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Polyatomic molecules have rich structural features that make them uniquely suited to
applicationsin quantum information science' 3, quantumsimulation**, ultracold
chemistry’ and searches for physics beyond the standard model®°. However, a key

challenge is fully controlling both the internal quantum state and the motional degrees
of freedom of the molecules. Here we demonstrate the creation of an optical tweezer
array of individual polyatomic molecules, CaOH, with quantum control of their internal
quantum state. The complex quantum structure of CaOH results in a non-trivial
dependence of the molecules’ behaviour on the tweezer light wavelength. We control
thisinteraction and directly and non-destructively image individual molecules in the
tweezer array with a fidelity greater than 90%. The molecules are manipulated at the
singleinternal quantum state level, thus demonstrating coherent state controlina
tweezer array. The platform demonstrated here will enable a variety of experiments
usingindividual polyatomic molecules with arbitrary spatial arrangement.

Ultracold molecules are an important frontier in quantum science
due to their rich internal structure and large intrinsic electric dipole
moments, and as a bridge between ultracold physics and quantum
chemistry. Identified scientific applications include quantum simula-
tion>2, quantuminformation processing' >, quantum chemistry’,
collisional physics'®, quantum metrology and clocks”, and precision
searches for physics beyond the standard model®*?°. One promis-
ing platform for realizing many of these goals is an optical tweezer
array, which can allow for positioning of individually trapped par-
ticlesin arbitrary geometries, as well as dynamic rearrangement of
their positions® %, Optical tweezer arrays have already proven to be
extremely successful for ultracold atoms?**, enabling the realiza-
tion of high-fidelity quantum processors*?** and quantum simula-
tors?*®**°based on Rydberginteractions, as well as the development of
tweezer-based optical clocks for precision metrology® *and the study
of ultracold collisions**. Tweezer arrays of diatomic molecules have
also been achieved® ¥, as has the observation of dipolar interactions
and two-molecule entangling gates***°, Recently, Raman sideband
cooling of these molecules to the motional ground state of the trap
has demonstrated full quantum control of both internal and external
states of laser-cooled diatomic molecules***.

Polyatomic molecules, as compared to atoms and diatomic mol-
ecules, have non-trivial additional degrees of freedom that can be
harnessed for quantum science and technology and precision meas-
urement applications*2. For example, polyatomic molecules generi-
cally contain very closely spaced opposite-parity states that allow the
molecule to be polarized in the laboratory frame using small applied
electric fields, with astructure that s ideal for many applications"31°,
Such states allow quantum information processing schemes with
switchable dipole-dipole interactions'?, as well as natural simula-
tion of quantum magnetism models* . The large number of internal
states in polyatomic molecules could also be useful for encoding

error-corrected qubit states”, or for creating qudit' states enabling
many bits of quantum information to be contained in a single physi-
cal molecule. Additionally, polyatomic molecules are promising for
searches for physics beyond the standard model, as they contain states
with high beyond-the-standard-model sensitivity and strongisolation
from background noise and decoherence sources®*****, All of these
applications could either be enabled by, or benefit from, isolating
and controlling individual polyatomic molecules in optical tweezer
arrays. Towards these scientific goals, polyatomic molecules have
been laser cooled*****¢ and trapped in electrostatic**%, magnetic*
and optical*®*° traps, but they have not previously been controlled at
the single-particle level.

In this work, we demonstrate trapping of polyatomic moleculesinan
array of optical tweezers. Laser-cooled CaOH molecules are trapped
in amagneto-optical trap (MOT) and transferred into a large optical
dipole trap (ODT), and then single molecules are loaded into optical
tweezers. During loading, a collisional blockade occurs™, ensuring
that each tweezer contains at most one molecule. The molecules are
non-destructively imaged in the tweezers, enabling identification of
loaded tweezers and re-imaging later in the experimental sequence.
We observe that the loading and imaging efficiencies depend strongly
on the tweezer light wavelength due to the rich spectrum of excited
states in CaOH. We characterize this dependence and determine
optimal parameters to control these effects. Finally, we prepare indi-
vidually trapped CaOH moleculesin asingle quantum state within the
lowest-lying parity-doubled vibrational bending mode, an identified
resource for many quantum science goals.

