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Polar molecules are a quantum resource with rich internal structure that can be coherently controlled.
The structure, however, also makes the state preparation and measurement (SPAM) of molecules chal-
lenging. We advance the SPAM of individual molecules assembled from constituent atoms trapped in
optical-tweezer arrays. Sites without NaCs molecules are eliminated using high-fidelity Cs atom detec-
tion, increasing the peak molecule filling fraction of the array threefold. We site-selectively initialize the
array in a rotational qubit subspace that is insensitive to differential ac Stark shifts from the optical tweezer.
Lastly, we detect multiple rotational states per experimental cycle by imaging atoms after sequential state-
selective dissociations. These demonstrations extend the SPAM capabilities of molecules for quantum

information, simulation, and metrology.
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I. INTRODUCTION

Polar molecules feature a rich internal structure with
tunable long-range dipolar interactions, making them a
resource for a wide range of quantum science applications.
Coherent control of internal states [1—7] is key to many
recent advances. The dipole-dipole interaction has been
used to realize a spin Hamiltonian [8], the site-resolved
correlations of which have been measured in an optical
lattice [9], and to produce Bell states in optical tweez-
ers [10,11] for dipolar quantum gates [12]. Control over
nuclear spins has transferred their entanglement from reac-
tants to products in chemical reactions [13]. In the search
for the electron electric dipole moment, internal states
have been polarized to generate large laboratory-frame
electric fields and used to evaluate systematic errors [14—
16]. Many applications require further advances in state
preparation and measurement (SPAM), which remains an
outstanding challenge due to the dense electronic and
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vibrational structure that complicates molecule production
and detection.

Nondestructive detection using fluorescence from
optical-cycling transitions has become an indispensable
technique in atomic physics. Real-time detection of indi-
vidual atoms enables the rearrangement of occupied traps
to produce a densely filled array [17—19], as well as the
selective readout of their internal states [20,21]. Both capa-
bilities are crucial for studying many-body interactions and
executing large quantum circuits [22-25]. For molecules,
a subset [26,27] do possess optical-cycling transitions,
enabling advances in their laser cooling [28,29], trapping
[30-32], and rearrangement [10]. Other molecules can be
produced by the coherent association of their constituent
atoms [33-45], with the advantage that cold-atom tem-
peratures are preserved in the molecule creation process.
However, optical-cycling transitions for fluorescence or
absorption imaging are generally not available. In general,
the population of a specific state of associated molecules
is detected through the adiabatic dissociation of the con-
stituent atoms, which are then separated and imaged. To
make use of the inherent multilevel structure of molecules,
three capabilities for the molecule SPAM toolbox are
highly desirable: rearrangement while maintaining low
temperature, site-resolved state preparation, and resolved
readout of multiple internal states. The first capability
would allow for the production of deterministically filled
arrays of molecules. The latter two would facilitate experi-
ments using the many long-lived rotational states as a qudit
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system or multilevel quantum simulator [46,47]. Various
proposals have been put forward for molecule readout via
a controlled interaction between a ground-state molecule
and an ancilla atom or optical cavity [48—54]. However,
these methods require the introduction of a new coherently
controlled interaction between the molecule and the detec-
tion ancilla, which requires more experimental overhead to
implement.

Here, we demonstrate an immediately-applicable
method for the removal of defects in a molecular array and
sequential state-selective detection. Our proposed scheme
uses fluorescence imaging of the constituent atoms of
NaCs, as shown in Fig. 1. Unassociated Cs atoms are
detected immediately following molecule formation to
infer which sites contain molecules. We rearrange those
sites and increase the local filling probability at the edge
of the array threefold. We also use the atom signal for the
detection of the two molecular states in the ground |0) and
first excited |1) rotational levels that form our computa-
tional basis. In a single experimental cycle, molecules are
sequentially dissociated from each state and the resulting
Cs atoms are detected. Lastly, we demonstrate the ability
to initialize an array of molecules in an arbitrary pattern
of the computational basis states, using global microwave
pulses in combination with an auxiliary rotational state
outside the computational basis for site-selective shelving
of molecules.

This work is organized as follows. In Sec. II, we detail
the implementation of Cs imaging at the high magnetic
field conditions in which molecules are prepared. In Secs.
IIT and IV, we demonstrate molecule rearrangement and
sequential imaging of multiple rotational states. In Sec.
V, we demonstrate site-selective rotational excitations. We
conclude with suggested applications and improvements to
the fidelities of these schemes in Sec. VI.

