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We report on photoassociation spectroscopy probing the ¢*Z;" potential of the bialkali NaCs molecule,
identifying 11 vibrational lines between v' = 0 and v’ = 25 of the excited ¢*E; potential and fitting their
rotational and hyperfine structure. The observed lines are assigned by fitting to an effective Hamiltonian model
of the excited-state structure with rotational and hyperfine constants as free parameters. We discuss unexpected
broadening of select vibrational lines and its possible link to strong spin-orbit coupling of the ¢*Z; potential
with the nearby 5*I1; and B'T1; manifolds. Finally, we report use of the v’ = 22 line as an intermediate state
for two-photon transfer of weakly bound Feshbach molecules to the rovibrational ground state of the X' T+

manifold.
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I. INTRODUCTION

Ultracold molecules have in the past two decades been
demonstrated to offer a flexible platform for experimental
studies of collisions and chemical reaction dynamics [1-6],
many-body physics [7-9], and precision measurement for
fundamental physics [10-14]. Individually trapped molecules
prepared in single quantum states show further promise
for quantum information processing [15-20]. The realiza-
tion of these experiments has been enabled by significant
advances in methods for preparing and controlling ultra-
cold molecules, using both direct laser cooling and trapping
[21-25] and association from ultracold constituent atoms in
bulk gases and individual optical traps [26-35]. This rapid
proliferation of experimental approaches was facilitated by
spectroscopic investigations of relevant molecules, using the
tools of atomic and molecular physics. Such investigations
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have yielded precise measurements of molecular binding en-
ergies, rotational constants, Franck-Condon factors, transition
dipole moments, and higher-order perturbations to molecular
potentials [36—42].

In prior work from our group, we reported on the coherent
production of a rovibrational ground-state NaCs molecule in
an optical tweezer by first magnetoassociating a cotrapped
Na and Cs atom pair to a weakly bound Feshbach molecule
followed by performing two-photon Raman transfer to the
rovibrational ground state [28,43]. NaCs in its rovibrational
ground state has one of the largest electric dipole moments of
the bialkalis (4.6 D) [44], making it a promising candidate for
quantum science applications such as quantum computing and
quantum simulation. In a separate work from our group, we
demonstrated an all-optical approach to coherently transfer
from a single pair of atoms in an optical tweezer to a weakly
bound molecule with a binding energy of 770 MHz [27].
The successful demonstration of these two-photon molecule
creation techniques relied on a good understanding of the
excited states that serve as the intermediate in both transfer
processes.

In this paper, we present a spectroscopic investigation of
the *T_, potential of the NaCs molecule, using direct laser
excitation of single atom pairs in optical tweezers. The rele-
vant potential curves of NaCs are shown in Fig. 1 [45-48].
We observe multiple vibrational lines of the ¢*E; potential
between v’ = 0 and v’ = 25. The starting point for photoas-
sociation is a pair of ultracold atoms jointly occupying the
ground state of an optical tweezer, from which it is possible
to probe the lowest few rotational levels of each vibrational
line with rotational and magnetic sublevel resolution. All of
the resolved lines are assigned with the aid of an effective
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FIG. 1. Relevant potential energy curves of NaCs. Singlet X' &+
(green) and triplet a32]+ (purple) curves at the Na(3s) + Cs(6s)
threshold are from Ref. [45]. At the two Na(3s) + Cs(6p) thresholds
we show empirical potentials for the Q = 1 components of the »°I1
(yellow), c3 X+ (blue), and B'IT (orange) curves from Refs. [46-48].
These states can also be labeled in the Hund’s case (c) basis as
2)2=1,3)2=1and (4)Q = 1, respectively.

Hamiltonian model of the excited state. In previous work,
we used the same model Hamiltonian to assign lines in
the spectrum of the v' = 26 manifold, probed using photon-
scattering-induced loss of a single weakly bound Feshbach
molecule [28].

The paper is organized as follows: in Sec. II we discuss
the model of the atomic scattering states, and excited and
ground molecular electronic states that are used to fit spectra
throughout this paper. In Sec. III we report photoassociation
spectroscopy and line assignments of multiple vibrational
lines of the excited c321+ potential of NaCs. In Sec. IV we
discuss our observation of anomalously broad linewidths of
states in the ¢> % ~b*T1|-B'T1; complex and its possible link
to the onset of strong coupling between the Hund’s case (a)
basis states in the complex. Finally, in Sec. V we demonstrate
two-photon transfer to the rovibrational ground state using
the |J = 1, my = 1) component of the newly resolved v/ = 22
vibrational state as an intermediate.