Experimental overview

The experiment begins with approximately 10* laser-cooled CaOH
molecules loaded in a magneto-optical trap (MOT) at approximately
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Fig.1|Anoptical tweezer array of CaOH molecules. a, Averaged image of the
CaOH tweezer array, attained by imaging the molecules for a 50 ms duration
and averaging over hundreds of iterations of the experimental sequence. Scale
bar, 5 pmb, Histograms of collected fluorescence for 15 ms duration tweezer
images at average loading probabilities of 31% (orange) and 13% (purple). Inset,
histograms normalized (norm.) by loading rate, indicating that the shape of the
loaded molecule peak does not change with the loading probability.

1 mK (ref. 46). The molecules are next cooled into an ODT*°, and then
intosix optical tweezer traps projected inside the ODT (Methods). After
loading, a final cooling pulse is applied to induce light-assisted colli-
sionsinmultiply occupied tweezers, leaving at most a single molecule
remainingin each trap®.

Moleculesinthe tweezers areimaged using A-enhanced grey molas-
ses cooling, which allows thousands of photons to be scattered>**%
Fluorescence fromthe A HI/Z(OOO) >X Z *(000) cooling transition at
626 nmis collected viathelensused to project the tweezers, and then
imaged onto an electron multiplying charge-coupled device (EMCCD)
camera. We find that optimal imaging occurs only at specific tweezer
wavelengths and requires several of the vibrational repumping lasers
used for imaging to be tuned by approximately 100 MHz from their
free-space values, as discussed in detail below. Figure 1ashows anaver-
aged image of the tweezer array.

Histogram analysis of the intensity of fluorescence from the mol-
eculesrevealssingle-molecule trappingin the tweezers. Figure 1b shows
histograms of camera counts attained from fluorescence imaging of
the moleculesintweezers. Histograms are shown for 15 msimages and
for two average tweezer loading probabilities of 31% (orange) and 13%
(purple), tuned by varying the number of moleculesloaded inthe MOT.
The narrow peak on the left corresponds to empty tweezers, while the
broader peak ontheright corresponds toloaded tweezers; choosinga
threshold value between the two peaks enables classification of single
shotimagesas correspondingtoloaded or empty tweezers. Asshown
intheinset of Fig.1b, rescaling the histograms by their respective load-
ing rates shows that they have identical shapes. This is only possible
if single molecules are loaded; otherwise, reducing the loading rate
would lower the average number of molecules loaded, and thereby
decrease the average brightness while altering the qualitative shape
of the histograms. From quantitative analysis of the histograms, we
identify the residual fraction of loaded traps containing more than
one molecule to be 5 + 5% (Methods).
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Fig.2|Wavelength dependence of CaOH trapping. a, Level diagram showmg
the coollng and repumping lasers used for Aimaging (arrows ConnectmgX Z to
the A M,,and B"2* manifolds), as well as the high-lying electronic states to
which the approximately 780 nm tweezer light (dark red arrows) couples.

b, Top plot, average tweezer fluorescence versus wavelength for 50 ms array
images. Thesolid cur\fzis aguidetotheeye. Bottgzm plot, measured relative
a.zc. Stark shiftsofthe A 11,/,(000) (red squares),B"X*(000) (purplecircles),

A 1,/,(100) (green triangles) and A(010)k%s") (orange diamonds) states. Solid
curvesare fits used to extract line positions and coupling strengths (Methods).
Errorbarsrepresent 68% confidenceintervals.

Excited electronic states

Ageneral challenge of optically manipulating and trapping polyatomic
moleculesis the relatively large density of excited states compared
to atoms and diatomic molecules. This shows up specifically in our
experiment as molecular loss dependent on the wavelength of the
tweezer light. We characterize the manifold of excited states near
thetweezer wavelength, model the interactions of the molecules with
thetweezer light and arethenable to tune the wavelength of the tweezer
light to control loss.

Energy levels relevant to molecularimaging are shownin Fig.2a. The
high-lying electronic potentials D x* E“x*andF (ref. 53) are coupled
tothe A M,,and B X" states by the tweezer light. This has the effect of
(1) shifting cooling and repumping imaging lasers out of resonance
dueto a.c. Stark shifts and (2) sometimes directly exciting molecu-
les to these electronic states, which can lead to loss from imaging
excitation.