I1. HIGH-FIELD ATOM IMAGING

Both the rearrangement of molecules and their sequen-
tial state-selective readout rely on the detection of atoms
at or near the magnetic field at which molecules are
assembled. Our preparation of NaCs in its rovibrational
and electronic ground state has been detailed previously
[55-57]. In summary, we prepare parallel 1 x 8 arrays
of hyperfine ground-state Na and Cs atoms close to the
three-dimensional motional ground state of their respec-
tive 616-nm and 1064-nm optical tweezers. Na atoms are
then adiabatically transferred into the 1064-nm array, such
that each 1064-nm tweezer contains, ideally, individual
Na and Cs atoms in their motional and hyperfine ground
states. Atom pairs are magnetoassociated into a weakly
bound molecule via a Feshbach resonance at 864 G and
transferred to a rovibrational and electronic ground hyper-
fine state (|mp, = 3/2,m;., = 5/2)) via a detuned Raman
process [55,56].
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FIG. 1. An overview of an experimental sequence with novel
SPAM techniques showing the (a) molecule production, (b) rear-
rangement and state initialization, and (c) state-selective readout
of NaCs molecules. For details on the coherent association and
transfer of atoms to the molecular ground state, see Appendix
B. The detection of unassociated Cs atoms (C),(D) enables the
rearrangement of molecules to more densely filled array (E). An
auxiliary rotational state is used for site-selective initialization
(F) in a noise-insensitive computational basis of two rotational
states. In addition, the detection of atoms from state-selectively
dissociated molecules is harnessed for multistate readout of the
computational basis.

To detect the unassociated atoms, we extend the low-
field state-selective fluorescence imaging of Cs atoms in
optical tweezers [58,59] to a high magnetic field, sim-
ilar to the high-field absorption detection of a cloud
of potassium atoms [60]. In principle, one could also
image Na atoms on the equivalent stretched D, tran-
sition. We opt to image Cs atoms due to the 5 times
stronger polarizability of Cs in the 1064-nm tweezers,
which reduces the tweezer intensity required to trap atoms
that are heated during imaging. The magnetic field decou-
ples the total angular momentum F of the excited fine-
structure levels, such that the quantum numbers |m;, m,)
best describe the excited hyperfine states, where [ is the
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FIG. 2. State-selective detection of Cs at 864 G. (a) The sim-

plified energy structure of Cs, showing the hyperfine state |g’)
in which Cs atoms are initialized and the optical-cycling tran-
sition between |g) and |e) used for fluorescence imaging. (b) A
schematic of the apparatus, depicting the beams used for the ejec-
tion of sodium atoms and for driving the Cs optical-cycling tran-
sition. The Cs hyperfine transition is driven by a microwave horn
antenna. Fluorescence is collected by a 0.55-numerical-aperture
(NA) objective and CCD camera. (c) The timing diagram for
the imaging process, including Na ejection via near-resonant D,
light, Cs microwave transfer from |g’) to |g), and optical cycling.
The tweezer and imaging light are pulsed out of phase since |e)
is antitrapped. (d) Histograms of the collected fluorescence from
Cs atoms.

nuclear spin (Ics = 7/2), J is the total electronic spin,
and m denotes their projections along the magnetic field
axis. Detection is performed by exciting from |g') ~
62S1/2 |F = 3,mF = 3) to |g) = 62S1/2 |F = 4,mF = 4)
and optically cycling on the stretched D, transition |g)
to |e) = 6°P32 lm; = 7/2,m; = 3/2). The optical-cycling
transition is depicted in Fig. 2(a), along with nearby states
that can have nonzero coupling to non-o ™ components of
the imaging light. An advantage of the high-field regime
is significant detuning protection against populating these
off-resonant states, the composition and energy of which
are provided in Appendix A.

Following molecule creation or dissociation, Cs atoms
are initialized in |g’), and may share their optical tweezer
with Na atoms in [g')y, ~ 32812 |[F = I,mp = 1). We
must eject Na atoms before exciting Cs to |g), to avoid
spin-changing inelastic collisions that occur when the
atoms are not both in spin-stretched hyperfine states [43].
As shown in Fig. 2(b), which depicts the geometry of
the apparatus, the Na atoms are heated out of the trap
by beams at the D, transition frequency that are origi-
nally used to produce the Na magneto-optical trap (MOT).
The Cs atoms are then excited from |g’) to |g) using a
microwave horn with negligible off-resonant coupling due

toah x 250 MHz detuning with the next nearest transition.
Lastly, we optically cycle on the |g) to |e) transition using
a small retroreflected imaging beam with a 1/¢*> waist
of approximately 1 mm, collecting fluorescence photons
through a 0.55-NA objective onto a charge-coupled device
(CCD) camera. The use of a small imaging beam helps
suppress background noise due to light scattered from the
surface of the glass cell into the objective. Polarization
along the y axis is chosen to mitigate the 7 -polarized |g)
to |€/) &~ 6°P3 Im; = 5/2,m; = 3/2) transition, which is
closest detuned by 4 x 67 MHz. Crucially, none of the
589-nm Na D, light, the 852-nm Cs D, light, or the
h x 11.34 GHz microwave measurably affect the NaCs
molecules.

The timing diagram of high-field imaging is shown in
Fig. 2(c). We observe complete ejection of Na from the
trap within 3 ms. For the microwave transition, instabil-
ity in the magnetic field on the approximately 15 mG level
limits the transfer efficiency given the available microwave
Rabi frequency. To maximize efficiency in the presence of
this noise, we use an adiabatic rapid passage pulse in which
the frequency is linearly swept across a 400-kHz range
about the resonance in 20 ms. As the imaging provides
no cooling except for red-detuned Doppler cooling along
the imaging beam axis, we increase the peak trap intensity
to 1.25 MW/cm? to collect sufficient fluoresced photons
before atom loss to resolve the presence of an atom over
background noise. The optical-cycling transition is driven
near resonantly to minimize the time that the molecules,
the loss rate of which from |0) due to scattering of the trap
light is 7 Hz/(MW /cm?), need to be held at high depth.
Due to scattering, we observe a 5.6(8)% loss of molecules
during high-field Cs imaging. We also strobe the imaging
and tweezer light out of phase with a 10% and 70% duty
cycle, respectively, at 500 kHz to prevent heating due to
|e) being antitrapped in the 1064-nm tweezers [20,61].

