our studies on the c>X* excited state
of NaCs below the dissociation limit 3S;,» + 6P3/2.%2 Here, we
present some key characteristics of the setup.

A mixture of ultracold sodium and cesium atomic species
was loaded and confined in a rectangular transparent quartz
vacuum chamber with a background pressure of 1 x 1078 Pa.
Dark-spot magneto-optical traps (dark-SPOTs)*> were over-
lapped at the center of the chamber for both species to provide
the cold samples with a high atomic density and a low colli-
sion rate. The 2’Na (133Cs) dark-SPOT typically contains an
atomic number of Nn, ~ 9 X 10° atoms (N¢s ~ 6 x 107) with
a density of nn, ~ 2.0 X 10° cm™ (ncg ~ 1.5 x 10° cm™).

In the dark-SPOTs, the Na (Cs) atoms were mainly pop-
ulated at the lower hyperfine level F = 1 (F' = 3) of the 35/,
(6S1,2) state. However, a contribution from the Na F = 2 state
was also indicated in the experiment (see below), when the
temperature was ~200 uK (~120 uK), which was measured
using the time-of-flight method. Photoassociation was induced
by a cw tunable Ti: sapphire laser system (MBR110) with a
typical linewidth of less than 100 kHz and an output power up
to ~3.5 W. A diode laser with an output at 532 nm (Verdi-
18, a maximum power of ~18 W) served as the pumping
laser. The PA laser beam was collimated to a 1/e? diameter of
0.78 mm with a maximum available average intensity of ~750
W/cm?. The absolute frequency of the PA laser was monitored
and measured using a commercial wavelength meter (High
Finesse-Angstrom, WS/U) with an accuracy of 30 MHz. The
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FIG. 1. (a) Schematic diagram of the PA process. Poten-
tial energy curves for NaCs below the 3S;, + 6P/
asymptote and the transition branches in the PA process
are demonstrated. (b) The experimental geometry and the
laser configuration used in the dual species MOT. Color-
ful lines in the x and y planes are the o/~ circularly
polarized cooling laser beams for the Na (yellow) and Cs
(purple) MOTs, respectively. Repumping laser beams for
the Na and Cs MOT's counter-propagated along the y axis,
and their centers were both blocked with a hole of 5 mm.
The depumping laser beams, as well as the vertical cool-
ing laser beams, are not shown. PA laser beam (brown)
transmits through the square window of the quartz cell
and interacts with the Na—Cs MOTs.
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wavelength meter was calibrated against the Cs atomic hyper-
fine resonant transition, 6S;,2(F =4) — 6P,»(F’ = 4), which
corresponds to a wave number of 11 178.151 cm™.

As the simplest technique for detecting a PA transition,
trap-loss detection is accomplished by monitoring the number
of the trapped atoms remaining in the MOT. The formation
of ultracold polar NaCs molecules leads to losses for both
trapped Na and Cs atoms. In this way, the photoassocia-
tion process influences the balance of the numbers of atoms
between the loading and loss processes by inducing an addi-
tional loss mechanism. By recording the variation of the DC
voltage while fluorescence was emitted from the atoms along
with the corresponding PA laser frequency, the number of
trapped atoms in the MOT is measured. Thus, a typical PA
spectrum is acquired.’* Fluorescence from the Cs and Na dark-
SPOT is collected separately: for the Cs atoms, an avalanche
photodiode (APD) along with a convex lens was utilized,
while a photo-multiplier (PMT) was used for the Na atoms
to increase the detection sensitivity. Bandpass filters (852 nm
for Cs and 589 nm for Na) were placed over the APD and
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PMT, respectively; the purpose was to shield stray light from
the environment. Lock-in technology was used to improve the
detection sensitivity of trap-loss spectroscopy by modulating
the fluorescence of the ultracold atoms*>¢ with modula-
tion frequencies of 3.2 kHz (3.4 kHz) for Na (Cs) atoms. Two
lock-in amplifiers (Stanford Research SR830) were utilized to
demodulate the fluorescence, which was recorded along with
the PA laser frequency by a computer.

PA resonance leads to the formation of ultracold polar
NaCs molecules in an electronic excited state and to the losses
for both the trapped Na and Cs atoms. By monitoring the loss of
Na’s atomic fluorescence signal, the PAS for ultracold polar
NaCs molecules are precisely obtained. The maximum loss
ratio of the signal is about 0.55.

lll. EXPERIMENTAL RESULTS

The trap-loss spectra are shown in Figs. 2 and 3.
The abscissas give the energies relative to the limit of
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FIG. 2. The experimental PA trap-loss spectra (solid
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Na(3S1/2) +Cs (6P1/2). Besides our experimental data, we also
show in Figs. 2 and 3 the binding energies reported in Ref. 57
(circles) with their electronic and ro-vibrational assignments
(see legends), which are the closest values to our observed
resonances. Almost all our spectra exhibited pairs of peaks
(collections of peaks) separated by ~1.8 GHz. This value is
equal to the gap between the Na F = 1 and F = 2 states.
Hence, we interpret the left peaks as transitions from the scat-
tering state Na (F' = 2) + Cs (F = 3), which obviously has
not totally decayed in our sodium dark-SPOT. However, we
have accepted the electronic and ro-vibrational assignments
proposed in Ref. 43 for our PA resonances. In this context, we
must emphasize that attributing near-dissociation levels to a
definite Hund’s case “a” electronic state is simply done out of
convention: in fact, they are blends of components from dif-
ferent electronic characters caused by the fine and hyperfine
coupling.