Figure 2b (top plot) plots the overall brightness of moleculesin the
tweezers (a combination of loading fraction and imaging efficiency)
asafunction of tweezer light wavelength over the range 779-788 nm.
This was done using fixed imaging and repumping frequencies chosen
to optimize the signal at 784 nm. While bright tweezers are observable
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around 784 nm and 782 nm, they are very dim in several wavelength
regions, notably around 783 nm, above 787 nm and below 780 nm.

To characterize the wavelength dependence, we measure the a.c.
Stark shifts of the laser cooling excited states as a function of tweezer
wavelength (Fig. 2b, bottom plot). Specifically, we study the A(000),
B(000),A(100) and A(010) states, whichare the mostimportantexcited
states used for CaOH optical cycling*. At each tweezer wavelength,
we scanthe frequency of a cooling or repumping laser addressing the
target electronic state in order to maximize the tweezer brightness
duringimaging (Methods). The offset between the optimal frequency
and the known free-space resonance is the a.c. Stark shift.

We fit the observed Stark shifts to analytic lineshapes to determine
the position and strength of the excited-state couplings (Methods).
The energy of the A(000) excited state exhibits a resonance at
777.9(6) nm, wl‘ilch is con515tent with the expected wavelg:ngth for
coupling fromA Tl,,(000) > D ¥*(100) (ref.53). The other A M, state
vibrational levels exhibit similar behaviour, due to coupling with vibra-
tional levels of the D" X" electronic potential,

While the resonances observed in the A I,/, excited states were
expected based on previous state assignments in the literature®, the
B“2*(000) state is shifted by high-lying states with no known literature
assignment. Three features are observed in our data, at 782.4(1) nm,
783.1(1) nm and 787.2(1) nm, corresponding to unassigned excited
states in CaOH at 30,804(2) cm™,30,792(2) cm™and 30,726(2) cm?,
respectively. These states lie slightly above known vibrational levels
of theE“X* andF electronic states®® and therefore likely belong to one
or both of those electronic manifolds. Based on this data, we choose
an optimal tweezer wavelength of 784.5 nm, which is well separated
from the observed resonances and results in minimal loss.

Imaging of moleculesinthe tweezers

We image CaOH molecules in the tweezer array using grey molasses
cooling lightina A configuration®>%, as shown in Fig. 3a. The imaging
parameters are chosen to maximize the number of photons that canbe
scattered from each tweezer-trapped molecule, and several repumping
lasers are detuned to compensate for the excited-state a.c. Stark shifts
(Methods). Fluorescence histograms collected using a15 msimaging
duration are shownin Fig. 1b.

The imaging lifetime, 7, is the average time the molecules survive
during imaging before being lost from the tweezer or fallinginto a
molecular dark state. To measure 7 and the photon scattering rate of
themolecules, I, weimage for a variable duration, then wait 50 ms and
image asecond time (15 ms duration). The molecule survival (defined as
the conditional probability that a molecule is detected in the second
image, given thatit was presentinthe firstimage) is plottedin Fig.3b as
afunctionof the firstimage duration. The data are fit to an exponential
decay with a1/e imaging lifetime of 7= 32(3) ms. We also find for long
imaging times ¢ » rthat each molecule scatters N,,, = 8(1) x 10° photons,
on average, before going dark to the imaging light (Methods). Com-
bining these measurements, we determine that the photon scattering
rate is =250(40) x 10° s during imaging. We measure the molecule
lifetime in the absence of imaging light to be 690(70) ms, which is
determined predominantly by imperfect vacuum and by blackbody
excitation (Fig. 3¢)*>.

The average number of photons scattered during long imaging
pulses, N, is slightly less than the expected limit of approximately
1.6 x10* photons fromloss to known dark vibrational states (Methods)*.
We attribute the additional loss primarily to scattering from the tweezer
light during imaging, which we model using the excited electronic state
data fromabove, as described in the Methods®.