The imaging fidelity is calculated from histograms like
those shown in Fig. 2(d) using a standard method that is
described in Appendix C. In order to analyze the imag-
ing fidelity, we prepare Cs atoms in |g’) cotrapped with
Na atoms at high magnetic field without undergoing Fes-
hbach association. The fidelity of sodium ejection and
subsequent Cs imaging is verified using the sequence
shown in Fig. 2(c). By averaging the collected signal
of the CCD camera for each site over many experi-
mental cycles, we observe two Gaussian distributions:
a “dark” peak corresponding to electronic read noise of
the camera, and a “bright” peak corresponding to atom
fluorescence. Based on histogram analysis, we report a
0.38(9)% false-positive rate and 0.089(2)% false-negative
rate for Cs atoms prepared in |g). There is an additional
false-negative rate of 0.149(8)% due to Raman processes
induced by tweezer and imaging lights. Taking these fac-
tors into account, we achieve an overall imaging fidelity
of 99.4(1)%. Due to imperfect microwave transfer and
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state-preparation fidelity, the false-negative rate increases
t0 3.6(7)% for Cs atoms initialized in |g’), which is the case
for molecule rearrangement and sequential imaging. Our
simulation shows that the increased false-negative rate can
be explained by the microwave transfer inefficiency due
to the magnetic field instability of approximately 15 mG.
The transfer efficiency can be improved by using more
powerful amplifier or nonlinear amplitude and frequency
ramps [62].

III. MOLECULE REARRANGEMENT

We use the high-field detection of Cs atoms to pro-
duce a dense array of molecules without increasing their
motional energy. To infer which traps contain molecules,
we use a combination of three atom images. After the
loading and rearrangement of atomic arrays, we detect the
initial Na and Cs occupations with fluorescence imaging.
The atoms are then Raman sideband cooled to near their
motional ground state and the arrays are adiabatically com-
bined. As stated in Sec. II, Cs atoms are detected again at
high-field following molecule production using previously
determined thresholds. Molecules may only be found at
sites in which both atoms were detected at low field in the
first two images, because two atoms are needed to form a
diatomic molecule, and where Cs was not detected at high
field in the third image, because the molecules are dark
to high-field Cs detection. Such cases correspond to 27%
of the sites that will be preserved by the rearrangement
algorithm.

Three relevant mechanisms can result in the preserved
sites not containing ground-state molecules, which are
depicted in Fig. 3(a). The first is when atom pairs that
associate into Feshbach molecules are lost during detuned
Raman transfer, which has a one-way transfer efficiency
of 76(3)%, limited by a combination of inhomogeneous
intensities of the Raman beams across the array, time vari-
ation of the intensities of the beams, and scattering from
the intermediate state of the transfer [55,56]. The sec-
ond is that Cs atoms may be lost between low-field and
high-field detection, which falsely appears as molecule
production. Cs can be lost during the merging of the two
arrays (0.7(9)%) or in spin-changing inelastic collisions
with sodium in several milliseconds after merge (1(1)%)
if either atom is prepared in the wrong hyperfine state.
A third concern is that Cs atoms may not be detected due
to imperfect microwave transfer and state preparation, as
described in Sec. II. We estimate based on these mecha-
nisms that 71(3)% of the preserved sites, or 19(2)% of all
sites, contain a ground-state molecule.

The rearrangement of molecules proceeds as follows.
Optical tweezers for sites that are not preserved are turned
off. Starting sequentially from the rightmost preserved site,
tweezers are translated to the rightmost unoccupied site
by means of a frequency ramp of the radio-frequency
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FIG. 3. The rearrangement of molecules based on the detec-
tion of Cs atoms at 864 G. (a) The behavior of the rearrangement
algorithm for possible occupations of the 1064-nm tweezers for
sites at which Na and Cs are both detected before Raman side-
band cooling. Sites at which Cs is not detected are rearranged.
Such sites may not contain a ground-state molecule if: (1) the
molecule does not survive Raman transfer to the ground state,
(2) the Cs atom is lost when the Na and Cs arrays are merged,
and (3) the Cs transition from |g’) to |g) is not successful. (b) The
ground-state molecule population with and without molecular
rearrangement that is detected by Cs imaging at high-field.

(rf) tones generating each tweezer. The translation is per-
formed using a minimum-jerk trajectory for the start and
end of the ramp, linked by a constant-velocity region. At
the same time, the rf amplitudes are ramped to compensate
for changes in diffraction efficiency across the bandwidth
of the acousto-optic deflector (AOD) generating the tweez-
ers, keeping the tweezer depth approximately constant
during the move. The hardware for rearrangement has been
described previously for atom rearrangement in our system
[56]. Briefly, images from the CCD camera are processed
on a control computer to determine which sites to preserve
and the information is passed to an arbitrary waveform
generator that controls rf frequencies sent to an AOD for
the 1064-nm tweezers to implement the aforementioned
rearrangement protocol.