II. EFFECTIVE HAMILTONIAN MODEL

A. X excited state

The ¢*E;" state of NaCs can be described in the Hund’s
case (a) basis, as we do here, or in the case (c) basis, in
which it would be labeled (3)2 = 1 [49]. We choose to rep-
resent the state in the case (a) basis with quantum numbers
[ASX; JQmy) | Inamy, ) |Icsmy,, ). Uncoupled nuclear spins are
appropriate given the high magnetic fields of 10-860 G used
for the spectroscopy reported herein. The high degree of spin-

orbit coupling in the c-b-B complex splits the > lines
from equivalent 3 %, lines, which we have not observed
experimentally, by as much as 1 THz [50]. We therefore do
not consider any terms which mix |2| = 0, 1 states. We model
the hyperfine structure of the lowest few rotational levels
of A>T using an effective Hamiltonian including rotational
structure, electron-spin—nuclear-spin hyperfine interactions,
Zeeman splitting, and an effective 2-doubling interaction,

Hpse =BJ? +anaIna - S+ acodc - S
+ gsupBS; + Hg, @)

where B is the rotational constant of the molecule and B is
the applied magnetic field. an, and as are effective hyperfine
parameters which describe the strength of each nucleus’s mag-
netic dipole contact interaction with the electron spin. We do
not consider quadrupolar hyperfine interactions, which, based
on the hyperfine splittings of Na and Cs atoms, should be two
to three orders of magnitude smaller than the dipolar term.
The Q-doubling Hamiltonian matrix elements, (Q'| Hg |Q2) =
‘%’ dqr.—q, lift the 2 degeneracy, causing the eigenstates of
Hysgr to be states of good parity |P = +£) ~ |Q2) £+ |—Q).
Because we access only one of these parity states in the
experiment, the value of w,; cannot be determined, so we fix
it at an ad hoc value of 5 MHz and neglect the dependence of
the doubling on J. To estimate its Franck-Condon couplings
to the Feshbach and X' T states, we model the vibrational
structure of the ¢ = state using the experimental potential of
Ref. [47]. Given that we only consider states with |Q2| = 1, we
absorb terms that depend only on €2 into the overall vibronic
energy, such that the line assignment is the same in both the
Hund’s case (a) and (c) bases.

B. Scattering state

Following Refs. [43,45], we use a coupled-channel model
for the atom scattering state that includes full details of the
a*T (triplet) and X' = (singlet) molecular potentials which
tend asymptotically to the free-atom ground state. This model
is designed to describe the Feshbach resonance at 864.11 G
used for adiabatic preparation of weakly bound molecules
[43] and can predict the bound vibrational and unbound scat-
tering wave functions of the atom pair for any combination
of initial atomic hyperfine states. The model Hamiltonian
consists of Na and Cs hyperfine interactions, Hy, cs, singlet
and triplet channel molecular potentials denoted by Vxix+(R)
and V5 D (R), and a magnetic dipole-dipole interaction V;(R):

Hr(R) = Hyn, + Hcs + Ps—o Vxi15+(R)
+ Ps=1 Vs (R) + Va(R), (@)

where Ps_o and Ps_; are projectors onto singlet and triplet
subspaces. We use functional forms of the singlet and triplet
potentials and V, term given in Ref. [45], with the former
being a refinement of potentials originally defined in Ref. [51].
We solve the coupled-channel problem in the spin-coupled
basis |N, my; S, ms; Ina, My, ; Ics, my,), including only chan-
nels with no rotational angular momentum, |N = 0, my = 0).
Depending on the choice of initial atomic state preparation,
we restrict the incoming channels to only those with m, =
M, + mj., = 4 or 6.
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In Sec. V of this paper we discuss two-photon transfer to
the rovibrational ground state of NaCs in the X' X% potential,
building on work in Ref. [28]. We model the rotational and
hyperfine structure of the rovibrational ground state using the
Hamiltonian and hyperfine constants given in Ref. [52]. For
the vibrational wave function we use the same X ! ©* potential
from Ref. [45] that describes the singlet component of the
atomic scattering state.

