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Optical Tweezer Arrays

Daniel K. Ruttley®,"? Alexander Guttridge®,> Tom R. Hepworth®,"? and Simon L. Cornish® 2"

lDepartment of Physics, Durham University, South Road, Durham DH1 3LE, United Kingdom
2 Joint Quantum Centre Durham-Newcastle, Durham University, South Road, Durham DHI1 3LE, United Kingdom

® (Received 30 January 2024; accepted 8 March 2024; published 13 May 2024)

Control over the quantum states of individual molecules is crucial in the quest to harness their rich
internal structure and dipolar interactions for applications in quantum science. In this paper, we develop
a toolbox of techniques for the control and readout of individually trapped polar molecules in an array
of optical tweezers. Starting with arrays of up to eight Rb and eight Cs atoms, we assemble arrays of
RbCs molecules in their rovibrational and hyperfine ground state with an overall efficiency of 48(2)%. We
demonstrate global microwave control of multiple rotational states of the molecules and use an auxiliary
tweezer array to implement site-resolved addressing and state control. We show how the rotational state
of the molecule can be mapped onto the position of Rb atoms and use this capability to readout multiple
rotational states in a single experimental run. Further, using a scheme for the midsequence detection of
molecule formation errors, we perform rearrangement of assembled molecules to prepare small defect-free
arrays. Finally, we discuss a feasible route to scaling to larger arrays of molecules.
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I. INTRODUCTION

Ultracold molecules offer a versatile platform for
quantum science [1-3], with applications spanning quan-
tum simulation [4-9] and quantum information processing
[10—16] to ultracold chemistry [17—19] and precision mea-
surement [20—24]. Molecules feature a rich internal struc-
ture, constituting a ladder of rotational states with long
radiative lifetimes. Preparing molecules in a superposition
of rotational states engineers dipole-dipole interactions
that can be controlled using microwave fields. These prop-
erties make rotational states well suited for applications
as qubits [25,26] or pseudospins in a quantum simulator
[27—29]. Moreover, the abundance of long-lived rotational
states unlocks possibilities such as synthetic dimensions in
the rotational degree of freedom [30], realization of qudits
[16], or the implementation of quantum error-correcting
codes in the molecule’s internal states [15].

Realization of many of these theoretical proposals
demands a high level of control of the quantum states
of individual molecules. Attaining such control is pivotal
to exploit the wide array of tools offered by ultracold
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molecules for quantum science. Significant progress has
been made in preparing and manipulating internal and
external states of molecules [31,32] but control and detec-
tion of individual molecules in a single internal and
external quantum state is an ongoing challenge.

Optical tweezer arrays are a powerful platform for the
trapping, control, and readout of single ultracold particles
[33-35]. Arrays of tweezers are dynamically reconfig-
urable, allowing flexible connectivity [36] and enabling
the preparation of states with low configurational entropy
through rearrangement of particles [37—39]. In this tweezer
array platform, long-range interactions between trapped
particles have been utilized to simulate complex quantum
systems [40—42]. The platform’s inherent scalability [43]
provides a promising avenue for constructing arrays with
an even greater number of particles.

The extension of tweezer arrays to ultracold molecules
has been realized recently for both laser-cooled
[44-46] and assembled molecules [47,48]. For neu-
tral atom tweezer arrays a range of experimental tech-
niques have been demonstrated, including rearrangement
[38,39], erasure conversion [49,50], and midcircuit opera-
tions [51-54]. In this work, we develop a similar toolbox
of techniques for the control and readout of ultracold
bialkali molecules trapped in arrays of optical tweezers.
Specifically, we globally and locally control multiple rota-
tional states of individually trapped ultracold molecules.
We introduce a technique for the readout of multiple
rotational states in a single iteration of the experiment,
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achieved by mapping onto atomic states, and demonstrate
rearrangement of molecules using midsequence detection
of formation errors.

The structure of the paper is as follows. Section II gives
an overview of our experimental platform. Section III
describes our procedure for the assembly of molecules
in optical tweezers and reports the efficiency of this pro-
cess. Section IV demonstrates global control of the rota-
tional states of molecules in our optical tweezer array
using microwave fields to perform coherent multiphoton
excitation. Section V describes the detection of multi-
ple rotational states of molecules in a single experimental
run. Section VI demonstrates local control of rotational
states using an addressing tweezer in combination with
microwave fields to selectively excite specific molecules in
the array. Section VII describes the detection of molecule
formation errors and rearrangement of molecules to pre-
pare a defect-free array. Finally, Sec. VIII examines the
prospects for scaling the techniques described in this paper
to larger arrays.

II. OVERVIEW OF THE EXPERIMENTAL
PLATFORM

Figure 1(a) shows an overview of the experimental
apparatus [55,56] we use to produce ultracold 8’Rb'**Cs
(hereafter RbCs) molecules trapped in one-dimensional
arrays of optical tweezers. A key aspect of our experimen-
tal setup is the use of two distinct wavelengths of opti-
cal tweezers, which enables species-specific trapping and
independent control of the atoms and molecules. Tweezers
at a wavelength of 1066 nm are attractive to all species in
our experiment, whereas tweezers at 817 nm are strongly
attractive for Rb, weakly attractive for RbCs, and repul-
sive for Cs. The 1066-nm tweezers are created with a
spatial light modulator (SLM) and the 817-nm tweezers
are created with a two-dimensional acousto-optic deflector
(2D AOD). Both wavelengths are aligned through a high
numerical aperture objective lens to generate the tweezers
in an ultrahigh vacuum glass cell. The SLM generates a
static array whereas, by changing the radiofrequency tones
applied to the 2D AOD, we can dynamically switch and
move the 817-nm tweezers midroutine to manipulate the
atoms and molecules.

Molecules are assembled from optical tweezer arrays
of individually trapped Rb and Cs atoms [Fig. 1(b)(i)]
to form an array of RbCs molecules in the rovibrational
ground state [Fig. 1(b)(ii)]. As the molecules are individ-
ually trapped we avoid loss caused by molecular colli-
sions [57—60] and are able to selectively control individual
molecules. The molecules formed occupy a single internal
quantum state and the assembly from laser-cooled atoms
produces molecules predominantly in the motional ground
state of the optical tweezers. Microwave fields can then
be used to manipulate the rotational state of the molecules

[Fig. 1(b)(ii1)]. The transitions and states that we explore
in this work are highlighted in Fig. 1(c).

We exploit individual control of the species in our exper-
iment to readout information. Figure 1(b)(iii) highlights
a general scheme for the indirect detection of molecules,
whereby an atom-specific tweezer array is used to extract
Rb atoms from an array of tweezers that is partially
filled with molecules. By measuring the occupancy of this
“detection array,” we can infer the lack of molecules in
the corresponding traps in the primary array. This detection
scheme is discussed further in Sec. I1I D. By imaging these
atoms midroutine using the scheme shown in Fig. 1(d),
we can detect molecule formation errors and, hence, per-
form rearrangement of the occupied traps, as discussed in
Sec. VII. Alternatively, by repeatedly converting different
molecular states to atom pairs and using the Rb extrac-
tion method discussed above, we can map the molecular
states onto multiple detection arrays for multistate readout,
as described in Sec. V.

III. MOLECULE FORMATION

A. Formation of weakly bound molecules

All experiments begin by stochastically loading indi-
vidual Rb and Cs atoms in arrays of optical tweezers at
wavelengths 817 nm and 1066 nm, respectively. The atoms
are imaged with fidelity >99.9% [55] and dynamically
rearranged to create defect-free one-dimensional arrays
with up to eight atoms of each species, as illustrated in
Fig. 1(b)(i). Following this, the atoms are prepared pre-
dominantly in the motional ground state using Raman
sideband cooling and transferred to the hyperfine state
(f =1,mp = D, (f =3,my =3), [56]. The arrays are
then merged along the interarray axis to generate atom
pairs confined in the 1066-nm array. The merging is care-
fully optimized to minimize heating such that the atom
pairs predominantly occupy the ground state of relative
motion. We find that the atom pairs are successfully pre-
pared in the ground state of relative motion in 56(5)% of
experimental runs. The infidelity in the initial preparation
of each species in the correct hyperfine state is approxi-
mately 1% prior to merging. However, significant Raman
scattering of Rb caused by the 817-nm tweezer during
the merging process means that atom pairs in the cor-
rect hyperfine state are prepared in 93(2)% of runs. The
remaining 7(2)% of atom pairs are prepared in excited
hyperfine states and, for the duration of typical experimen-
tal routines, are lost due to inelastic collisions following
merging.