The measured ground-state molecule population is
shown in Fig. 3(b). On average, we detect 13.2(4)% fill-
ing of ground-state molecules without rearrangement. We
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note that we rearrange the atomic arrays to the rightmost
sites prior to the creation of molecules, resulting in a lower
detection rate of molecules on the left side of the array.
Accounting for the loss from the detuned Raman process
and the false-negative rate of Cs high-field imaging, we
estimate a 18.0(9)% filling of the array, which is consistent
with the prior estimate. Molecular rearrangement signifi-
cantly improves molecular density on the right side of the
array. We detect a factor-of-2.8(3) improvement in the fill-
ing of the rightmost site and the detection rate of a pair
of molecules in the two rightmost sites improves from
4.3(8)% to 16(2)%. This represents a fourfold improve-
ment in statistics for observing the dipolar interaction
between two particles.

In order to quantify any molecule heating induced by
the rearrangement process, we dissociate the molecules,
unmerge the 616-nm and 1064-nm tweezers, lower the
magnetic field, and measure the temperature of the result-
ing Cs atoms in the 1064-nm trap using the Raman side-
band thermometry method described in detail previously
[56,63]. The Cs atom temperature provides an upper bound
on the molecule. Using this metric, we detect no resolv-
able decrease in the motional ground-state population as
a result of the rearrangement. Further details of the ther-
mometry and measured atom temperature are provided in
Appendix E.

IV. MULTISTATE READOUT

The ability to perform sequential readout of multiple
states of a particle is crucial for qudit-based computation
or multilevel quantum simulation applications, due to the
quadratic scaling of the number of measurements required
for full quantum state tomography [64]. Multistate read-
out via fluorescence imaging has been demonstrated in
trapped ion qudits [21,23] and would be highly appli-
cable to molecules due to their abundance of long-lived
rotational and hyperfine states [11].

In prior work, we have measured the |0)=
IN = 0,my = 0) rotational (N) population by revers-
ing the adiabatic steps used for molecule formation:
two-photon transfer to a weakly bound Feshbach state,
magnetodissociation, the return of Na atoms into their
original tweezer array, and the detection of Na and
Cs with fluorescence imaging at 5.5 G. Since neither
the Na nor Cs D, imaging light induces significant
scattering of the molecules, we can instead perform
multiple rounds of state-selective molecular dissocia-
tion and imaging to detect the population in |0) and
1) = % (IN =1,my =—1) —|N = 1,my = 1)), where
the rotational quantization axis is defined by the magnetic
field. Imaging atoms at high field is advantageous for this
application, as it avoids the 150 ms required to ramp the
magnetic field down and up between 5.5 and 865 G.
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FIG. 4. The sequential detection of multiple rotational states.
(a) The timing diagram, showing the sequential dissociation of
|0) and |1) and imaging of the resulting Cs atoms. (b) The energy
level diagram of NaCs, showing the ground rotational levels,
the excited intermediate states used for detuned Raman transfer
[55,56], and the weakly bound Feshbach state. The population in
N =1 is protected during detuned Raman transfer by a careful
choice of single-photon detuning. (c) The multistate detection of
the rotational population during driven Rabi oscillations between
|0) and |1).

The sequence of field ramps and pulses required for
sequential readout of the rotational states |0) and |1) is
shown in Fig. 4(a). The total time needed to detect each
rotational state is 50 ms. The population in |0) is converted
to a weakly bound molecule via detuned Raman transfer.
Prior to its detection, a microwave 7w pulse transfers the
population in |1) to |0). The weakly bound molecule is
dissociated and the resulting Cs atoms, corresponding to
the initial |0) population, are detected. Following imag-
ing, a pulse is used to clean out any remaining Cs atoms
from |g’) and |g) before the next imaging step. Subse-
quently, the remaining population is dissociated and Cs
atoms originally from |1) are also detected.

The frequency of the 642-nm Raman laser that connects
the ground molecular state to the ¢3 X potential is carefully
selected to prevent population in the |1) state from scatter-
ing during the first transfer of |0) to the Feshbach state. The
642-nm laser can couple |1) to the / = 1 and J = 2 rota-
tional levels of the excited v’ = 22 manifold [57], where
J denotes the sum of the rotational N and electronic spin
S angular momenta of the molecule. We have chosen the
frequency of the 642-nm laser to be 4 x 500 MHz blue
detuned from the |J = 1,m; = —1), such that direct exci-
tation from |1) would fall between the energy of the J = 1
andJ = 2 levels, as shown in Fig. 4(b). The polarization of
the two 642-nm and 937-nm Raman beams is therefore set
to 6~ to maximize the Raman Rabi frequency contribution
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from the closest detuned |J = 1,m; = —1) intermediate
state.