It is known that the strong PA laser field in the MOT is
able to cause frequency shifts of the observed transitions,>® but
their characteristic values are noticeably less than the natural
linewidths, and their registration requires special experimental
techniques, which were not employed in the present work.

The highest observed level (the tentative assignment is
Als*t v=127,J = 1) exhibits clear hyperfine structure. To
the best of our knowledge, this structure was registered for the
first time by us. The results of the simulation of this hyperfine
structure are described in Sec. I'V.

IV. MODEL SIMULATION

We have used the same simplified model, which was
applied to the PA spectra for NaCs near the Na (3S1/2) + Cs
(6P3/2) asymptote in our previous work.>2 The main idea was to
consider 4 initially unperturbed levels belonging to the Hund’s
case “a” electronic states with symmetries of Iy 3% 1, and
31 and to mix them with various fine and hyperfine mecha-
nisms. The relative positions of these levels are fitted to get the
best reproduction of the experimental spectrum; the coupling
parameters are also slightly adjusted, but they maintain mag-
nitudes close to the values at the atomic limit. In the present
work, we also adjusted the rotational constants of the levels,
while trying to keep them close to the estimates based on the
results from Ref. 57. The intensities are computed for transi-
tions from the s-wave states of the lowest atomic limit with
the help of the appropriate equations presented in Ref. 52. It
is obvious that such a model is more qualitative than quanti-
tative; however, this model allows one to reveal the physical
mechanisms underlying the observations. A more elaborate
quantitative model must involve the interactions between dif-
ferent vibrational states, which could be achieved via solving
a multichannel Schrédinger equation; this would require far

J. Chem. Phys. 148, 174304 (2018)
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FIG. 4. The experimental trap-loss spectrum (circles) for the transition from
the scattering state Na (3Sy/2, F = 1) + Cs (6Sy/2, F = 3) to the molecular ro-
vibrational level NaCs (A'=*, v = 127, J = 1) with hyperfine structure and its
simulation with low (red curve) and high (blue curve) resolution, respectively.

more intense computations. All the details and the necessary
equations are contained in Ref. 52.

The strong spin-orbit (fine) coupling splits the modeled
levels into two largely separated groups that belong to the lim-
its of Na (3S51/2) + Cs (6P1,;) and Na (3S1/2) + Cs (6P3/2).
In Ref. 52, we tracked the levels of the higher [Na (3S51/2)
+ Cs (6P32)] group, while in the present work, we tracked the
levels of the lower [Na (3S1/2) + Cs (6P1/2)] group. Turning on
the hyperfine interaction reveals the hyperfine structure of the
levels. Our final simulations of the peaks belonging to transi-
tions to the Na (F' = 1) + Cs (F = 3) state (the right part of the
bottom panel of Fig. 3) are shown in Fig. 4. The comparison
between the experimental spectrum and the simulation is not
ideal, butitis quite satisfactory for such a restricted mathemati-
cal model. Notice that most of the high-resolution lines in Fig. 4
are separated by intervals less than their natural linewidths, i.e.,
15.02 MHz, which equals the sum of the natural linewidths of
the Cs atom (5.23 MHz) and the Na atom (9.79 MHz) and is
close to the observed experimental linewidths; thus, they are
indistinguishable physically.

The computed individual hyperfine components on the
NaCs (A12+, v =127, J = 1) level are listed in Table I, where
they are labeled by the only one strict quantum number F.
Notice that two of the high-resolution lines (E = 1.8725 cm™!
and E = 1.8686 cm™') in Fig. 4 are in fact unresolved double
lines.

All the model peaks in Fig. 4 represent hyperfine molec-
ular sublevels of the blended electronic nature, mostly 1y and
3TI with small intermixes of > and 'TI. The fractions of the
31 character are larger than the fractions of the ' character
despite the assignment of the level as the one belonging to the
AT+ state; we assume that this could be an artifact of our mod-
eling, although a strong coupling of the A'X* and 5’11 states is

TABLE 1. Computed individual hyperfine components on the (A'X*, v =127, J=1) level: binding energy

-1

E cm™" versus the strict quantum number F.
E 1.8804 1.8783 1.8756 1.8726 1.8725 1.8719 1.8711 1.8704 1.8700 1.86862 1.86861
F 2 3 4 1 5 2 3 3 4 4 5
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indeed expected (see the Introduction). Rather surprising for
us was the fact that all these sublevels possessed more than 0.9
of the character for the rotational state J = 1, which confirmed
the rotational assignment that was initially based on compar-
ison of our results with those from Ref. 57. The dominant
quantum number Q is zero (otherwise noticeable contributions
from the A'X* state would be impossible). The strict quantum
number F for the hyperfine sublevels spanning values from
F=1toF =5islisted in Table I.

V. CONCLUSIONS

We have observed the trap-loss spectra for 12 ro-
vibrational levels in ultracold NaCs heteronuclear molecules
below the 35,2 + 6P} /2 asymptote. The hyperfine structure of
the highest observed level A'S* (v = 127, J = 1) is recorded
for the first time. This hyperfine structure is simulated within
a simplified model containing four coupled levels belonging
to different initially unperturbed Hund’s case “a” electronic
states. The simulation illustrates that the level possesses mixed
electronic nature with dominant character from the A'=* and

b1 states.
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