We measure the temperature of the moleculesin tweezers after imag-
ing using the release-recapture method (Fig. 3d)*, described in the
Methods. For optimal imaging parameters, we measure the molecule
temperatureto be 7=120(10) pK, correspondingto aratio of trap depth
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Fig.3| Tweezer array imaging and characterization. a, Laser configuration
used for Aimaging of the tweezer array, where 4 is the single-photon detuning
and §isthetwo-photondetuning.b, Lifetime of CaOH molecules during
imaging, measured tobe 32(3) ms. ¢, Tweezer hold lifetime, measured tobe
690(70) ms, limited predominantly by background gas and blackbody
excitation®*. d, Release-recapture temperature measurements for
single-photondetunings of 4 =16 MHz (orange), 22 MHz (purple) and 28 MHz
(green). Solid curves show Monte Carlo fit results, indicating ratios of trap
depthtotemperaturen=6(2),12(1) and 9(1), respectively. Error bars represent
68% confidenceintervals.

to molecule temperature of 7=12(1). Increasing the single-photon
detuning by 6 MHz increases the temperature ratio to n=9(1) but
causes no decrease in the maximum number of photons scattered.
This suggests that the imaging lifetime is not limited by the molecule
temperature.

Onekey feature of the optical tweezer platformis the ability toimage
molecules non-destructively, for example in order to postselect data
onloaded tweezers or to rearrange the molecules into ordered arrays?.
Doingsorequiresthe ability to distinguish loaded from empty tweezers
with high fidelity while minimizing molecule loss. We find that animag-
ing duration of 7 ms achieves a satisfactory balance between these
requirements. Using a background subtraction procedure described
inthe Methods, we determine that the imaging fidelity after 7 ms of
imaging is 0.9470:%2 for a tweezer loading rate of 34%, while the prob-
ability of themolecule surviving after the image is 80%. Higher molecule
survival probabilities can be attained by imaging for even shorter dura-
tions, at the cost of more frequently misidentifying loaded traps as
empty. The detection fidelity is limited by the finite molecule imaging
lifetime incombination with our photon collection efficiency, and does
notincrease significantly for longer imaging durations.

Single quantum state preparation and control

Next, we demonstrate coherent control of the internal states of CaOH
moleculesinthe optical tweezer array. We begin by optically transfer-
ring molecular population into the X £(010) vibrational bending
mode, whose ¢-type parity-doublet structure is useful for many
quantumscience applications*****> Unlikein our previous work with
CaOHin an ODT, where approximately 1,200 photons were scattered
during this step®, here with tweezers we optically pump using
only approximately 2 photons by exciting the XT*000)(N=1)~>
A l'l(OlO)K 2y O)(J=1/2%transition at 609 nm. The excited state decays
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Fig.4|Single-state control of CaOHin optical tweezers. a, Microwave-
optical scheme for pumping populationinto the single quantum state |0)
(F=07)inthe Y(OIO) bending mode. Microwave radiation at 40 GHzresolves |0)
fromthe nearby states |1), |2) and |3), while a 623 nm laser dissipatively returns
populationto states |0) through |3). Also shown are the parity-doublet states
|+) (F=2",my=2)and |-) (F=2", m.=2).Nearby hyperfine levels are omitted
fromthe figure for clarity. b, Depletion spectroscopy of the N=1,/=1/2">N=2,
J=3/2" microwave transitions before (orange) and after (purple) optical
pumping, demonstrating accumulation of populationin |0) (leftmost peak).
c,Rabioscillationsonthe |-) ¢ |+) parity-doublet transition at 43 MHz. Error
barsrepresent 68% confidence intervals.

tothe N=1,/=1/2"and N=2,/=3/2 states in the bending mode with
approximately equal probability, and the N=2, /=3/2" population is
repumped back through A(010) and into N =1. After optical transfer,
the tweezer trap depthis reduced by 80% in preparation for further
state manipulation.