To demonstrate sequential imaging, we apply a reso-
nant microwave pulse following molecule rearrangement
and measure Rabi oscillations between |0) and [1), shown
in Fig. 4(c). The error bars represent 68.3% confidence
intervals based on the binomial distribution of the mea-
surement outcomes for a given experimental condition.
The sequentially detected population is normalized to a
parallel measurement of the population in |0) just after
molecule formation. To calibrate the imaging fidelity, we
perform a single microwave m pulse to prepare |1) and
then measure the population, normalizing the result to a
detection of |0) without any microwaves applied. With
fully optimized microwave transfer and imaging condi-
tions, we measure 100t8% of the population in |1) [65],
consistent with expected losses of 5.6(8)% due to scat-
tering of the tweezer light during the first imaging step.
We note, however, that drifts in the alignment and inten-
sity of the detuned Raman lasers [56] as well as thermally
induced fluctuations in the magnetic field produced by our
Feshbach coils [66], can cause fluctuations in the relative
efficiency of the |0) and |1) state detections away from
this optimal scattering-limited value. These drifts can be
mitigated with regular fine tuning of the readout param-
eters and could be eliminated with active stabilization of
the Raman beams and feed-forward correction of magnetic
field drifts, respectively. The multistate readout procedure
provides full-state information on all the molecules in
the array, allowing for direct single-shot readout of the
diagonal elements of any multiqubit density matrix.

V. SITE-SELECTIVE STATE PREPARATION

Site-resolved control of the quantum state of individ-
ual particles is necessary for implementing local qubit
operations in quantum gates and to prepare arbitrary ini-
tial states in quantum simulators. Toward this goal, local
control of fields on the scale of the separation between
particles is required. In experiments with neutral atoms
in optical tweezers, the conventional approach is to apply
a global pulse to drive a transition that is made off res-
onant for certain sites using some combination of tightly
focused ac-Stark-shifting beams [67,68] and manipulation
of position-defined subensembles [69]. Recent advances in
the trapping of molecules in optical tweezers has extended
the technique of local ac Stark shifts to arrays of NaCs
[70] and CaF [11] molecules, a natural choice given the
large centimeter-scale wavelength of microwaves needed
for driving rotational transitions as compared to tweezer
micrometer spacings.

A drawback of using a computational basis sensitive to
differential ac Stark shifts is that intensity noise will result
in decoherence. Intensity noise from the optical tweezer
is the dominant noise source for molecules due to their

generally large tensor polarizability. For this reason, we
seek to initialize molecules within a computational sub-
space that is insensitive to differential ac Stark shifts from
the optical tweezer. The ellipticity of the 1064-nm tweezer
polarization is tuned to realize a “magic” state in each
rotational level that is free from anisotropic polarizability
[6,71]. The lowest two “magic” states, |0) and |1), form
our computational basis, the transition between which
offers a 2 order-of-magnitude longer spin echo coherence
time than the transition between |0) and a nonmagic state
1) = fz (IN=1,my = —1)+|N = 1,my = 1)). Since
the computational basis cannot be ac Stark shifted
with the 1064-nm tweezer, we make use of the large
h x 5.55(1) MHz/(MW/cm?) differential ac Stark shift
between |0) and |1'). The |0) population of certain sites is
shelved in |1}, allowing the remaining sites to be excited to
[1). Shelving avoids the use of an additional near-resonant
ac-Stark-shifting beam, which could introduce unwanted
scattering that would limit the molecule lifetime and the
state-preparation fidelity.

The scheme for site-selective state preparation is illus-
trated in Fig. 5(a). The array is divided into a set of target
sites, which will be transferred to the |1) state, and shelved
sites, which will remain in |0) at the end of the sequence.
For the shelving process, the trap depths of the target
sites are reduced to 25% of the depth of the shelved sites
by ramping down the amplitude of the rf tones generat-
ing these tweezers. The site-selective initialization is then
achieved with a sequence of three microwave pulses:

(1) With both sites initially in |0), the shelved sites
are selectively transferred to the nonmagic |1’) state
using a resonant microwave pulse. Due to the depth
difference between the sites, the corresponding tran-
sition for the target sites is off resonant.

(2) With the shelved sites in |1}, the target sites are then
transferred to the magic |1) state.

(3) The shelved sites are then transferred back to |0).

At the end of the sequence, the depths of the target sites are
ramped back up. Using this procedure, it is possible to ini-
tialize an array of molecules in an arbitrary configuration
of states |0) and |1). In Fig. 5(b), we show the resolved
microwave transitions to the |1’) state for the shelved and
target sites at the depths used for initialization, along with
the |0) to |1) transition, which has the same frequency for
all sites. The site-selective shelving of some sites in |1")
is shown in Fig. 5(c). After calibrating parameters for the
shelving and target pulses, we initialize a four-molecule
array into an alternating pattern of |0) and |1). We find that
we can prepare the target sites in |1) with an average error
rate of 4.91’8:;% and leave shelved sites in |0) with an error
rate of 4.5f8:g%. The error rates are determined by compar-
ing the average population of each subensemble measured
in the target state and the incorrect computational basis
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FIG. 5. Site-selective state preparation in a rotational qubit

subspace of |0) and |1). (a) The scheme for an array initialized
in |0), showing the shelving of more intense traps to an auxil-
iary nonmagic state |1’) in the N = 1 manifold. The remaining
target sites are driven to |1) with a global microwave pulse. The
shelved sites are then returned to |0) with a final resonant pulse.
(b) Microwave spectra showing the resolved transition frequen-
cies from |0) to |1’} for the shelved sites (left) and the target sites
(center), as well the magic |0) to |1) transition (right), which has
the same frequency for all sites. We note that the three peaks are
probed with different microwave powers and pulse times. (c) Step
1 of the site-selective initialization procedure, showing selective
transfer of shelved sites to |1’), while target sites remain in |0).
(d) Average sequential readout images corresponding to the |0)
and |1) population for a site-selective initialization of odd and
even sites of the array in |0) and |1), respectively.