Molecule formation is achieved in two steps. We first
utilize an interspecies Feshbach resonance to magnetoas-
sociate atom pairs into molecules [48,61]. The molecules
are then transferred from the weakly bound state |F) to
the rovibrational ground state |G) using two-photon stim-
ulated Raman adiabatic passage (STIRAP) following the
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FIG. 1. Overview of the experimental apparatus and methodology for creating, controlling and detecting ultracold RbCs molecules.
(a) The simplified setup showing the vacuum cell, objective lens, and key elements of the optical setup. Arrays of 1066-nm tweez-
ers are created with a spatial light modulator (SLM). Arrays of 817-nm tweezers are created with a two-dimensional acousto-optic
deflector (2D AOD). Trapped atoms are detected by imaging atomic fluorescence onto a camera. (b) Stages of a typical experiment.
(b)(i) Initially Rb and Cs atoms are loaded and rearranged to prepare defect-free one-dimensional arrays in species-specific tweezers.
(b)(i1) The Rb tweezers are merged to overlap with the Cs tweezers. The atom pairs are magnetoassociated and the resultant molecules
are transferred to the ground state using stimulated Raman adiabatic passage (STIRAP), as illustrated in the inset. (b)(iii) Atom pairs
remaining due to failed molecule formation are separated. The Cs is ejected and the Rb is stored in a separate row of tweezers. Detec-
tion of the Rb atom indicates failure to form a molecule in a particular site. An experiment is performed on the molecules using
microwaves to address rotational transitions. (iv) Finally the molecules are dissociated and the resulting atom pairs are separated into
their original traps for imaging. (c) The lowest-energy rotational levels of RbCs labeled with the rotational angular momentum N
and its projection My. Arrows indicate the microwave transitions used in this work. (d) Energy levels used in imaging of Rb at high
magnetic field. The closed cycle (f = 2,m; = 2) — (3',3’) is used for imaging the atom at high field; the transfer (1,1) — (2,2) is
performed with adiabatic rapid passage (ARP).

scheme illustrated in Fig. 2(a). The energy pathway used
to access state |F') from the atom pair state is shown in
Fig. 2(b). Starting at a magnetic field of 205.8 G, atom
pairs are adiabatically transferred into a near-threshold
molecular state |s) by ramping the magnetic field over an
interspecies Feshbach resonance at 197.1 G. The magnetic
field is then lowered further to traverse an avoided cross-
ing associated with a Feshbach resonance at approximately
182 G, transferring the molecules to state |F') at a field of
181.699(1) G.

Only atom pairs in the required hyperfine state and the
ground state of relative motion can be magnetoassociated
to form a molecule [61,62]. We measure the conversion
efficiency from atom pairs to molecules in state |F)
by inducing state-sensitive loss of molecules [48]. By
applying a 1-ms pulse of resonant “pump” light at

1557 nm, we excite molecules in state |F) to state |E) from
which they may decay to other states by spontaneous emis-
sion. When this happens we do not recover atom pairs
following the reversal of the association ramps [48]. This
allows us to optimize the parameters of the magnetoasso-
ciation sequence by measuring the probability to lose the
atom pair.

Figure 2(c) shows the result of such a measurement
where we vary the magnetic field ramp speed dB/dt dur-
ing the magnetoassociation sweep across the Feshbach
resonance at 197.1 G. At high dB/dt, the avoided cross-
ing between the atom pair and molecule states is traversed
diabatically and molecules are not formed. The pump light
then has no effect and atom pairs are recovered at the
end of the sequence in 97(1)% of experimental runs. Here
the background loss of 3(1)% is from atom pairs that
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FIG. 2. (a) Electronic energy structure of RbCs molecules

highlighting the STIRAP pathway connecting the Feshbach state
|F') to the ground state |G). (b) Near-threshold molecular bound
states and the pathway for magnetoassociation. Atom pairs are
associated into the near-threshold state |s) (blue) by sweep-
ing the magnetic field down across the Feshbach resonance at
197.1 G. The magnetic field is then decreased further to trans-
fer the molecules into state |F) (red) at 181.7 G. (c) Probability
of losing an atom pair as a function of the magnetic field ramp
speed dB/dt over the avoided crossing at 197.1 G. Molecule loss
is induced by subsequently sweeping the magnetic field to 181.7
G and applying pump light. (d) Efficiency of STIRAP as a func-
tion of the number of one-way STIRAP transfers, Ngrirap. We
extract a one-way efficiency of 96.4(1)% from the fitted solid
line.

occupy an excited hyperfine state. This is lower than the
7(2)% infidelity in the hyperfine state preparation men-
tioned above, as in this measurement the atom pairs are
held for a shorter time such that the collisional loss does
not saturate. When a slower magnetic field ramp is used,
we adiabatically transfer to |s) then subsequently to |F)
and molecules are lost once the pump light is applied.

The solid line in Fig. 2(c) shows the result of fitting
a Landau-Zener model to the data, where the probabil-
ity of traversing the avoided crossing adiabatically is p =
1 — exp(—(4m?nyh/2u)|agA /(dB/db)|) [63—65]. Here u
is the reduced mass of the two atoms, a;, = 645(60)ay is the
background s-wave scattering length and A = 90(10) mG
is the width of the Feshbach resonance [66]. We scale p to
match the experimental contrast in the atom-pair loss and
add a small offset to account for the experimental back-
ground. Accordingly, the free parameters in our model
are the atom-pair density n, and the probability of atom-
pair loss in the limits of large and small dB/dt. From
this model we extract n, = 1.7(1) x 10"* ¢cm™3. When
dB/dt is large enough to make the adiabatic conversion
probability negligible, the probability of atom-pair loss is
equal to the background loss value of 3(1)%. As dB/dt
is decreased, corresponding to a more adiabatic ramp, the
observed atom-pair loss is the sum of the background loss
and the loss of formed molecules. In the small dB/dt limit,

p saturates and we fit the atom-pair loss to be 56(1)%, cor-
responding to a molecule formation efficiency of 53(1)%.
Magnetoassociation requires atom pairs in the ground
hyperfine state and the ground state of relative motion.
The probabilities for preparing atom pairs in these states
are 93(2)% and 56(5)%, respectively. Therefore, for suffi-
ciently slow magnetic field ramps, we expect to convert an
atom pair to a molecule in 52(5)% of experimental runs,
which is in excellent agreement with the fitted conversion
efficiency. For the rest of this work, we use sufficiently
small dB/dt to saturate p such that we expect that over
99% of atom pairs in the correct states are transferred
adiabatically to the molecular state |F').

B. Transfer to molecular ground state

We transfer molecules in state |F) to the rovibra-
tional ground state of the X' =¥ potential using a two-
photon stimulated Raman adiabatic passage (STIRAP)
process [67,68]. We populate the hyperfine ground state
|G) = |N =0,My = 0,mpy, = 3/2,mcs = 7/2) at a mag-
netic field of 181.699(1) G [57,69—72]. Here, N is the
rotational angular momentum quantum number and My is
its projection along the quantization axis. mgy (m1cs) is the
projection of the nuclear spin irp, = 3/2 (ics = 7/2) of Rb
(Cs) along the quantization axis. The state |G) is the lowest
energy hyperfine state for magnetic fields above approxi-
mately 90 G and conveniently, being a spin-stretched state,
has well-defined nuclear-spin projections [73].

The STIRAP process uses the “pump” beam (A =
1557 nm) and a “Stokes” beam (A = 977 nm) that together
couple state |F') to state |G) via the electronically excited
state |E) [57,69], as shown in Fig. 2(a). The intensities of
these beams are modulated with the so-called “counter-
intuitive” pulse sequence [67] over 70 s, during which
the dark state adiabatically evolves from state |F') to state
|G). Further details of the STIRAP setup are given in
Appendix A.

C. Molecule detection scheme

The lack of closed optical cycling transitions in RbCs
precludes scattering enough photons for single-molecule
fluorescence detection. Instead we map the success or fail-
ure of molecule formation onto atoms in specific tweezers
and then use standard atomic fluorescence imaging of Rb
and Cs, as described below.

We utilize a technique similar to erasure conversion in
neutral-atom arrays [50] to detect sites of the array in
which molecule formation failed. Formation errors result
in atom pairs remaining in the 1066-nm tweezers after the
molecules have been transferred to state |G), as shown
in Fig. 1(b)(i1). We detect these errors by pulling out
the remaining Rb atoms and storing them in a separate
row of 817-nm tweezers (the “detection array”), as shown
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in Fig. 1(b)(iii). In addition, we apply resonant light to
remove any remaining Cs atoms.