III. PHOTOASSOCIATION SPECTROSCOPY

To probe the electronically excited ¢*E; potential, we
perform photoassociation (PA) spectroscopy on pairs of Na
and Cs atoms cotrapped in a single optical tweezer [53].
Both atoms are Raman sideband cooled in separate optical
tweezers, which are then adiabatically merged into a single
trap [54,55]. In this paper, the atom hyperfine states are
initialized to either |F =2, mp =2)\, |F =4, mr =4)¢,
with total magnetic quantum number myy =6, or
|F =1,mp = 1)\, |F =3, mp = 3)¢, With my = 4. The
myy = 6 scattering state is probed at a magnetic field of
8.8 G, while the m,, = 4 state is probed at a high magnetic
field of 860 G, close to the Feshbach resonance in this channel
[43,45]. The magnetic field defines the quantization axis in
our system and is parallel to the k-vector of the tweezer.
The atoms are photoassociated using light resonant with the
transition from the lowest-energy unbound relative motional
state of the atoms in the trap to bound molecular states of the
c32fr potential. The photoassociation light is provided either
by the optical tweezer itself, the frequency of which can be
widely tuned while still providing strong confinement of the
atoms, or by an additional counterpropagating focused beam
overlapping the tweezer. In the former case the tweezer—PA
light is generated from a home-built tunable external cavity
diode laser, while in the latter the PA light is generated from
a tunable Ti:sapphire laser. When photoassociation occurs,
the molecular state will generally rapidly decay, either to an
excited atomic motional state which is likely to have sufficient
energy to escape the trap, or to a lower-energy molecular
bound state which will be dark to the atom imaging step.
We can therefore detect photoassociation through correlated
loss of Na and Cs atoms [56]. In the spectra presented here,
we plot the joint Na and Cs survival, conditioned on initial
loading of both atoms in their respective traps.

We observe photoassociation to the v/ =0, 12, 13, 14,
15, 16, 17, 18, 22, 24, and 25 vibrational manifolds of the
2} potential. Within some of these vibrational levels we are
able to observe rotational structure up to the J = 3 rotational
state and resolve individual magnetic sublevels. The spectra
of all observed lines in each vibrational level are shown in
Fig. 2 along with corresponding fits to the effective Hamil-
tonian model. In Table I we report experimental parameters
and fit values for all observed lines, and in Table II we
report absolute frequency measurements and linewidths of
the |J = 1, my = 1) sublevel for each vibrational level. We
choose this line as a reference because it is a resolved state
to which we can consistently strongly couple with pure o™ or
ot + o~ light (defined with respect to the magnetic quantiza-
tion axis) at either high or low magnetic field, and because it
is the intermediate state which we use for two-photon transfer

to the rovibrational ground state, discussed in Sec. V and in
Refs. [28,58].

For the initial atom pair state |F =2, mp =2)y,
|F =4, mp = 4)c,, the angular momentum values are pre-
dominantly N =0, S =1, giving J = 1. By selection rules,
this state couples most strongly to J = 2 states in the excited-
state manifold with predominantly ot polarization, with a
small coupling to J = 3 due to mixing of rotational states
in ¢*T;". Experimentally, we observe stronger than expected
coupling to J = 3, however, which we attribute to imperfect
motional cooling of the atom pair, which would lead to having
some initial population in a rotationally excited atom pair state
which couples more strongly to J = 3.

On the other hand, the initial atom pair state |F =1,
mp = 1)na |[F =3, mp = 3)¢ is in a mixed singlet-triplet
spin state and can thus couple to both J =1 and J =2
via ot polarized light. This scattering channel exhibits a
Feshbach resonance at 860.11(5) G, which we use for adi-
abatic assembly of weakly bound Feshbach molecules [43].
Part of the motivation for performing the spectroscopy in
this work is to identify vibrational states in >} suit-
able to use as an intermediate state for two-photon optical
transfer from these Feshbach molecules to the rovibrational
ground state. In Ref. [28] we showed spectra resolving the
structure of the v’ = 26 level with o + o~ light incident
on Feshbach molecules and used the |[J = 1,m; = 1) line
of this vibrational state as such an intermediate to prepare
rovibrational ground-state NaCs molecules via a detuned Ra-
man process. Our choices of two-photon transfer method
and transfer efficiency were constrained by the anomalously
broad linewidth of v/ = 26, discussed further in Sec. IV. We
presently use the |J = 1,my; = 1) line in the v’ = 22 level
identified in this paper for ground-state transfer, described in
Sec. V.