state after the initialization sequence. An average fluores-
cence image showing the array state after site-selective
preparation is shown in Fig. 5(d). In the future, these error
rates could be lowered with the use of composite pass-
band pulse sequences, which can reduce the sensitivity of
a w pulse to small detuning and pulse area errors while
suppressing coupling to further off-resonant states [72].

VI. CONCLUSIONS AND OUTLOOK

We have demonstrated several SPAM capabilities for
molecules associated from constituent atoms in optical
tweezers: nondestructive detection of occupation, rear-
rangement, site-selective initialization, and sequential mul-
tistate detection. Many of these techniques can be gen-
eralized to other systems; multistate detection is broadly
applicable to bulk and lattice platforms and site-selective
initialization can be extended to other multilevel systems
in optical tweezers.

Further technical improvements can increase the fidelity
of these capabilities. The detuned Raman transfer effi-
ciency—which limits molecule production, the confidence
that a rearranged site contains a molecule, and the detec-
tion fidelity—can be increased with beam intensity and
position stabilization, more laser power, and a narrower
intermediate state. Technical progress continues to be
made in this area and several species of bialkali molecules
have now been transferred to the rovibrational ground state
with greater than 90% efficiency [37,73—77]. The false-
negative rate of high-field Cs detection can be reduced by
improving the transfer fidelity between |g’) and |g) with
a stronger microwave Rabi frequency. These improve-
ments, along with further scaling up of the number of
initial molecules, would allow the protocol demonstrated
here to be used to produce larger completely filled arrays
of molecules for quantum information and many-body
physics experiments.

The shelving of molecular population in |1’} for site-
resolved initialization can be improved with shaped or
dynamical decoupling pulses to overcome noise in the
transition frequency and off-resonant coupling to other
N = 1 states. Lastly, molecule loss due to the high tweezer
intensity needed for Cs detection may be mitigated by
separating and detecting Na atoms in a tweezer the wave-
length of which differs from 616 nm, which is destruc-
tive to ground-state molecules due to nearby molecular
transitions.

In the near term, the SPAM capabilities presented in this
work will improve our ability to implement and character-
ize two-particle gates based on the dipole-dipole exchange
interaction. Molecule rearrangement has produced a four-
fold increase of our pair-production rate. Additionally,
the |01) two-particle state, initialized site selectively, will
interact at twice the rate compared to the state initialized
by a global 7 /2 pulse [10,11]. Single-particle addressabil-
ity is also a key requirement for realizing a universal gate
set with molecules based on the iSWAP entangling gate
[12]. Sequential multistate imaging will enable faster accu-
mulation of statistics, such as a fourfold reduction in the
time required for parity measurements to quantify Bell-
state entanglement fidelity, or efficient characterization of
errors in precision measurement schemes using molecules
[78]. In the long term, advances such as those described
here will be necessary to use polar molecules as qudit or
n-qubit systems for quantum computation and simulation
applications.
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TABLE 1. Properties of the states relevant to the high-field imaging for Cs, including composition, energy, polarizability, and mag-
netic field dependence. The state composition and energy relative to the fine-structure energy are specified at 864.1 G in the absence
an external ac electric field. The ground states are best described in the |F, mp) basis and the excited states are best described in the

|my, my) basis.

State label State composition

h
Energy (h x GHz) Polarizability (

') —0.9973,3) + 0.072 4,3) —6.139
l2) |4, 4) 5.231
lg”) —0.997|4,3) — 0.0723,3) 4.987
lg”) —0.995 |4,2) — 0.099 |3,2) 4.731
le) 17/2,3/2) 2.682
e 0.9985/2,3/2) +0.06717/2,1/2) 2.615
le”) 0.99817/2,1/2) — 0.067 5/2,3/2) 0.885
le”) 0.99717/2,—1/2) — 0.0755/2,1/2) —0.906

x MHz . h x MHz
_— Zeeman shift [ ————
MW/cmz) ( G )

—51.0 —1.175
—-59.2 1.399
—58.5 1.172
—57.7 0.926
21.8 2.799
21.7 2.791
—-9.6 0.940
—13.8 —0.925

Research (AFOSR) Multidisciplinary Research Program
of the University Research Initiative (MURI) Grant No.
#FA9550-20-1-0323, AFOSR Grant No. #FA9550-23-1-
0538, and National Science Foundation (NSF) Grant No.
#PHY-2110225.

Note added—We recently became aware of a concur-
rent work using RbCs molecules from the Cornish group
at Durham University [79].