After transfer into the vibrational bending mode, populationis pre-
dominantly containedin the four hyperfine sublevelsof the N=1,/=1/2"
manifold, which we label |0}, [1), I12) and |3) (Fig. 4a). We optically
pump the majority of this populationinto|0) = (F= 0, m; = 0) using the
microwave-optical pumping scheme outlined in Fig. 4a, as demon-
strated in previous work with CaOH moleculesinan ODT*, A microwave
field at approximately 40 GHz resonantly couples states [1), |2) and
[3) to N=2,/=3/2"in the presence of a small electric field (7.5V cm™),
while state |0) is sufficiently detuned (by approximately 1.4 MHz) to
remaindark to the microwaves. A 623 nmlaserdrivestheN=2,/=3/2"
population to A(010)x2£(J=1/2"), which spontaneously decays to
|0)...13) with approximately 55% probability, and backtoN=2,/=3/2"
otherwise (with asmallapproximately 1% fraction lost to unaddressed
levels). Population therefore accumulates in |0) after approximately
7 photons are scattered. Finally, we perform microwave spectroscopy
to read out the hyperfine state populations (Methods). As shown in
Fig. 4b, we find that the molecular population is predominantly con-
tainedinthe near-degenerate F=1"states (|1), |2) and |3)) inthe absence
of optical pumping (orange data), while a majority of the molecular
population is transferred into |0) after optical pumping is applied
(purple data).

After optical pumping, we demonstrate coherent control of CaOH
molecules in the optical tweezer array by driving Rabi oscillations on
aparity-doublet transitionin the bending mode. We choose the hyper-
fine stretched states|+)=(F=2",mg=2)and| - )= (F=2",my=2) due
to their large transition dipole moment, which would enable strong
dipolar spin-exchange interactions between adjacent molecules and

make them promising qubit states. We begin by transferring population
from |0) to | +) with a radio-frequency 1 pulse in the presence of
asmallmagneticfield B=2 G. Wethenresonantly drivethe | +) © |-)
parity-doublet transition with a 43 MHz radio-frequency field. The
populationdetectedin | - ) asafunctionof drive timeis showninFig.4c,
demonstrating clear Rabi oscillations withafrequency Q = 2rt x 180 kHz.

Summary and outlook

In summary, we have realized an array of single CaOH molecules by
directly loading laser-cooled molecules into tightly focused optical
tweezer traps at 785 nm. We directly and non-destructively image indi-
vidual trapped molecules and achieve fidelities greater than 90% for
distinguishing loaded from empty traps. We have characterized the
trap-wavelength dependence of the tweezerimaging, whichis found to
belimited by tweezer light-mediated coupling to high-lying electronic
states in CaOH. Finally, we prepared CaOH molecules in the tweezer
arrayinsingle quantum states and observed coherent Rabi oscillations
on aparity-doublet transition in the vibrational bending mode.

These results pave the way for numerous experiments in quantum
information science'? quantum simulation*®, ultracold collisions'®*"%
and precision measurements®>* that require (or could benefit from)
the combination of fullinternal and external state control of individual
polyatomic molecules, as provided by the optical tweezer platform.
The platform demonstrated here can be used in the near term to realize
dipolar interactions between molecules in adjacent optical tweezers
in parity-doublet states and for cooling of the molecules’ motion to
the quantum regime*®*, The imaging fidelities achieved here could
beincreasedinfuture work by using longer tweezer light wavelengths,
for example, 1,064 nm, which we successfully used to optically trap
CaOH in larger optical dipole traps®. Finally, this work is expected to
be extendable to larger and/or more complex polyatomic molecules
amenabletodirectlaser coolingtechniques, including symmetric and
asymmetric top molecules®*°,
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Methods

State labelling notation

The notation used for labelling the molecular states is as follows. X Z
A I'I andsoonare electronic states, sometimes abbreviated as X, Aand
so on. The vibrational state notation is (v;v50;), where v, is the vibra-
tional quantum number for the symmetric (Ca-0) stretch vibration,
v, forthe Ca-O-Hbending vibration and v, for the antisymmetric (O-H)
stretch vibration. The vibrational angular momentum quantum num-
ber, e {v,, v,-2,...,—v,}, is omitted for simplicity unless v, > 1. The
angular momentum quantum numbers used are as follows. Fis the
total angular momentum, mgis its projection onto the laboratory quan-
tization axis, /is the total angular momentum excluding nuclear spin
and Nis the angular momentum excluding both nuclear and electron
spin. A (z) superscript refers to the total parity of the state.