For each vibrational level, we use the scattering and
excited-state models described in Sec. II to fit the ob-
served spectra. Our initial state is fixed to be either the
|F =2,mp =2)na |F =4, mp = 4)¢, state at low field or
the |F =1, mp = 1)§, |[F = 3, mp = 3)¢, state at high field,
with the vibrational wave functions corresponding to each
hyperfine component of these scattering channels determined
by the coupled-channel model. Because we perform Raman
sideband cooling on both atoms before PA, preparing each
atom in its absolute motional ground state with high proba-
bility [54,59,60], we assume that the initial scattering state is
the lowest-energy unbound eigenstate found when solving the
coupled-channel problem. The forms of the spectra obtained
for a given initial state are determined by a combination of
the vibrational wave functions and the spin and angular mo-
mentum expansion factors for each of the available excitation
channels. The transition dipole moment (TDM) to every ex-
cited state is found by first integrating the scattering wave
function over internuclear separation R, multiplied by a func-
tion from ab initio theory describing the position dependence
of the singlet-triplet character of the excited state [27,61], and
then summing over the components of the scattering wave
function weighted by their respective angular momentum cou-
pling coefficients.

In fitting the spectra we vary the rotational constant B
and the hyperfine constant oy, as free parameters. We find
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FIG. 2. (a)—(k) Photoassociation spectra showing the v’ = 0 (a), 12-18 [(b)—(h)], 22 (i), 24 (j), and 25 (k) vibrational manifolds of the
> potential. The atoms were prepared in |[F = 2, mp = 2)y, |[F =4, mp = 4 (IF = 1,mp = 1)y, |F = 3, mp = 3)¢,) for v/ = 0-14
(v = 15-25), and a constant magnetic field of B = 8.8 G (B = 860 G) was applied. The polarization of the photoassociation light was
approximately ot for v' = 0-14 and an equal mixture of o+ and o~ for v' = 15-25. Solid lines are fits to the model of the >} state
described in Sec. I A with the rotational constant B and the hyperfine constant ay, along with a global frequency offset and scattering time as
fit parameters. The fitting procedure is discussed in Sec. III, and the fit values for each vibrational manifold are given in Table I. The dashed
lines indicate Lorentzian fits, which we use to fit the line position in cases where only a single state is observed without the rotational and
magnetic sublevel resolution required to perform a fit to the complete ¢* =;" model. Frequencies of the highest-energy line of the J/ = 1 manifold
of each level are given in Table II. We label the assignment of lines by their approximate J and m; quantum numbers overlaid on the data for
v" = 22. (1) Fit of the rotational constant dependence on vibrational level to second order using the model B, = B — a(v' + %) +yQ + %)2
[57], with parameter fit values B = 1.154(9) GHz, « = 14(1) MHz, and y = 0.29(4) MHz.

that if both acs and oy, are used as free parameters, they
exhibit a high degree of covariance, such that neither can be
accurately uniquely determined by fitting the spectra. Given
that the > potential tends asymptotically to the Na(3s) +
Cs(6p32) pair, the Na ground-state hyperfine splitting will be
the dominant contribution to the molecule’s hyperfine struc-
ture. As such, we approximate the ac, parameter by its 6p3 >
asymptotic value of 50.275 MHz [62]. We note that this may
be an overestimate of the Cs contribution, and thus the Na
hyperfine constants in Table I may represent a slight under-
estimate of the Na contribution to the hyperfine structure. We
additionally use global frequency offset and scattering time
variables to simultaneously fit all the line positions and the
magnitude of the PA depletion signal, respectively. At each
fit iteration, we diagonalize the excited-state Hamiltonian to
determine line positions and relative strengths, from which we
derive the expected atom pair survival as a function of PA fre-