Subsequently, we also reverse the STIRAP sequence
to transfer molecules back to state |F) before immedi-
ately reversing the association field ramps to convert the
molecules back to atom pairs. The resulting atom pairs are
then separated by pulling out the Rb atoms and returning
them to their original traps, as shown in Fig. 1(b)(iv).

Finally, at the end of the experimental run we take a flu-
orescence image of Rb and Cs to determine the occupancy
of the three tweezer arrays: the original arrays contain-
ing atoms recovered from the molecules and the detec-
tion array containing Rb atoms in sites where molecule
formation failed.

From the final fluorescence image we determine the
recovery probability P, of the molecules as follows. Firstly,
the presence of a Rb atom in the detection array indicates
that molecule formation failed in the corresponding 1066-
nm trap and we ignore that site when analyzing statistics.
Conversely, if the detection trap is empty, we assume that a
molecule was formed in that site and therefore consider the
occupancy of the corresponding initial Rb and Cs traps. A
molecule is then deemed to be “recovered” if both atoms
that formed it are successfully imaged in their original
traps at the end of a routine. Thus P, is defined as the
probability that we recover both a Rb and a Cs atom in
their initial traps, ignoring sites in which the presence of
a Rb atom in the detection array indicates that molecule
formation failed.

D. Molecule formation and detection efficiencies

The efficiency of molecule formation (and subsequent
recovery) is primarily limited by the STIRAP transfer effi-
ciency and the loss of molecules in state |F). We quantify
these losses below using the detection scheme described in
Sec. I11 C above.

We measure the one-way STIRAP efficiency by repeat-
ing many round trips |F) — |G) — |F) before reversing
the association field ramps and measuring the molecule
recovery probability. The results are shown in Fig. 2(d).
From this measurement we extract a one-way transfer
efficiency of 96.4(1)%, assuming the efficiency of the for-
ward (|[F) — |G)) and reverse (|G) — |F')) transfers to be
the same. This is marginally better than the efficiencies
reported for RbCs in bulk gases [57,71] and comparable to
the highest reported efficiencies for ground-state transfer
of diatomic molecules [29,74].

Figure 3 shows lifetime measurements of the molecu-
lar states |F) and |G) for different tweezer intensities. We
find that molecules in the weakly bound state |F') exhibit
a much larger loss rate than ground-state molecules. We
have previously observed a photoassociation resonance
from state |F) at 1063.91(7) nm with an estimated tran-
sition dipole moment (TDM) of 0.064(2) x eay [75]. We
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FIG. 3. Lifetime of RbCs molecules in optical tweezers with

wavelengths of 1066 nm and 817 nm. (a) Normalized recovery
probabilities as a function of the hold time in the tweezers for
molecules (i) in state |F) and 1066 nm, (ii) the ground state |G)
and 817 nm, and (iii) the ground state |G) and 1066 nm. In each
panel results are shown for two different intensities with the val-
ues indicated by the corresponding symbols in (b). The axes have
been rescaled to make the contrast of the fits equal to unity. The
gold squares in (iii) show the loss of molecules in state |G) at our
typical operating intensity. (b) Scaling of the molecule loss rates
with tweezer intensity (/). The solid lines show linear fits to the
measured loss rates.

believe that the tweezer light is driving a transition from
the @® £ manifold to the ¢* X+ manifold [76]. To reduce
the loss rate from photon scattering in the wings of this res-
onance, we operate the molecule tweezers at a wavelength
of 1065.512 nm. At this wavelength, we determine the loss
rate of molecules in state |F) to be 0.99(4) s~!/(kW/ cm?)
from the fit to the red points in Fig. 3(b). To mitigate this
loss, we operate at low tweezer intensities and minimize
the time between the molecule entering state |F') and being
transferred to state |G). Unfortunately, the narrow (approx-
imately 100 kHz) linewidths of the STIRAP transitions
necessitate a 10 ms hold following the magnetoassocia-
tion ramps to achieve sufficient magnetic field stability
(approximately 50 mG) for efficient transfer. During this
time the molecules in state |F') are held in tweezers with
an intensity of 6 kW /cm? such that 5(1)% are lost. We
note that the molecular state |s) shown in Fig. 2(b) that
is populated in the initial magnetoassociation ramp has a
much longer lifetime, consistent with that of the atom pair
(>10s). However, STIRAP from this state is inefficient
due to the weak coupling to state |E).

The loss rate of molecules in the ground state |G) is
much lower than that of molecules in state |F'). From the
fits in Fig. 3(b), we determine loss rates for state |G) of
0.171(8) s~!/(kW/cm?) in tweezers with a wavelength of
816.848 nm and 0.047(4) s_l/(kW/cmz) for a wavelength
of 1065.512 nm. The linear relation observed between loss
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TABLEI. Efficiencies of each stage of the molecule formation.
The values are measured experimentally unless stated otherwise.
Experimental stage Efficiency
Preparation of atom-pair hyperfine state 0.93(2)
Occupancy of ground state of relative motion

(following the merging of the traps) 0.56(5)
Magnetoassociation efficiency (calculated) >0.99
Atom pair — |F) conversion 0.53(1)
|F') survival pre-STIRAP 0.95(1)
STIRAP transfer |F) — |G) 0.964(1)
|F) — |G) conversion (calculated) 0.91(1)
Atom pair — |G) conversion (calculated) 0.48(2)

rate and intensity suggests that the lifetime is limited by
photon scattering of the tweezer light, most likely Raman
scattering. A single Raman-scattering event would appear
as loss since we detect only molecules in the specific rota-
tional and hyperfine state addressed by the STIRAP lasers.
In light of this, we typically operate the tweezers at a low
intensity where the lifetime of state |G) is typically 2.7(4)
s, corresponding to the gold squares in Fig. 3(a)(iii), and
loss is negligible for the duration of most experiments.
This lifetime is still limited by scattering of the trapping
light; the vacuum lifetime of atoms in the experiment is
> 30s[77].

The efficiencies of each step of the molecule forma-
tion protocol are summarized in Table I. We successfully
convert atom pairs to molecules in state |F) with an effi-
ciency of 53(1)%, limited by the initial state preparation
of the atom pairs. Subsequently, 91(1)% of the molecules
in state |F') are successfully transferred to the ground state
|G). The overall efficiency for the conversion of an atom
pair to a rovibrational ground-state molecule is therefore
48(2)%.

The maximum probability of molecule recovery that we
measure is P, = 75(1)%. This corresponds to the value
after a single round-trip STIRAP in Fig. 2(d). If our
scheme for detecting molecule formation was perfect, we
would expect to measure 88(1)%, limited by the lifetime
of state |F) and the infidelity of a round-trip STIRAP.
However, our detection scheme overestimates molecule
formation due to loss of atom pairs prior to magnetoas-
sociation. The overall probability that a detection trap is
empty is 60(3)%; a combination of successful molecule
formation [53(1)%] and loss of atoms prepared in the
wrong hyperfine state [7(2)%]. With our detection scheme,
these two events are indistinguishable and we assume that
a molecule has been formed in both cases. In reality, a
molecule is only formed in 88(3)% of cases where the
detection trap is empty. Accounting for this, we would
expect to measure P, = 77(3)%, in agreement with our
observations.

IV. GLOBAL CONTROL OF ROTATIONAL
STATES

The lowest rotational energy levels in the vibrational
ground state of RbCs are shown in Fig. 1(c) where states
are labeled with |N, My). The energies of the rotational
levels are 4 x B, N(N + 1) such that the splitting between
neighboring rotational manifolds is in the microwave
domain (for RbCs, B, ~ 490 MHz) [73]. This picture
ignores coupling between the rotational angular momen-
tum and the nuclear spins of the constituent atoms (irp =
3/2 and ics = 7/2). When optical and magnetic fields
are applied, this coupling causes each |N,My) state to
split into (2igp + 1) (2ics + 1) = 32 hyperfine states. This
hyperfine structure is illustrated in Fig. 4(a) for the lowest
four rotational states. Here, the energies of the states are
shown as a function of the intensity /1o¢¢ of the 1066-nm
tweezer and the magnetic field is 181.699 G. When per-
forming STIRAP we form molecules in the rovibrational
and hyperfine ground state |G) (lowest red line). The tran-
sitions that we drive between rotational levels are shown
by vertical lines.