Experimental details

The beginning of our experimental sequence is similar to that used in
previous work***¢*°, with small modifications. CaOH molecules are
producedinacryogenicbuffer-gasbeam, radiatively slowed using the
frequency-chirped slowing method®*? and trapped in a magneto-
optical trap (MOT)*. The vibrational repumping scheme is the same
as described in ref 46, except that an additional repumping laser
addressmgthex $*(03'0)(N”=1) » A(010)p>=M)(J” =1/2")transition
at 655 nmhasbeenadded. Thisincreases the vibrational-decay-limited
average number of photons scattered per molecule from approximately
12,000 to approximately 16,000.

Theoptical dipole trap (ODT) and optical tweezers are loaded using
a5 ms A-enhanced grey molasses cooling pulse followed by 80 ms of
single-frequency cooling®. The ODT is necessary to achieve suffi-
cient density for efficient tweezer loading®, and the ODT and tweezers
remain on for the full cooling duration. The approximately 600 pK
deep ODT is generated from a13.3 W, 1,064 nm laser beam focused
down to an approximately 25 pm waist in the centre of the molecular
MOT?. During loading, we raster the ODT position along the tweezer
array axis at afrequency of 100 Hz using a piezo-actuated mirror mount
inthe 1,064 nm beam path. The tweezer trap array is generated by a
784.5 nm laser beam which is diffracted by an acousto-optic deflec-
tor (AA Opto Electronic DTSX-400-780) in the Fourier plane of the
imaging system to generate the individual traps. The acousto-optic
deflector is driven with the sum of six radio-frequency tones centred
near 100 MHz and spaced by 1.875 MHz. The relative phases of the
radio-frequency tones are chosen using a random sampling proce-
dure to minimize the peak amplitude of the summed waveform. The
resulting beams are expanded and then focused through anin-vacuum
asphericlens (Edmund Optics, 25 mm diameter, 0.40 NA) to generate
anarray of six tweezer traps with approximately 2 pm waists, separated
by 11 pm. The tweezer light is co-linear with but counterpropagating
to the ODT beam.

The tweezer trap depth during loading is 1.6 mK, corresponding to
approximately 150 mW of optical power per trap. After loading, a4 ms
pulse of A-imaging light*>*?is applied toinduce light-assisted collisions
intweezers with more than one moleculeloaded, ensuringacollisional
blockade, wherein each tweezer contains at most one single molecule’.
Finally, the trap depthis reduced to 1.4 mK, which optimizes theimag-
ing fidelity and is used for all data in Figs.1-3.

Tweezer imaging

In order to minimize background scattered light during imaging of
the tweezer array, six small 1.5 mm 1/e? diameter beams are used for
the Aimaging. These are installed at a small angle to the large 10 mm
1/e? diameter beams used for the MOT and ODT/tweezer loading,
which are turned off during tweezer array imaging. Additionally, the
repumping laser beamsize is reduced to approximately 5 mmin diam-
eter after radiative slowing, MOT and ODT/tweezer loading by closing

amechanical shutter with a small aperture drilled in the centre. This
is necessary because several of the repumping laser wavelengths are
less than 5 nm away from the 626 nm tweezer fluorescence and are
inefficiently filtered from the imaging system.

The optimal parameters for tweezer imaging are as follows (detun-
ings arereferenced relative to free-space resonance). The single-photon
detuning is 4 =22 MHz, the two-photon detuning is 6 =1.25 MHz, the
sideband intensity ratiois /;,//;, = 2 and the total intensity is approxi-
mately 9 mW cm™perbeam. The tweezer trap depth used forimaging
is 1.4 mK. Additionally, four of the repumping laser frequencies are
tuned from the free-space optimal used for radiative slowing, the MOT
and tweezer loading, to a.c. Stark-shifted frequenCIes optlmlzed for
tweezer imaging brightness. Specifically, the X Z (100) ~» B 7*(000)
repumping laser is tuned approximately 60 MHz to the blue; the
)N(ZZ+(010)(N= 1> B8°2(000) repumping laser is tuned approximately
140 MHz to the blue; the X’37(02°0) > AT, ,(100) repumping
laser is tuned approximately 40 MHz to the red; and the
s *(010)(N=2) > A(010)k 22 repumping laser is tuned approxi-
mately 140 MHz tothe blue. Note that the frequency spectrum of each
repumping laser is broadened by approximately 300 MHz to the red
of free-space resonance for radiative slowing*¢. This broadening
remains on throughout the experimental sequence, therefore reduc-
ingthe precision requirements for the tweezer repumping frequencies.