quency. We perform a nonlinear least-squares fit to minimize
the difference between the simulated and observed spectra
simultaneously for all four free parameters. Fit parameters
for each vibrational level are given in Table I. With the aid
of the model we can identify each of the lines, which are
labeled, overlaid on the v’ = 22 spectrum in Fig. 2(i), by J
and my, which are approximately good quantum numbers for
the state. The ordering of lines as a function of energy is the
same for all of the vibrational levels. At the lower magnetic
field used to probe v’ = 0-14 the magnetic substructure of
each rotational level is not fully resolved. In Fig. 2(1) we fit
the vibrational dependence of the rotational constant of the
molecule to second order in v’ using the functional form B, =
B—oa( + %) +y@ + %)2 [57] with parameter fit values
B =1.154(9) GHz, a = 14(1) MHz, and y = 0.29(4) MHz.
We note also that there is a clear decrease in the effective Na
hyperfine coupling constant a, as a function of v/, indicating
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TABLE L. Hamiltonian fit parameters of observed lines in the ¢*=;" potential. Levels v’ = 13, 14, and 24 are not included, as only one line
was observed in each of these vibrational manifolds, which does not provide sufficient data to reliably fit the full ¢*<; Hamiltonian. In the
case of the v" = 12 data we did not measure the spectrum with magnetic sublevel resolution, so the hyperfine constants were fixed at the fit
values for v’ = 15 and only the rotational constant B was varied. Conversely, in the case of v = 16 and 18, only the first rotational level was
measured, precluding robust fitting of the rotational constant. For these levels the rotational constant was fixed at the value predicted by the

model fit in Fig. 2(1) for these vibrational levels.

Initial state

Vibrational state |F,mp)\, |F,mp)es  Laser polarization ~ Magnetic field (G) B (GHz)  an, (GHz)  Observed rotational lines
0 |4, 4) 2, 2) ot 8.8 1.147(7) 0.69(3) J=1,2,3

12 |4,4)2,2) ot 8.8 1.04(1) J=1,2

15 13,3) |1, 1) ot +o~ 860 1.003(3) 0.63(1) J=1,2

16 13,3) 1, 1) ot +o~ 860 0.66(3) J=1

17 13,3) 1, 1) ot +o~ 860 1.004(5) 0.47(5) J=1,2

18 13,3) |1, 1) ot +o~ 860 0.40(2) J=1

22 13,3) |1, 1) ot +o°~ 860 0.981(3) 0.41(2) J=1,2

25 13,3) |1, 1) ot +o~ 860 0.986(5) 0.46(2) J=1

a reduction of electron density at the Na nucleus at higher
vibrational levels [37].

IV. ANOMALOUS BROADENING IN THE ¢*X{-5*11;-B'I1,
COMPLEX

A distinctive feature of the vibrational spectra of the ¢ T
potential is the presence of several vibrational lines with
anomalously broad linewidths. Similar anomalous broadening
of lines in the coupled C3El+-b3l'11-Bll'[1 (c-b-B) complex
has previously been observed in other bialkalis, including
Li; [63], NaK [40], and NaRb [64], but the origin of the
broadening remains poorly understood. In Table II, we report
measurements of the narrowest observed linewidths of the
|/ =1, my; = 1) line for most of the vibrational states iden-
tified in this paper. In order to measure the linewidth without
power broadening, we systematically lower the intensity of
the photoassociation laser until only approximately 50% of
the atom population is photoassociated. We then scan the laser
frequency across the line and perform a fit to a Lorentzian
to determine the linewidth. Based on the model Hamiltonian
we expect each m; =1 line to be dominated by a single
nuclear hyperfine component, with a small contribution from
more weakly coupled nuclear states. As these different nu-
clear components of the lines are not resolved, we interpret
the narrowest experimentally observed lines reported here as
providing only an upper bound on the natural linewidths of
the most strongly coupled hyperfine state. In Ref. [28] we
investigated only the v’ = 26 vibrational level with the goal
of using it as an intermediate for ground-state molecule pro-
duction, and found it to have a linewidth of 120(30) MHz,
more than an order of magnitude larger than the Cs D, line
to which the molecular potential tends asymptotically, which
has a full width at half maximum of 5.2 MHz [62]. We
note that independent work in Ref. [35] recently measured
this same state to have a linewidth of 51(5) MHz, probed
in a bulk sample of NaCs in a weak optical dipole trap. In
our spectroscopic investigation we identify several narrower
vibrational lines, albeit with the narrowest having a linewidth
of 10 MHz, still a factor of 2 larger than the Cs D, line. The

narrowest lines we observe are v/ = 15-17, with v/ = 22
having a slightly larger linewidth of 17 MHz and v/ = 25 and
26 both being significantly broader with linewidths of 42(9)
and 120(30) MHz, respectively. We also measure a linewidth
of 70(10) MHz for v’ = 14; however, given that this line is
unassigned, we note that it could potentially originate from
the J = 2 rotational state and thus not be directly comparable
to the other measured linewidths.