Transitions between rotational levels are driven using
microwave fields to which strong coupling is facilitated
by the molecule-frame electric dipole moment (for RbCs,
dy = 1.225 D) [69]. Allowed electric dipole transitions
are those with |[AN| =1 and |AMy| < 1. The strength
of the transition is determined by the transition dipole
moment (TDM) w;; = (| u [;), where the components
(/L,Z-J,/Lij», p;;) of wi; describe the strength of 7, o,
and o~ transitions, respectively. The nuclear spin is not
addressed when driving rotational transitions such that we
can only couple to hyperfine states with nuclear spins
unchanged from those of |G); namely mgp = 3/2 and
mcs = 7/2. At the operating fields used in this work
(approximately 200 G) the molecular eigenstates are gen-
erally superpositions of states of different my, and mgcs,
and the only good quantum numbers that can be used
to describe them are N and Mr = My + mgy, + mcs. The
exceptions to this are the stretched states with maximum
|ME|; for these states |mgy| = 3/2, |mcs| = 7/2 and My
is a good quantum number. For the work presented here,
we drive transitions to either stretched states or hyperfine
states with mixed character for which the component with
mgy = 3/2 and mcs = 7/2 has the largest amplitude. This
criterion selects the transitions with the highest TDMs. For
simplicity, we continue to label the states |N, My ), but give
the full-state compositions in Appendix B.

We use in-vacuum electrodes mounted inside the glass
cell [55] as a microwave antenna to drive coherent trans-
fer between molecular rotational states. These electrodes
were designed to orient molecules in the laboratory frame
by generating large dc electric fields. The four electrodes
are positioned in a 9.6 x 5.6 mm? rectangular array cen-
tered around the optical tweezers: this aspect ratio (v/3 : 1)
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FIG. 4. Excitation of RbCs molecules to higher rotational states. (a) Hyperfine energy structure of the first four rotational manifolds
of RbCs as a function of 1066-nm tweezer intensity at a magnetic field of 181.699 G. Energies are given relative to the energy
of state |G) in free space. The red lines show the spin-stretched hyperfine states of each manifold, where the molecule is initially
prepared in the ground state (lowest red line). ot, 7, and o~ transitions from each spin-stretched state are shown in red, blue, and
green, respectively. The yellow lines show other hyperfine states that we do not access. The color of the lines represents the TDM
of a given transition: more intense lines have higher TDMs. (b) Spectroscopy of the N = 1,2, 3 rotational manifolds for (i),(ii),(iii),
respectively, in a 3.07 kW /cm? tweezer. Changing the electrode configuration (insets) allows us to drive either 7 or o'* transitions.
(c) Rabi oscillation on the 7 transition |0,0) — |1,0) for a single trapped molecule.

increases the uniformity of applied fields by eliminating
the field curvature along the horizontal axis [78]. We find
that the electrodes are a good antenna for the approxi-
mately GHz frequency radiation that is resonant with RbCs
rotational transitions. The magnetic field, which sets the
quantization axis, is applied in the horizontal direction
parallel to the long dimension of the rectangular elec-
trode array. An additional external dipole Wi-Fi antenna is
mounted approximately 10 cm from the vacuum chamber.
Using this external antenna we can also drive transitions,
albeit with much reduced polarization control due to the
presence of magnetic field coils around the cell.

We demonstrate rotational state control by driving
coherent microwave transitions from the rovibrational
ground state |G) to higher rotational states. Excitation to
higher rotational states is detected by the failure to recover
atom pairs from the (excited) molecules at the end of the
experimental sequence due to the state specificity of the
reverse STIRAP transfer. We selectively drive either o or
7 transitions by connecting the electrodes in different con-
figurations to change the orientation of the electric field of
the microwave radiation. When the electric field is parallel
to the applied magnetic field we drive 7 transitions; when
the two fields are orthogonal we drive o= transitions.

Figure 4(b)(i) shows spectroscopy from state |G) to the
N = 1 manifold, with the polarity of the connections to

the electrodes shown inset. Here, the magnetic field is
181.699(1) G and the intensity of the 1066-nm tweezer is
Toss = 3.07 kW/cmz. We measure the frequencies of the
m,0”,and o transitions to be 980.140(2), 980.3391(9),
and 980.4374(5) MHz, respectively. The widths of the
measured features are transform limited. The vertical lines
in Fig. 4(b) show the expected transition frequencies. We
calculate these and the state energies shown in Fig. 4(a)
by solving the molecular Hamiltonian [79], including the
interactions with external optical and magnetic fields. We
use the molecular constants determined in previous bulk-
gas experiments [73,80,81]. The value of the isotropic
polarizability o is scaled from that measured by Black-
more et al. [82] to account for the difference in trapping
wavelengths [83]; here we use afg)% = 2000 x 47‘[8062(3). By
measuring the frequency of the 7 transition in 1065.512-
nm tweezers of different intensities /1pg, We determine
the anisotropic polarizability a%)éé = 1980(60) x 4mega;.
The measured transition frequencies are within 10 kHz
of the calculated values; we expect that the discrepancy
between the two is primarily caused by our simplifying
assumption that the polarization of the tweezer is exactly
aligned to the quantization axis of the magnetic field.

We observe coherent oscillations between states by
changing the duration of the applied microwave pulses.
For example, in Fig. 4(c) we show the effect of changing
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the pulse length with the microwave frequency set to that
of the m transition |0,0) — |1,0) for a single trapped
molecule. With a small rf power of —16 dBm incident to
the electrodes, we obtain a Rabi frequency of 37.96(2) kHz
and observe no significant damping in the contrast after
approximately 40 Rabi oscillations. The microwave field
produced by the electrode array is highly linearly polar-
ized. For example, with the field set to drive & transitions,
we are not able to resonantly drive the o~ transition, even
when the Rabi frequency on the 7 transition is increased to
133.7(1) kHz. Setting a conservative upper bound on Rabi
frequency with which we drive the o~ transition of 1 kHz,
we extract the linear polarization purity of the microwave
radiation emitted by the electrode array to be in excess of
10* : 1. This enables high-fidelity control of the rotational
states.

We probe higher rotational manifolds in the molecule
using successive microwave transitions [80]. Here, we
restrict ourselves to ot transitions so that we always
occupy a stretched hyperfine state in each rotational mani-
fold. For example, in Fig. 4(a)(ii) we present spectroscopy
of the transition |1, 1) — |2,2). This is measured by first
performing a 7 pulse on the transition |0,0) — |1,1) to
prepare the molecule in |1,1) prior to the spectroscopy
pulse. After the spectroscopy pulse, a third microwave
pulse returns any molecules remaining in |1, 1) back to
|0, 0) from which atom pairs can be recovered. Molecules
that were excited to |2, 2) during the spectroscopy pulse are
not returned back to |0, 0), resulting in atom pairs not being
recovered. This is easily extended to higher manifolds; we
generally prepare molecules in the stretched hyperfine state
N, N) with a series of N coherent 7 pulses before prob-
ing the transition [N,N) — [N + I, N + 1) and returning
molecules in [NV, N) to |0, 0). For example, in Fig. 4(a)(iii),
we perform similar spectroscopy of the transition |2,2) —
|3,3) with this procedure. As before, the measured fre-
quencies for these transitions are within 10 kHz of the
predicted frequencies indicated by the vertical lines in
Fig. 4(b). Extension to more rotational states will allow
the realization of a large number of synthetic lattice sites
with fully controllable synthetic intersite tunnelings for
engineering synthetic band structures [30].

V. MULTISTATE READOUT

Proposed quantum simulators composed of molecules
often utilize the rotational states to encode pseudospins
[5,84]. The detection of multiple rotational states of a
molecule in a single iteration of the experiment would
therefore prove highly valuable, particularly given the
finite efficiency of forming bialkali molecules. For exam-
ple, without the ability to readout multiple molecular
states, it is impossible to distinguish between a molecule
which is lost and a molecule in a spin state, which is not
detected. In the following we describe a technique that
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e
molecules pair N =0 trap
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FIG. 5. Readout of multiple rotational states whilst driving the
transition |0,0) — |1, 1). (a) Flowchart of the detection proce-
dure as described in the text. (b) Coherent transfer between |0, 0)
and |1, 1). The Rabi frequency is 33.69(3) kHz and the fitted
contrast is consistent with unity. The insets show the Cs (red)
and Rb (green and blue) traps with example fluorescence images
obtained from a molecule in states |0, 0) (left) and |1, 1) (right).
Each point corresponds to the average across the four-molecule
array with 100 experimental repetitions, where 24% of these runs
satisfy the postselection criteria.

can be used to detect the rotational state of a molecule
on a given site whilst avoiding errors caused by molecule
loss.