APPENDIX A: ATOMIC STRUCTURE

The hyperfine structure of the 325 2, 32P52, 6*S1 2, and
6%P5 /2 fine-structure levels of Na and Cs at the conditions
used for molecule formation is provided to complement
the discussion of high-field imaging in Sec. II. Atomic
parameters are obtained from Ref. [80]. We assume that the
atoms experience two external fields: a magnetic field that
defines the quantization axis B = 864.1 Gz, and an optical
tweezer specified by ellipticity ¥ = 0.9553 and orientation
Y = 0 with polarization

—iy cos(x) — Sill()() ~ i cos(x) + Sin(X) ~
—_— 0 _ — ¢ ——O.

V2 ) V2 -
(A1)

E=c¢e

The hyperfine structure is calculated by diagonalizing the
bare-hyperfine-structure, Zeeman-shift, and ac-Stark-shift
terms in the Hamiltonian in the |/,J,m;, m;) basis and
assuming no coupling between fine-structure levels. The ac
Stark shift is incorporated following the procedure in Ref.
[81]. The composition, energy, polarizability, and mag-
netic dependence of relevant eigenstates are provided in
Tables I and II for Cs and Na, respectively.

APPENDIX B: MOLECULAR STRUCTURE

Ground-state molecules are produced in our system via
magnetoassociation of atom pairs followed by two-photon
detuned Raman transfer. Three molecular potentials are
involved in the molecular creation process, illustrated in

the inset of Fig. 1. Initially, pairs of Na and Cs atoms in
a single optical tweezer are prepared in the |g')cs 1€ )na
hyperfine channel, which has mixed singlet-triplet char-
acter. That is, it can expressed as a linear combination
of states in the singlet (X' X7) and triplet (a* ;") molec-
ular potentials that tend asymptotically to the unbound
atom pair at large interatomic separations. We adiabat-
ically transfer from the atom pair to a weakly bound
molecular state, also with mixed singlet-triplet character,
using magnetoassociation at a Feshbach resonance. For
further details of the magnetoassociation, We refer readers
to Ref. [43]. The desired endpoint of molecule preparation
is the rovibrational ground state of the X ' = potential. In
order to bridge the gap between the weakly bound Fesh-
bach state and the rovibrational ground state, we perform
a two-photon transfer via the v’ = 22 state in the elec-
tronically excited ¢*%;" molecular potential. A detailed
discussion of the structure of this intermediate state can be
found in Ref. [57]. We transfer to X !X+ via this interme-
diate state using a two-photon detuned Raman process. In
this work, we choose to use detuned Raman rather than
Stimulated Raman adiabatic passage (STIRAP) for the
two-photon transfer, as it allows us to detune from single-
photon resonance and minimize excess scattering from
the intermediate state. Further discussion of the detuned
Raman process and its efficiency can be found in Ref. [56].

APPENDIX C: QUANTIFYING IMAGING
FIDELITY

We describe the standard procedure used to determine
the fidelity of Cs high-field imaging. Cs atoms are opti-
cally cycled on the |g) to |e) transition and fluorescence is
detected by a CCD camera via a 0.55-NA objective. Since
the fluorescence of an atom is spread across several camera
pixels, we sum the photons collected in a 3 x 3 region of
pixels centered on each atom. We observe two distributions
in the number of collected counts over many experimen-
tal cycles; a lower-count “dark” peak corresponding to
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TABLE II. Properties of the states relevant to the high-field imaging for Na, including composition, energy, polarizability, and
magnetic field dependence. The state composition and energy relative to the fine-structure energy are specified at 864.1 G in the
absence an external ac electric field. All states are best described in the |m;, m;) basis.

State
label State composition Energy (h x GHz) Polarizability (W) Zeeman shift <w>
MW /cm? G

lg" 0.977|-1/2,-1/2) — 0.215|3/2,—1/2) —2.046 —11.0 —1.273

lg) 13/2,1/2) 1.874 —11.0 1.400
lg”) —0.97713/2,—-1/2) — 0.215|—-1/2,—1/2) 1.601 —11.0 1.271
lg" —0.95111/2,1/2) — 0.310|-3/2,1/2) 1.279 11.0 1.132

le) 13/2,3/2) 2.461 87.6 2.799

le) 1.000(1/2,3/2) + 0.0183/2,1/2) 2.434 87.6 2.800
le”) 1.000(3/2,1/2) — 0.0181/2,3/2) 0.818 6.7 0.933
le") 1.000(3/2,—-1/2) — 0.0201/2,1/2) —0.823 —37.5 —0.935

background noise and a higher-count “bright” peak corre-
sponding to the convolution of background noise and atom
fluorescence. The background noise is likely read noise of
the camera; we observe no change in the background dis-
tribution when the imaging beams are turned off and the
“dark” distribution is better modeled by a Gaussian, rather
than a Poissonian distribution that is typical for scattered
background light.

We proceed to fit two Gaussian distributions to the
collected counts and determine a threshold for counts
above which we determine that a site contains an atom.
The threshold is chosen to minimize the fraction of the
“dark” Gaussian distribution that is above the thresh-
old and the fraction of the “bright” distribution that is
below the threshold. Once an optimal threshold is chosen,
these two fractions represent the false-positive and false-
negative rates of detection. The fidelity is then defined as
the difference between unity and the sum of these false
rates.