TABLE II. Frequencies and narrowest observed linewidths of
|/ = 1,m; = 1) states in each vibrational level. For levels v =
13, 18, and 24 the lines were only observed in the presence of
significant power broadening, so we do not report a narrow linewidth
for these states. The frequency (freq.) of the |J =1, m; = 1) line
is determined by fitting the whole spectrum to the ¢*<;" model as
described in the text. The reported transition frequencies are given
with respect to the hyperfine center of mass of the atom pair at
the magnetic field used for spectroscopy [65]. The frequency and
linewidth of the v" = 26 state, previously reported in Ref. [28], were
determined using resonant depletion of Feshbach molecules and are
included here for completeness.

v |/ =1,m; = 1) freq. (GHz) Linewidth (MHz)
0 288698.91(5) 39(13)
12 306496.6(1) 27(1) [66]
13? 307884.55(8)

14* 309260.150(4) 70(10)
15 310624.77(1) 12(3)

16 311986.30(2) 10(3)

17 313341.27(2) 12(8)

18 314692.77(1) 27(5)

22 320002.49(1) 17(3)
24 322595.86(1)

25 323866.47(8) 42(9)

26 325121.31(7) 120(30) [28]

2Levels for which coupling to the state was weak enough that only
one line could be observed experimentally, making rotational and
hyperfine assignment impossible. For these levels, the reported fre-
quency is the center of a Lorentzian fit to the observed line.
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One of the possible mechanisms for the observed broad-
ening is predissociation, coupling of a molecular state to
another state at an energy above the latter’s dissociation
threshold, which can lead to rapid nonradiative dissociation of
the molecule [50,67]. This has previously been proposed as a
potential mechanism for the anomalous broadening observed
in Li, [63] and NaRb [64]. In NaCs, the C3Ef’ potential is
mixed very strongly with the nearby B'IT; and b°I1; po-
tentials via spin-orbit coupling. We note that while earlier
widely used experimental potentials for NaCs [51] predict
that the a? Ef’ curve does not cross any electronically excited
potentials below the Cs(6p) threshold, the recent refinement
of the triplet scattering potential [45] shown in Fig. 1 ex-
hibits a significantly sharper short-range repulsive wall which
crosses the H°I1; curve well below threshold. This is the
same potential which we use in the coupled-channel model
and which accurately reproduces the location of the Feshbach
resonance in the lowest-energy scattering channel. Though
the precise short-range behavior may be difficult to predict
with confidence from scattering data, the potential reported in
Ref. [45] suggests that there may be lower-energy crossings
and more significant wave-function overlap between bound
and dissociative states than previously thought.

While predissociation remains difficult to observe directly,
we seek to gain some understanding of the potential role
of this mechanism in the broadening of some vibrational
lines by modeling the nonradiative couplings of the ¢*T;
potential to B'TT; and b°IT,. We take as our starting point
previous ab initio calculations of the spin-orbit couplings
between the states in the c-b-B complex as a function of
internuclear separation R [61,68], which capture the overall
coupling but do not accurately reproduce experimental spectra
of the molecule. We then add R-dependent perturbations of the
form W(R) = ¢ (R/Ry)" exp ( — (R/Ry)™) to the off-diagonal
coupling matrix elements and the diagonal terms representing
the ab initio potentials, and we optimize the parameters c,
Ry, n, and m for each term to minimize the residual between
the deperturbed potential and empirical adiabatic >, b1,
and B'T1; potentials [46—48]. This process is known as deper-
turbation [46,69]. Using the deperturbed potentials, we can
then estimate the energies and admixtures of each of the three
states for all of the vibrational levels in the c-b-B complex,
as shown in Fig. 3. Note that, because the mixing depends
significantly on the spacings between the closest vibrational
levels from each series in the complex, the deperturbation step
is very important for capturing trends in the mixing strength
as a function of energy. We chose the deperturbation matrix
element to have a relatively small number of free parameters
and a simple functional form which goes to 0 at R = 0, co.
However, the deperturbation elements themselves are phe-
nomenological. With this caveat in mind, we note that the
deperturbed potentials predict a very strong mixing of all three
levels, particularly 632?— and B'IT;, in the region between
v/ =23 and v/ = 32 of the ¢* =" vibrational series. The most
mixed states, v/ = 27 and 28 of c321+, are actually close to an
even mixture of singlet and triplet, but for simplicity’s sake
we still label them as part of the ¢*E" vibrational series.
This region of predicted strong mixing coincides with our
experimentally observed onset of anomalous line broadening,
suggesting that the mixing may be responsible for inducing
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FIG. 3. Predicted admixtures for each state as a function of en-
ergy from the Na(3s) + Cs(6s) threshold, shown from the bottom of
the c321+ potential to just below the Na(3s) + Cs(6p3/,) threshold.
Particular eigenstates of the coupled potential are assigned to the
uncoupled potential of which they have the largest admixture, with
the exception of highly mixed states denoted by hollow circles, which
are plotted for clarity with the ¢*=; vibrational progression to which
they belong, though they have a slightly larger admixtures of B'IT;.
Also shown in the bottom panel are the experimentally observed
linewidths, reported in Table II, for all the 032)1* states identified in
this paper.