We present an experimental scheme that maps the rota-
tional state of the molecule onto atoms in spatially distinct
tweezers, similar to the proposal of Ref. [85] where the
state is mapped onto the atomic species. In our scheme, we
detect the internal state of the molecule by mapping it onto
the position of a Rb atom in the final fluorescence image. A
flowchart of the detection scheme is shown in Fig. 5(a). We
exploit the state specificity of the reverse STIRAP transfer;
only molecules in state |G) are converted into atom pairs
during the reverse STIRAP pulses and dissociation mag-
netic field sweeps. Molecules in excited rotational states
are unaffected by these stages of the experimental rou-
tine. After atom pairs are recovered from molecules that
were in state |G), they are separated and the Rb atoms
are stored in a row of 817-nm tweezers. We then return
to the usual operating magnetic field to transfer molecules
in excited rotational states back to state |G) with a series of
microwave pulses and repeat the dissociation steps. How-
ever, this time when separating the resultant atom pairs, we
place the Rb atoms in a different row of 8§17-nm tweezers.
After all the molecules have been dissociated into atom
pairs, the magnetic field is reduced to 4.78 G and a final
fluorescence image is taken. With this image, we can detect
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the rotational state of the molecule prior to the readout
procedure by observing which tweezer the Rb atoms pop-
ulate. Using midsequence detection of Rb atoms, would
allow this procedure to be repeated multiple times. This
would enable many internal molecular states to be readout
in a single experimental run, ideal for implementations of
qudits [16] or quantum error correction using the internal
states of the molecule [15].

This detection scheme allows us to mitigate the effects
of noise in our experimental data. Such noise can result
from fluctuations in the molecule formation efficiency
or molecule loss, which reduces the recovery probabil-
ity, P,. We are also able to eliminate leakage errors that
occur when molecules leave a chosen set of energy lev-
els. The lowest rotational levels of RbCs have lifetimes
exceeding 1000 s limited by black-body radiation [86].
Consequently, leakage errors due to off-resonant excita-
tion during microwave transfers, for example, are much
more likely than bit-flip errors for RbCs qubits. Using this
detection scheme, we specify the energy-level subspace
that we wish to readout with the choice of microwave
pulses prior to converting the molecules back to atom
pairs.

In Fig. 5(b) we present an example measurement per-
formed with this detection scheme. Here, we drive a Rabi
oscillation on the o transition between |0, 0) (blue filled
circles) and |1,1) (green empty circles) with a resonant
microwave pulse applied to an array of four molecules.
The Rabi frequency with which we drive the transition is
33.69(3) kHz. This avoids significant off-resonant excita-
tion of the o~ transition which is detuned by —96(1) kHz
at the magnetic field used in the experiment, as shown
in Fig. 4(b)(i). After this pulse, molecules in |0,0) are
converted back to atom pairs from which Rb atoms are
moved to the “N = 0 detection” traps (insets, blue square).
Molecules in |1, 1) are then transferred back to |0, 0) with
a 7 pulse before we convert them back to atom pairs and
deposit the Rb atoms into the “N = 1 detection” traps
(insets, green square). Cs atoms always remain in the 1066-
nm traps in which the molecules are formed (insets, red
square). We postselect data to consider only experimental
runs in which both a Cs atom and a Rb atom (in either of
the two detection traps) are successfully recovered from
an initial atom pair. This corresponds to 24% of the total
number of runs for this dataset. The relative occupation of
Rb atoms in the detection traps is used to infer the state
of the molecule before the detection procedure. The fitted
contrast of the Rabi oscillations is consistent with unity
and we do not observe dephasing over the range of pulse
durations shown here. The error bars in Fig. 5(b) represent
the statistical uncertainties obtained from 100 repetitions
of the experiment using an array of four molecules. The
statistical uncertainty dominates over the systematic errors
in the multistate readout scheme, which we estimate to be
< 2% as detailed Appendix C.

VI. LOCAL CONTROL OF ROTATIONAL STATES

Controlling the rotational states of individual molecules
within an array is essential for a range of applica-
tions. For example, preparing reactants in distinct rota-
tional states facilitates studies of state-controlled quantum
chemistry [87]. Additionally, certain quantum computa-
tion architectures using ultracold molecules require the
selective excitation of molecules to perform single qubit
gates [10] or to execute entangling gates between cho-
sen pairs of molecules using microwave fields [14]. The
targeted transfer of subsets of molecules into noninter-
acting states allows them to be shelved for midcircuit
readout, enabling measurement-based quantum computa-
tion [88,89] or the study of measurement-induced phase
transitions [90].

We demonstrate site-resolved control of the rotational
state using an additional array of optical tweezers to
address selected molecules. The additional tweezers cause
a differential light shift between molecular states, alter-
ing the microwave transition frequency on the addressed
sites. An example of this is shown in Fig. 6(a). In this
measurement every other trap in an eight-trap array is
addressed with an additional 817-nm tweezer, as indi-
cated by the green rectangles in Fig. 6(b). The addressing

>

2

]

[oR

3 L g

8 0.0 bl 1 dg

2 -100 50 0 0 100 200

% Microwave detuning (kHz) Pulse duration (us)

3 0000000® @00000®J)

EO 10 = RS '"-'—--'-I T I‘\'m' _'. LA v,,-—'
R o, Mw|Addressing \'.\\_ ,(d)

m t
X
dw Ob?vv \¢©
PR SR SR SR NN S SR SR S [ SR SR SH S R S
0 100 200 300
Pulse duration t (us)

400 500

FIG. 6. Local control of rotational states in an array of
molecules. (a) Selected molecules are addressed with an addi-
tional 817-nm tweezer that causes a light shift of the rotational
transition in these molecules (green filled points) relative to the
unaddressed molecules (purple empty points). (b) An image of
the atoms that form the molecular array showing which sites
are addressed (green highlight). (c) For a light shift of approx-
imately —200 kHz applied to the addressed molecules, we drive
Rabi oscillations in the unaddressed molecules only. (d) Prepa-
ration and manipulation of alternating spin chains of molecules.
An initial 7 pulse transfers only unaddressed molecules to |1).
The addressing is then removed to coherently rotate the spins of
all molecules in the array.

020333-9



RUTTLEY, GUTTRIDGE, HEPWORTH, and CORNISH

PRX QUANTUM 5, 020333 (2024)

tweezers are ramped up to an intensity of 2.18 kW /cm?
after the molecules have been prepared in state |G). We
then perform microwave spectroscopy on the array. Fol-
lowing this, the addressing light is removed such that
all molecules are resonant with the microwave m pulses
required for the multistate readout described earlier and
the reverse STIRAP. The results in Fig. 6(a) show that
the additional 817-nm tweezer light causes the frequency
of the |0,0) — |1,1) transition to shift by —80(2) kHz
in the addressed molecules (green filled circles) relative
to the unaddressed molecules (purple empty circles). The
observed light shifts of the rotational transitions allow us to
extract a value for the anisotropic polarizability of a§21)7 =
—2814(12) x 47180a(3) for the 817 nm addressing tweezer.
We note the increase in the size of the error bars for unad-
dressed molecules at a detuning of around —100 kHz in
Fig. 6(a). This results from these molecules being excited
on the o~ transition such that the number of molecules
remaining in the {|0,0),|1,1)} subspace from which we
sample is greatly reduced.

When the induced light shift is much larger than the
Rabi frequency of our chosen transition, we are able to
drive transitions in only the unaddressed molecules. We
demonstrate this in Fig. 6(c) where we increase the inten-
sity of the addressing tweezers such that the light shift
of the transition is approximately —200 kHz. We then
apply microwave radiation that is resonant for the unad-
dressed molecules to drive a Rabi oscillation in only these
molecules. After a w pulse, we observe no transfer of
the addressed molecules out of state |G) and place a 1o
upper bound of 1.0% on the probability of driving an unde-
sired excitation. We chose to target unaddressed molecules
as fluctuations in the relative alignment of the trapping
and addressing tweezers cause variations in the induced
light shift and broaden the transitions of the addressed
molecules.

We dynamically switch the addressing on and off dur-

ing the experimental sequence to change between driving
molecular transitions locally and globally. As an example,

Fig. 6(d) shows the result of an experiment where we form
an alternating spin chain of molecules with ||) = |0, 0)
and |1) =|1,1) and then drive Rabi oscillations in the
whole array. The molecule formation stages initialize the
array in || ). As before, half of the molecules in the array
are then addressed with 817-nm light. A 7 pulse on the
[{) — [1) transition is then driven in only the unaddressed
molecules to prepare an alternating spin chain. We then
remove the addressing light such that a second microwave
pulse drives the rotational transition for all molecules in
the array. This pulse rotates all the spins in the chain such
that two adjacent molecules are always out of phase with
each other. The dephasing evident in Fig. 6(d) is primar-
ily caused by different trap depths across the array of eight
molecules. This leads to a variation in the differential light

shifts along the spin chain, such that the microwave field is
not exactly resonant with all the molecules. In future work,
we plan to address this problem by using an array of tweez-
ers at a magic wavelength such that the differential light
shift between the states || ) and |1) is eliminated [91].