APPENDIX D: ERROR ANALYSIS AND
NORMALIZATION

The data collected from the experiment consist of a
sequence of Bernoulli trials the outcome of which is deter-
mined by binary detection of fluorescence imaging, as
described in Appendix C. The number of successes (S) and
trials (7) provides an estimate probability (¢’ = S/T) of the
true probability (0) of ending the experiment with an atom
in a given site. Since the data are binomial, uncorrelated,
and are sampled from a fixed true probability, we may
assign a binomial distribution to the data that represents
the probability of obtaining S given 6 and T

(S0, T) = @ 65(1 — ).

Several times herein, we compute the ratio of two data
points 4 and B with the methods of Ref. [82], where 4
is the detected molecule population in the ground rota-
tional state after a sequence of microwave pulses and B is

the detected molecule population in the ground rotational
state without applying microwave pulses. The ratio 4/B
provides the fraction of the population that remains in the
ground rotational state. We define the likelihood of mea-
suring 4 to be p (S4|r0p, T) and the likelihood of measuring
B to be p(Sz|0s, T), where r is an unknown parameter for
the sought after ratio and 65 is an unknown parameter for
the detected molecule filling. Since both data points are
independent, their joint probability density is the product
of their probability densities:

P (84,87, 08, T)
o (105)%4 (1 — 1) 54(0p) B (1 — Op)" 55,

Our prior knowledge of the independent parameters » and
05 is that both parameters must be constrained between 0
and 1. The corresponding prior probability is p(r,6p) =
1 on the squared unit interval. Using Bayes’ formula, the
joint posterior distribution is

p(,08184,88, T)
o (r0p)%4 (1 — r0p) 54 (0p) B (1 — )" 5%

for  and 6 within the unit interval. We then integrate over
05 to obtain the marginal posterior distribution

1
p(rlS4, Sz, T) OC/ dbpp (r,08|S4, S8, T)
0
o (N, F (1484, Sp, Sa—T,2+S4+T,7),

where ,F is a regularized hypergeometric function.

The error bars are obtained by choosing the smallest
interval of the probability density of the marginal poste-
rior distribution that contains 68.27% of the probability.
These error bars differ from confidence intervals in that
they are not centered about the mean of the density. This
is a standard technique when the underlying distribution
is asymmetric, as is the case when Sy > S3. The data
point is placed on the peak of the probability density,
corresponding the probability of maximum likelihood.
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FIG. 6. (a)Radial sideband thermometry on Cs atoms, starting
in the |F = 3,mp = 3) state and attempting to drive to heat-
ing and cooling sidebands of the transition to |F' = 4, mp = 4),
both with and without the molecule-rearrangement step active.
(b) Axial sideband thermometry, starting in |F' = 4, mp = 4) and
driving to |F = 3, mp = 3).

APPENDIX E: PROBING MOLECULE
TEMPERATURE

As described in the main text, we probe the motional
temperature of the ground-state molecules after rearrange-
ment by first dissociating them and then performing
Raman sideband thermometry on the resulting Cs atoms.
This method can only provide an upper bound on the
temperature of the molecules, as the atoms undergo addi-
tional heating following dissociation, most notably dur-
ing the unmerging of the 1064-nm and 616-nm tweezer
arrays. However, atom thermometry can still provide a
useful indication of any additional heating induced by
the rearrangement process. The thermometry procedure,
described in detail previously [56,63,83], involves using
a pair of lasers detuned from the Cs D, transition to
drive motional sidebands on the Raman transition between
the |F = 3, mp = 3) and |F = 4, mp = 4) hyperfine states.
Atoms in |F = 4, mp = 4) are pushed out with resonant
light at the end of the sequence, allowing the population
in [F = 3, mp = 3) to be inferred from the remaining atom
survival.

In Fig. 6, we show Raman sideband spectra for the radial
and axial axes of the tweezer trap. The weakly confined
axial direction corresponds to the tweezer k vector and the
radial direction is in the plane of the array. To extract the
molecule temperature, we fit the heights of the peaks [83].

In order to constrain the fit, we fix the frequency separa-
tion of the peaks based on the measured trap frequencies
at the same tweezer depth that we use for Raman sideband
cooling. Motion in the radial direction would be particu-
larly deleterious for future work on coherent dipole-dipole
interactions, because it corresponds to a linear change in
the molecule-molecule separation ». Because of the array
geometry, » is only quadratically sensitive to axial rela-
tive motion. In the radial direction, we measure motional
ground-state fractions of 92(7)% without rearrangement
and 97(6)% with rearrangement, which is consistent to
within one standard error with there being no radial heating
during rearrangement. In the axial direction, we measure
39(20)% ground-state population without rearrangement
and 54(17)% with rearrangement, which is also consis-
tent to within one standard error with no heating. Note that
for the axial spectrum, we introduce an additional optical
pumping pulse to transfer atoms to the |F = 4, mp = 4)
state before taking the spectrum. At the expense of induc-
ing a small amount of heating, this pulse allows us to more
easily resolve the spectrum from the background.
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