rapid predissociation or other nonradiative decay of the states.
We also measure the v’ = 18 line to have a width of 27(5)
MHz, a factor of 2 larger than neighboring lines, which we
attribute to its predicted high degree of mixing due to an
accidental near-degeneracy with the v’ =1 state of B'TI;.
While our experiment is not equipped to study the potential
predissociation process directly, these results indicate that fur-
ther study of nonradiative decay processes in NaCs and other
bialkalis may prove fruitful.

V. TWO-PHOTON TRANSFER TO X!'x+

In previous work [28,58] we prepared up to five NaCs
molecules in an optical tweezer array in the rovibrational
ground state of the X'+ potential through Feshbach as-
sociation followed by detuned two-photon Raman transfer,
using the v’ = 26 level of c321+ as an intermediate state.
We chose to use detuned Raman transfer because the large
linewidth of the v/ = 26 state (see Sec. II) made the more
standard resonant stimulated Raman adiabatic passage (STI-
RAP) technique prohibitively lossy. Detuned Raman transfer
can minimize scattering from the intermediate but remains
difficult to further scale to a larger array of molecules because
the two-photon resonance position is highly sensitive to local
variations in the intensity of the Raman beams. Our first
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FIG. 4. STIRAP transfer from Feshbach molecules to the rovi-
brational ground state of X! =¥, via the ¢*T", v/ = 22 intermediate
state, averaged over eight sites in a one-dimensional optical tweezer
array. The pump laser wavelength is 937 nm, and the Stokes laser
wavelength is 642 nm. The average one-way transfer efficiency is
73(3)%. Here, mol. popn., molecule population.

demonstration of parallel production of an array of ground-
state molecules was limited by a combination of scattering
from the intermediate state and residual nonuniformity in our
top-hat-shaped Raman beams [58].

Having now identified several narrower vibrational lines
in the c32fr manifold, we select the v/ = 22 level as the
new intermediate for ground-state transfer. While it does not
have the narrowest linewidth of all the lines observed, it is
sufficiently close to v’ = 26 to allow locking of our transfer
lasers (pump laser at 937 nm, Stokes laser at 642 nm) to
the same high-finesse cavity (Stable Laser Systems) that we
used previously, and also the strengths of the couplings to
both our initial Feshbach molecule state and the rovibrational
ground state are similar to those for v’ = 26. Using this new
intermediate state, we are able to simultaneously transfer eight
molecules to the rovibrational ground state via STIRAP. We
use Rabi frequencies of 2 x 40 MHz for the Stokes laser
and 27 x 14 MHz for the pump laser and perform resonant
STIRAP (A =~ 0) with an average one-way transfer efficiency
of 73(3)%. The NaCs Feshbach molecule population during
forward and reverse STIRAP pulses is shown in Fig. 4. The
number of molecules in the array is currently limited by the
available trapping laser power at the Na Raman sideband
cooling stage, prior to molecular assembly [54]. As resonant
STIRAP is highly insensitive to local site-by-site intensity
variations, this transfer could be straightforwardly extended
to a larger array with more trapping laser power.