VII. DETERMINISTIC ARRAY PREPARATION

We now demonstrate the preparation of defect-free
arrays of molecules. The primary source of configurational
entropy in our array is the finite conversion efficiency of
atom pairs to molecules, which leads to some tweezers not
containing molecules. We remove this entropy by detect-
ing the traps where molecule formation failed using the
procedure described in Sec. III C. Unlike the experiments
presented thus far, in this experiment we perform the detec-
tion midsequence and use the information to rearrange
molecules to occupy sites where formation failed.

Midsequence detection of molecule formation errors
requires imaging Rb atoms at the magnetic field of
181.699(1) G used for STIRAP. At the normal imaging
field of 4.78 G, the state |G) is no longer the lowest in
energy and the hyperfine levels are more closely spaced.
Imaging at high magnetic field therefore avoids potential
loss of molecules to other states due to sweeping the mag-
netic field through numerous level crossings. Rb atoms
in the detection array are imaged on the closed transition
(Ssipa.f =2,mp =2) = (Spspp.f' = 3,m} =3) [here-
after (2,2) and (3,3’), respectively]. This approach has
previously been used for nondestructive hyperfine-state
readout of individually trapped Rb atoms [92,93]. As the
Rb atoms are initially in the state (5s12,/ = 1,m; =1)
required for molecule formation, they are transferred to the
state (2,2) with microwave adiabatic rapid passage (ARP)
before imaging, as illustrated in Fig. 1(d). Further details
of the detection scheme are given in Appendix A.

Figure 7(a) shows a histogram of camera counts from a
single Rb trap obtained using the high-field imaging pro-
cedure. During a rearrangement routine, trap occupancy
is determined by comparing whether the observed counts
are above or below a predefined threshold. The lines in
Fig. 7(a) show the error in the occupancy assignment
as this threshold is changed; the blue dashed line is the
false-positive error ¢, and the red dashed line is the false-
negative error &,. The black solid line is the average error
probability ¢, from which we extract a value of 3% when
the threshold is optimized.

In Fig. 7(b) we verify the performance of the detection
scheme by varying the ratio of tweezer intensities /g17/11066
during the Rb extraction step. When /g7 is too low, no Rb
atoms are moved into the detection tweezers and a nonzero
probability of detection corresponds to a false positive.
Conversely, when /g7 is high, all remaining Rb atoms
are transferred to the detection tweezer and a probability
below unity corresponds to a false negative. From the fit

020333-10



ENHANCED QUANTUM CONTROL OF MOLECULES. ..

PRX QUANTUM 5, 020333 (2024)

(a) T (b) 1
1500 F |j ! NoRb {1 [P
@ 1 o
s) Rb 2
g1o00 f [} R
NV R L
S 500 fp 2
II e
0 L 00 0
0 500 1000 0 1 2
Camera counts I17/Toss
(C) T T T T T T
o
o)
o
I
>
9]
>
o
[
Q
e
00 1 1 1 1 1
0 1 2 3 4 5
Site index n
(d) T T T T T T
. 06 l:l\ Recovery probability when molecule formed |
Qo : ~
< AN
o \\
@ 040 N i
[0} ~ ~
(5] \\ S
S N N
» 02 - U~~\ ,
\‘~n-__:“0—~__
0.0 1 1 1 bk 11 T ek IES— .
1 2 3 4 5 6
Size of defect-free array s
FIG. 7. Rearrangement of assembled molecules. (a) His-

togram of camera counts obtained using high-field imaging of Rb
atoms. Red (blue) data are counts obtained when an atom is (is
not) present. The blue and red dashed lines are the probabilities
of false-positive (g,) and false-negative (g,) errors, respectively,
as the occupancy threshold is changed. The black solid line is
the average error (¢). (b) The probability of detecting Rb in the
detection trap as a function of the intensity ratio between the
817- and 1066-nm tweezers, Ig17/l1066, during the Rb extrac-
tion. The vertical dashed line indicates the value used in a typical
sequence. The inset shows the probability Pg;7 of pulling out Rb
(green) and RbCs (red) with the 817-nm tweezer for higher val-
ues of I317/11066- (c) The probability of molecule recovery P; for
each site n of the array. Blue (red) points show data with (with-
out) molecule rearrangement for an initial array of six atom pairs.
No postselection on successful molecule formation is performed;
the black dashed line shows the measured recovery probability
[0.68(2)] for a molecule that is formed and left in a single trap.
The blue shaded region shows the prediction of a Monte Carlo
simulation of the rearrangement. (d) The probability of success-
fully recovering defect-free arrays of size s, starting from site
zero, with (blue) and without (red) rearrangement.

to Fig. 7(b) we find the combined procedure of extraction
and imaging gives a false-positive rate of 0.7(1)% and a
false-negative rate of 3.6(1)%. The latter is dominated by a
approximately 2% probability for loss of the Rb atom prior
to imaging. This value is consistent with the trap lifetime
of Rb atoms in the experiment (approximately 30 s) and
the duration of a typical experimental routine after Rb has
been loaded (approximately 500 ms). The vertical dashed

line in Fig. 7(b) shows the intensity ratio of 1.48(6) used
for midsequence detection. This value is chosen to saturate
the Rb detection fidelity whilst leaving molecules in their
original traps, as shown in the inset.

We use the real-time information obtained from the
high-field image to identify traps in which molecule
formation was successful and rearrange the molecules to
one side of the array. Molecule occupancy is assigned by
inverting the measured Rb occupancy in the corresponding
traps of the detection array. Molecules are then transferred
from the 1066-nm array to an overlapping 817-nm array
and unoccupied molecule traps are extinguished. Occupied
molecule traps are then shuttled to one end of the array
before the molecules are transferred back into the 1066-nm
array.

We show the molecule recovery probabilities P
obtained using this rearrangement scheme in Fig. 7(c).
Here, we do not postselect statistics based on successful
molecule formation, unlike in the experiments presented in
earlier sections. For these measurements, exactly six atom
pairs are prepared in the 1066-nm array, which we attempt
to associate into molecules and transfer to state |G). For
points with rearrangement enabled (blue), molecules are
shuttled to the end of the array; for points with rearrange-
ment disabled (red), the molecules are left in their original
traps. We then reverse the association routine and image
resultant atom pairs to determine P;.

With rearrangement disabled, the molecule recovery
across the array is approximately uniform with an aver-
age of 34(1)%. This is consistent with the 36(2)% that
we expect from combining the typical molecule forma-
tion efficiency of 53(1)% with the molecule recapture
probability P, = 68(2)% obtained with this experimental
routine when postselecting on successful molecule forma-
tion. We note that the molecule recapture probability is
reduced from the values reported earlier in the paper due
to increased time spent in the tweezers during imaging
and the additional time required for calculating the rear-
rangement sequence. Variations in P} (the probability that
a molecule is formed and recovered) across the array pri-
marily stem from variations in the probability of molecule
formation. Molecules are formed only from atom pairs in
the ground state of relative motion. Site-to-site differences
in the intensities of the tweezers affect the cooling of the
atoms to the motional ground state. Furthermore, angu-
lar misalignments across the array cause heating during
the merging process. These effects cause variations in the
probability of molecule formation, and therefore P}, across
the array.

When rearrangement is enabled, the average molecule
recovery in the array remains 34(1)% but the distribution
is no longer uniform, being weighted significantly towards
the low-index sites in the array as intended. The observed
recovery in the array agrees well with the prediction of
a Monte Carlo simulation of the rearrangement, indicated
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by the blue shaded region in Fig. 7(c). In this simulation,
we populate the initial array of molecules by generating a
random number, x,, between 0 and 1 for each site in the
array. If x,, is lower than the measured molecule formation
efficiency for that site, then the site is deemed to be occu-
pied. Once the initial occupancy of the array is determined,
all molecules are shuttled to fill the traps with the lowest
site indices. We assume that no molecules are lost dur-
ing this process. This is repeated for 500 initializations
of the array, and the average occupancy of each site is
determined. The site occupancies are then scaled by the
measured value of P,. The shaded region shows the lo
bounds on the simulation results, obtained by repeating it
500 times using different values of the molecule formation
efficiency and P,, both sampled from Gaussian distribu-
tions centered about their measured values with standard
deviations equal to their experimental uncertainties.