Single-state control and spectroscopy

Microwave-optical pumping of CaOH into a single quantum state is
achieved using 40 GHz microwave radiation introduced via ahorn
antenna mounted 0utsxde the vacuum chamber. The optical pumping
light comes from the X Z *(010)(N =2) »> A(010)k 227 repumping laser.
Radio-frequency fields for the coherent state manipulation and Rabi
oscillations are introduced by directly driving the in-vacuum radio-
frequency MOT coils with an oscillating voltage.

Spectroscopy used to determine the population in states |0)---|3)
before and after optical pumping (Fig. 4b) is performed by applying
microwave radiationnearthe N=1,/=1/2",F=0,1>N=2,/=3/2",F=1,
2 transitions around 39,917 MHz. Populatlon excitedto N=2is dep-
leted with a 627 nm laser addressing theX T*(010)(N=2,/=3/2%)~>
A(010);122(+ (J=5/2")transition, which decays to rotational states that
aredarkto the tweezerimaging light. The spectroscopy dataisacquired
byimagingthe tweezer array for 7 msimmediately after loading, then
proceeding to transfer molecules into the bending mode, optically
pump and then perform microwave spectroscopy. The molecules are
thenimaged for15 ms. The plotted molecule survivalis the fraction of
molecules observed in the finalimage, conditioned on their presence
in the firstimage. A similar procedure is used for the Rabi oscillation
datainFig. 4c, with the molecule survival determined using an initial
7 msimage before optical pumping and coherent control.

Imaging system

Fluorescence at 626 nm from the tweezer-trapped molecules is col-
lected with the in-vacuum aspheric lens and imaged onto an EMCCD
camera (AndoriXon Ultra 897). Spherical aberation correction plates
(3 x-1.00 A\; Edmund Optics) are used to compensate aberations
arising from the chromatic focal shift between the 785 nm tweezers
and the 626 nm fluorescence. The collection efficiency is expected
to be approximately 1%, limited by the effective numerical aperture
of the imaging optics (approximately 3% collection efficiency) and
by transmission losses from the optical elements in the imaging path
(approximately 40%). In practice, we find by comparing the observed
histograms to simulations that the collection is slightly lower, likely
due toimperfect alignment. Images are acquired by binning the fluo-
rescence from each tweezer onto asingle EMCCD pixel at the hardware
level, minimizing the effect of camera readout noise. This procedure
applies to all data presented in the main text except for the averaged
image in Fig. 1a, which uses no binning.
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Tweezer trap frequencies and trap depth

The oscillation frequencies of moleculesinthe optical tweezer array are
measured using the parametric heating method. After loading the array,
molecules areimaged for 7 msto detectloaded traps. The trap intensity
isthen modulated at a variable frequency w,,,4 for 5 ms, causing para-
metric heatingloss when w,,,oq = 2w;, where w._, . are the trap frequen-
cies. The tweezers are briefly shut offfor 6 ps to allow heated molecules
to escape, then the remaining molecules are imaged for 15 ms. The
molecule survival exhibits loss features at w,,,q = 21 % 119(4) kHz and
Wmoq = 2T X 167(5) kHz, corresponding to radial trap frequencies of
,=2mx59(2) kHzand w, = 21 x 84(2) kHz. Using the calculated 780 nm
dynamic polarizability for the ground state of CaOH (a, =324.3 a.u.)
(L. Cheng, private communication) and the known laser power per
trap (approximately 125 mW), these frequencies imply atweezer trap
depthof U, = k; x 1.4 mK (where k is the Boltzmann constant), an axial
frequency of w,= 21 x 7 kHz and slightly elliptical tweezer beams with
waists w, = 2.4 pmand w,~ 1.7 pm.

Release-recapture temperature measurement

We measure the temperature of the molecules in tweezers after imag-
ing using the release-recapture method*, which we briefly describe
here. After loading the tweezer array, we image the molecules for 7 ms
to identify loaded tweezers. We then quickly switch off the tweezers,
waitavariable time (on the order of 10 ps), switch the tweezers back on
and thenimage a second time (15 ms imaging duration) to determine
the fraction of molecules recaptured into the tweezers. The molecule
survival probability versus release time s fit toaMonte Carlo simulation
to extract the temperature. The results are plotted in Fig. 3d.