VI. CONCLUSION

In this paper, we performed photoassociation spectroscopy
on Na and Cs atom pairs in optical tweezers to probe the
c32f excited-state potential and reported magnetic-sublevel-
resolved spectra for 11 vibrational states. By using an effective
Hamiltonian model of the excited state we assigned the
observed lines in the spectra and estimated rotational and
hyperfine constants of the state for each vibrational level.

We highlighted a possible mechanism for the as-of-yet unex-
plained broadening of excited-state vibrational lines in NaCs
and other bialkalis. Further study of this broadening may elu-
cidate the complex excited-state structure of these molecules
and facilitate future experiments which use electronically
excited states as intermediates for coherent preparation of
ground-state molecules. This spectroscopic work allowed us
to perform such a two-photon coherent transfer from atom
pairs to weakly bound molecules [27] and from weakly bound
molecules to rovibrational ground-state molecules in optical
tweezers [28]. The coherent creation of molecules in optical
tweezers allows for control over all their internal and exter-
nal degrees of freedom, providing a rich resource for many
quantum science applications.
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APPENDIX: DEPERTURBATION MATRIX ELEMENTS

In the main text we describe the deperturbation procedure
applied to ab initio potentials of the ¢3X ", b°I1;, and B'II,
states to achieve good agreement with empirical curves for
these states. We report in Table III the optimized parameters
for the deperturbation functions that we add to each matrix el-
ement in the 3 x 3 coupled-channel Hamiltonian representing
the c-b-B complex. In Fig. 5 we show the ab initio and per-
turbed diagonal potentials and coupling matrix elements used

TABLE III. Optimized parameters of deperturbation functions
giving the perturbed matrix elements shown in Fig. 5. Where used,
the numbers in square brackets represent the power of 10 by which
the preceding parameter is divided. Parameters are defined in Sec. I'V.

Channel ¢ (THz) Ry (A) n m

cc 4032 2912 2.057[—4] 7.29
cc —26.56 3.809 2272 23

cc 53.09 3.748 0.4164 42.09
cc 65.74 3.448 0.01794 5.972
cc 14.63 0.5263 1.484[—12] 0.3209
bb —28.97 3.442 9.359[-3] 11.67
bb —146.8 1.978 0.6053 1.69
BB —10.91 6.687 5.156[-3] 19.89
bB 9.128 1.834 1.836 0.9779
cB —6.4 6.49 19.66 14.18
cb 19.39 5.753 6.855 9.59
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FIG. 5. Ab initio and perturbed matrix elements, in terahertz, as a
function of internuclear separation R for each channel in the coupled
c-b-B complex.

to estimate the mixing between the channels in Sec. IV. To
find the optimal deperturbation parameters, we performed an
unconstrained search using MATLAB to minimize the residual
between the deperturbed potential and the empirical potentials

from Refs. [46—48] as a function of all the perturbing function
parameters, in the range from R = 3.6 A to R = 10.6 A.
The exponent parameters n and m are bounded to be greater
than O to ensure the perturbations go to 0 at R = 0, oo, and
all other terms are unbounded. We began by including six
perturbing functions, one for each of the diagonal (cc, bb,
and BB) and coupling (cb, cB, and bB) matrix elements.
Following initial optimization, we added additional perturb-
ing functions until reasonable agreement with the empirical
potentials was achieved. After optimization we found that the
vibrational energies predicted using the perturbed potentials
agreed with all the observed lines reported in Table II with
a mean absolute deviation of <40 GHz. We note that given
the high dimensionality of the minimization problem, the
parameters reported here likely do not represent a unique set
of optimal deperturbing functions. However, we observe that
the energy dependence of the mixing between the diabatic
states shown in Fig. 3 is relatively insensitive to the precise
form and relative weights of the deperturbing functions, but
very sensitive to the spacings between particular vibrational
levels. For this reason, we believe that any deperturbed model
of the complex that is able to achieve close agreement with
experimental data is sufficient to provide qualitative insight
into the coupling and its potential link to the widths of the
vibrational lines observed herein. We found that using a2 x 2
coupled-channel model including only the ¢*Z}" and B'IT;
states, we could not achieve better than 1 THz agreement
with experiment regardless of the number of deperturbing
parameters used. While an expanded coupled-channel model
involving all of the 2 = 0, 1, and 2 states dissociating to the
Cs(6p) thresholds is beyond the scope of this work, it would
potentially allow for more precise predictions of the properties
of individual vibrational lines.
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