Figure 7(d) shows the probability of successfully
observing a defect-free array of size s. With rearrangement
enabled, this probability scales as (P,)* due to the loss of
molecules prior to the final fluorescence image.

VIII. SCALING TO LARGER ARRAYS

Finally, we discuss scaling to larger arrays trapping a
greater number of molecules. Currently, the performance
of our rearrangement protocol is limited by laser power as
this determines the initial number of molecules that can be
formed. Using laser sources that produce 1 W of 1066-nm
light and 100 mW of 817-nm light, we are able to assem-
ble and rearrange an array of molecules starting from six
atom pairs. However, at these wavelengths laser sources
with output powers of 20 and 2 W, respectively, are read-
ily available. Such lasers would allow a 20-fold increase
in the array size in the short term and we note that higher-
power laser sources exceeding 100 W [94,95] are available
for further scaling in the long term.

In Fig. 8(a) we show the results of a Monte Carlo sim-
ulation of the expected rearrangement performance when
using 120 atom pairs, corresponding to the anticipated 20-
fold increase in laser power. The simulation is the same
as that discussed in Sec. VII, but with a larger array of
traps. The blue symbols show the predicted performance
for P, = 68%; the value we measured in the rearrange-
ment routine using six atom pairs. The green symbols show
the performance that would be achieved if the molecule
recovery probability were improved to P, = 88%. This
latter value requires the infidelity in the hyperfine-state
preparation to be reduced to 2% and the STIRAP effi-
ciency increased to 99%. Both improvements are feasible
in the near-term by changing the wavelength of the Rb
tweezer to be further detuned (to reduce Raman scatter-
ing) and by suppressing phase noise on the STIRAP lasers
using feed-forward techniques [96,97]. In both cases, the
effect of nonunity P, is to cause false-positive errors when
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FIG. 8. Prospects for scaling the molecule rearrangement pro-
tocol to larger array sizes. The performance is simulated using
the Monte Carlo method described in the text, starting with
an array of 120 atom pairs. The main plots show the proba-
bility P} of an atom pair being recovered from a molecule in
site index n when not postselecting on molecule formation. The
insets show the probability of measuring a defect-free array of a
given size. (a) Rearrangement performance for different molecule
recapture probabilities P, using the detection scheme used in
this work. (b) Rearrangement performance using direct detec-
tion of molecules in state |G) with probability P,, rather than
the detection of the failure to form molecules in state |F').

a molecule in state |F) is formed but subsequently lost,
decreasing the average number of molecules in the array.
The inset in Fig. 8(a) shows the probability of prepar-
ing a defect-free array, which reduces with array size s
proportional to (P,)°, as we observed experimentally in
Sec. VIIL.

We note that increasing the laser power available for
tweezer generation will allow an increase in the number
of rotational states that can be readout in a single run of
the experiment. There is no fundamental limit to the num-
ber of states that can be readout with our detection scheme;
we need only to have enough laser power to generate the
required number of detection arrays.

Developing the capability to nondestructively detect
molecules in state |G) would greatly enhance the prospect
of large defect-free arrays of RbCs molecules. Currently,
as the assembled molecules cannot be directly imaged,
detection is limited to measuring only when a molecule
has been formed. Consequently, we cannot correct for
the subsequent loss of molecules. This leads to a signif-
icant drop in the probability of preparing a defect-free
array when scaling to larger systems. To overcome this
limitation, we propose to exploit the recently observed
long-range interactions between molecules and Rydberg
atoms [72] to detect molecules in state |G) directly. In such
a scheme, atomic Rydberg excitation is blockaded when a
ground-state molecule is present such that the presence of
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a molecule can be inferred from the failure to excite to a
Rydberg state [98—101].

In Fig. 8(b) we show the expected recovery of atom
pairs from molecules in a sorted array using the proposed
Rydberg-atom scheme. Here we use P, = 68%, the effect
of which is now to reduce the average trap occupancy
before rearrangement as detection can be performed after
all the lossy molecule formation stages. The simulation is
similar to before, but a trap is now occupied prior to rear-
rangement if x, < Py P,/ Fstirap, Where Pr = 53% is the
assumed molecule formation probability and Fsrirap =
96.4% is the STIRAP fidelity. We show the results of
simulations using different values of the molecule detec-
tion probability P,. We expect P, to be dominated by
false-positive errors due to imperfect transfer to the atomic
Rydberg state when no molecule is present. We incorpo-
rate this into the simulation by assigning each site with
a second random number y, between 0 and 1, such that
if y, > P; on an unoccupied site, we simulate a false-
positive error in the detection by using this trap during the
rearrangement even though it is unoccupied. As before,
we repeat this simulation for 500 initializations of the
array and determine the average occupancy of each site
in the array. The limiting factor to atom pair recovery is
now the reverse STIRAP transfer Fstrap With which we
scale the recovery probability of all the traps in the array.
Nonunity detection fidelities P; do not cause molecule
loss but instead result in unoccupied molecule traps being
inserted into the final array. This reduces the average occu-
pancy of “filled” traps while increasing the length of the
array that is “filled.” The total number of molecules in the
array is the same for all P; shown here. These simulations
suggest that a Rydberg excitation fidelity of > 84% (well
below the approximately 99% that has been reported for
Rb [43]) will enable the preparation of defect-free arrays
of tens of assembled molecules.

The upgrades to our experiment described above will
allow the formation of defect-free arrays of molecules
comparable in size to those demonstrated with directly
cooled molecules. For comparison, stochastic loading
probabilities of approximately 35% are typical for an array
of CaF molecules in optical tweezers [25]. The rearrange-
ment of such molecules has been demonstrated to obtain
defect-free arrays of up to 16 molecules with a proba-
bility > 0.6 for a reported single-particle rearrangement
fidelity of 97.4(1)% and a state-preparation fidelity of
82.4(11)% [26]. In this work, the probability to convert an
atom pair into a ground state molecule is 48(2)% and the
direct detection of molecules in state |G) will allow for a
rearrangement fidelity limited by the STIRAP fidelity [cur-
rently 96.4(1)%]. All molecules formed in this experiment
occupy a single internal state. Furthermore, for assem-
bled molecules such as RbCs, the molecule inherits the
motional state of the center of mass of the atom pair from
which it is assembled. As only atom pairs in the ground

state of relative motion are converted into molecules, the
formed molecules usually occupy the three-dimensional
motional ground state. We estimate that this is true for
approximately 66% of the molecules formed in our exper-
iment [72]. This efficiency is comparable to the 54(18)%
occupancy of the three-dimensional motional ground state
achieved after Raman sideband cooling of CaF molecules
in optical tweezers [102,103].

IX. CONCLUSION

In conclusion, we have established a suite of experi-
mental techniques for enhanced control of individual ultra-
cold molecules assembled from ultracold atoms confined
in optical tweezer arrays. We have quantified the effi-
ciency of each step in the method used to form RbCs
molecules in optical tweezers and have described an adapt-
able technique for detecting molecule formation errors.
We have demonstrated global and local control of multi-
ple rotational states of individually trapped molecules and
combined this with a technique for the detection of mul-
tiple rotational states in a single run of the experiment.
Using midsequence detection of formation errors, we have
demonstrated the rearrangement of assembled molecules
to prepare defect-free arrays. Finally, we have discussed
a feasible route to scaling to larger defect-free arrays of
molecules.

The advances demonstrated here lay the foundation for
new experiments in quantum science that exploit the rich
internal structure and dipolar interactions of molecules
[1-3]. We have developed a range of techniques for the
control and readout of the rotational states of molecules
using optical-tweezer arrays that can be readily extended
beyond the two rotational states used in this work. This
extension will facilitate the realization of synthetic dimen-
sions [30] and qudits [16] with molecules. Furthermore,
the combination of site-resolved control of rotational states
with our scheme for the detection of multiple rotational
states, allows for the local shelving of molecules outside
the detected rotational subspace. This capability enables
midcircuit measurements of a subset of molecules, which
may be exploited to enhance precision measurements
with molecules [104] or used for quantum information-
processing applications, such as measurement-based quan-
tum computation [88,89] and quantum error correction
[105,106].

The data presented in this paper are available from
Ref. [108].
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APPENDIX A: EXPERIMENTAL METHODS

The methods used in our experiment have been exten-
sively described in previous works [48,55,56,72]. Here we
provide an overview of recent upgrades relevant to this
work.

1. STIRAP beams

The efficiency of one-way STIRAP transfer in our
experiment has been increased from the previously
reported value of 91(1)% [72] to the 96.4(1)% efficiency
reported here by increasing the Rabi frequencies with
which we couple to state |E). This has been achieved by
amplifying the pump and Stokes beams with fiber ampli-
fiers (both supplied by Precilasers) to have powers of
approximately 44 mW and approximately 27 mW focused
to 1/e? beam waists of approximately 80 jum and approx-
imately 70 pm at the molecules, respectively. With this
we achieve a pump Rabi frequency of 493(5) kHz and
a Stokes Rabi frequency of 876(4) kHz. Further increase
of the Rabi frequencies beyond these values reduces the
efficiency of the STIRAP transfer. We believe that the
transfer efficiency at higher Rabi frequencies is limited by
laser frequency noise [109,110] caused by servo bumps
from frequency stabilization to a high-finesse optical cav-
ity [111,112]. In the future, we plan to suppress this noise
with feed-forward techniques [96,97].

2. High-field imaging

As described in the main text, to detect molecule for-
mation errors midsequence we must image Rb atoms
initially in the state (5si,2,/ = 1,my = 1) at a magnetic
field of 181.699(1) G. Here we give further details of the
microwave adiabatic rapid passage (ARP) and subsequent
resonant imaging mentioned in Sec. VII.

The ARP transfer from (1, 1) to (2,2) is implemented
using a loop antenna mounted outside the vacuum chamber
approximately 12 mm from the atoms confined in optical
tweezers. With this antenna we produce microwave radi-
ation that couples the states (1,1) and (2,2) with a Rabi
frequency of 7.6(3) kHz. We use a magnetic field sweep

of 72 mG in 2.5 ms to adiabatically transfer the atoms into
(2,2). For this Rabi frequency, the efficiency of the trans-
fer is limited to 90% due to magnetic field noise. In future
experiments we plan to increase the coupling strength to
improve the transfer.

We then image the Rb atoms on the closed transition
(2,2) — (3',3") with resonant ot polarized light with a
peak intensity of 10 Iy The use of the closed transi-
tion prevents atoms decaying to states that are dark to the
imaging light due to the large Zeeman shifts. The imaging
light is sourced from a dedicated laser, which is frequency
stabilized relative to the main cooling laser with a beat
note lock to be resonant with the imaging transition at
the operating magnetic field of 181.699(1) G. The primary
limitation to the achievable imaging fidelity is the loss of
Rb atoms before the number of scattered photons that are
detected is sufficient to differentiate occupied traps from
the background. This loss is caused by the recoil momen-
tum imparted by imaging photons heating atoms out of the
traps. To combat this, we increase the peak depth of the
tweezers to 2.5(1) mK x kp. During the imaging procedure
we modulate the imaging and trapping light in antiphase;
this avoids light shifts caused by the deep trap, which
would otherwise cause broadening of the signal histograms
and loss from dipole-force fluctuations [113]. The duty
cycle of the trapping (imaging) light is approximately 80%
(10%) and we estimate that approximately 10* photons are
scattered before the atoms are lost.

To enhance the preparation efficiency in (2,2) beyond
the 90% achievable with ARP alone, and consequently
improve the Rb detection fidelity, we implement additional
optical pumping methods. We apply optical pumping light
resonant with the (1, 1) — (2,2') transition at 4.78 G, but
off resonant at our magnetic field of 181.699(1) G. We also
apply a microwave field resonant with the (1,1) — (2,2)
transition during imaging to continuously pump atoms
from the dark state (1, 1) to the bright state (2,2). We find
these steps pump > 99% of the atoms into the bright state
for imaging.

APPENDIX B: MOLECULAR STATES

In the presence of externally applied optical and mag-
netic fields we resolve the hyperfine structure within
each rotational manifold in RbCs. This hyperfine struc-
ture results from coupling between the rotational angular
momentum and the nuclear spins of the constituent atoms
(iro = 3/2 and ics = 7/2). This splits each |N, My ) state
into (2igp + 1)(2ics + 1) = 32 hyperfine states.

The magnetic field in our experiment is typically
approximately 200 G, which is not high enough to
decouple the rotational and nuclear angular momenta. As
described in the main text, generally the only good quan-
tum numbers that can be used to describe a given hyperfine
sublevel are N and My = My + mgy, + mcs. In the main
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TABLE II. Rotational and hyperfine states of RbCs used in
this work. We give the |N,My) label used in the main text,
the corresponding |N, MF), label, and the state compositions in
a 1065.512-nm tweezer of intensity /jp66 = 3.07 kW/crn2 at a
magnetic field of 181.699 G. The state components with mg, =
3/2 and mcs = 7/2 are shown in bold.

IN, My)
0,0) = |G)
11, -1)

IN, Mp);
10,5)o
11,4)

|Na MN: MRb, mCS)
10,0,3/2,7/2)

—0.827|1,—1,3/2,7/2)
—0.43811,0,1/2,7/2)
+0.293|1,1,—1/2,7/2)
—0.1961,0,3/2,5/2)
—0.0191,1,3/2,3/2
+0.0111,1,1/2,5/2

)
)
—0.971[1,0,3/2,7/2)
)
)

[1,0) I1,5)o
+0.2361,1,1/2,7/2
—0.039]1,1,3/2,5/2

11,1,3/2,7/2)
12,2,3/2,7/2
13,3,3/2,7/2

11,1) 11,6)o
12,2) 12, 7)o
13,3) 13,8)0

)
)

text, we use the state labels |V, My ) where mixed states are
labeled with M)y of their component state with the largest
probability amplitude. Neither of these labeling schemes
is sufficient to identify a given hyperfine state uniquely.
Therefore, here we use the labeling scheme of Blackmore
et al. [80] where states are labeled by |N, MF),. Here k is
an index enumerating states in order of increasing energy
such that £ = 0 is the lowest energy state for given values
of N and Mp.

In Table II we list the hyperfine states used in this work.
We give the label |N, My) used in the main text, the label
N, Mp), following the scheme of Blackmore et al., and
the full-state composition in the |N, My, mgp, mcs) basis.
The state compositions are calculated for a molecule in a
1065.512-nm tweezer of intensity /jo¢6 = 3.07 KW/ cm? at
a magnetic field of 181.699 G using the molecular con-
stants and polarizabilities as described in the main text.
The components of the N = 1 states to which we can cou-
ple with microwave radiation from state |G) have mgy, =
3/2 and mcs = 7/2 and are highlighted in bold.

APPENDIX C: SYSTEMATIC ERRORS IN THE
MULTISTATE READOUT PROTOCOL

The primary source of systematic error in the multistate
readout scheme presented in Sec. V is the preferential loss
of molecules in a particular rotational states. This cannot
cause a molecule to be detected in the wrong rotational
state, but can skew the ratio of the relative populations in
the two states. To assess the impact of loss on the relative
populations, we analyze the raw molecule recovery proba-
bilities for the data presented in Fig. 5. The peak recovery

probability of molecules in the state |0,0) is 23.8(5)%,
whereas the peak recovery probability of molecules in
the state |1, 1) is 21.7(5)%. This corresponds to a relative
recapture probability » = 91(3)% for molecules in state
[1,1) relative to molecules in the state |0,0). The detec-
tion error is maximized to a value of [1/(1 +r) — 1/2]
when the true occupation of the two states is equal. For the
results presented in Fig. 5, this corresponds to 2.3(8)%. As
the true occupation of one of the states approaches unity,
this resultant error decreases and eventually vanishes.

There are two main contributions to the preferential
loss of molecules in the state |1, 1) that lead to the lower
observed recovery probability. The first is loss due to scat-
tering of the tweezer light during the time it takes to
perform the readout of molecules in |0,0). The duration
of this stage is dominated by the approximately 10ms
required for the magnetic field to settle after separat-
ing the atom pairs that result from the dissociation of
molecules in |0,0). This leads to loss of approximately
1% of the molecules in |1, 1). Additionally, if the field has
not completely settled, the efficiency of the second STI-
RAP transfer can be slightly reduced. The second source
of loss is off-resonant excitation from |1, 1) to states with
N’ =2 in the excited electronic manifold [114] when the
Stokes light is applied during the readout of molecules
in |0, 0).

Errors that would lead to the incorrect assignment of the
molecular state are vanishingly rare. The selection rules
governing the transitions used in STIRAP mean that the
return transfer of molecules from the state |1, 1) is forbid-
den by parity [69], so these molecules cannot result in an
atom in the N = 0 detection traps. For a molecule in the
state |0,0) to be detected as a molecule in |1, 1) would
require it to remain in the state |0,0) during the first dis-
sociation stage and then be unaffected by the microwave
7 pulse used for readout of molecules in |1, 1). This is
extremely unlikely.
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