Calibration of number of photons scattered

Thenumber of photons scattered during tweezerimaging is calibrated
by comparing the collected fluorescenceto referenceimages taken with
a known number of photons limited by vibrational repumping. Spe-
cifically, to calibrate the maximum number of photons that canbe scat-
tered, we take 200 ms images in two configurations: (1) all repumping
laserson (fluorescencelevelS;),and (2) only the X(100),X(02°0),X(200),
X(1220) and X(110) repumping lasers on, limiting the average number
of photonsscattered to 460 (fluorescence level S,)****. The total number
of photonsscattered before molecules are lost during tweezer imaging
with all repumping lasers is therefore N,,, = S,/S, X 460. For the optimal
imaging parameters used in this work, we find N, = 8(1) x 10°,

Modelling excited-state a.c. Stark shifts

The tweezer light is near-resonant with transitions from A I'I andB 25
statevibrational levels used for laser cooling and repumping to vibra-
tional levels of the high-lyingD x*,E "2 * and F electronic states®. In the
large detuning limit (4 > Q, where 4 is the tweezer detuning and Q is
the Rabi frequency), the effect of these couplings on the energy of
excited state /is given by

Q; Q;
T 4wy~ o) 4(w + o)

AE/h=)

)]

where Q;is the Rabi frequency for the transition from state i to statej,
w, isthe laser frequency, w; = (E;- E))/his thetransition frequency, his
the reduced Planck constant and the sum is over all molecular statesj
that can couple to state i.

If we restrict ourselves to a small range of wavelengths AA near the
tweezer wavelength A, we can make the approximation that only asmall
number of near-detuned states k are responsible for the wavelength
dependence, and that the remaining states contribute an approximately
constant energy offset AE /h aslongas they are far detuned compared
to AA. Furthermore, we can make the rotating wave approximation and
drop the second, counter-rotating term in equation (1). We find that

the wavelength dependence of the energy of state i in the range AA,
which contains N near-detuned states k, is

02

AE/R= Z . 8c(1/A, - 1/Ay)

+AEq,/h @)

where, =2nc/w, and A, = 21ic(1/w; — 1/w,). This expression is used to fit
thea.c.Stark shift datain Fig. 2b, where the Rabi frequencies Q,, centre
wavelengths A, and energy offsets AE ; are fit as free parameters. We
use thismodel-fitting approach due to alack of complete spectroscopic
data for the excited states.

Measured a.c. Stark shifts

Theexcited-state a.c. Stark shifts are measured by imaging molecules
in the tweezer array with one of the repumping lasers replaced by a
separate frequency-tuneable beam. At each tweezer wavelength, the
frequency of the repumping beamis scanned near resonance, and the
a.c. Stark shift is determined by comparing the repumping frequency
that maximizes the image brightness with the known free-space reso-
nance for the repumping transition. Because the tweezer is far detuned
fromall transitions out of the X manifold, the wavelength dependence
is assumed to arise from Stark shifts of the excited states only, while
the ground state a.c. Stark shifts contrlbute a constant offset

ThespeCIflctranSItlons usedareX Z (100)~> B 2yt (000), X Z *(02°0)
>AM,,,(100)andX g (010)2(N 2) —>A(010)K2):( ). FortheA T, ,(000)
state a.c. Stark shifts, the X £*(000) > A I'II/Z(OOO) cooling light was
instead tuned during tweezer imaging, and the a.c. Stark shift was
determined by comparing the optimal tweezerimaging detuning with
the optimal free-space A imaging detuning. This approach is suscep-
tible to common mode offsets in the measured a.c. Stark shift due to
the need to compare with a free-space resonance frequency. However,
relative frequencies and resonance wavelengths are insensitive to such
offsets, meaning that the extracted transition wavelengths and transi-
tion strengths (Rabi frequencies) are robustly determined, in turn
leading to accurate loss rate calculations.

The measured transition wavelengths determined from thefitto
equation (2) (Fig. 2b) are as follows. The energy of the A I'II/Z(OOO)
excited state exhibits a resonance at 777.9(6) nm, WthhZIS consistent
w1th the expected wavelength for coupling from A'T1;,,(000) >
D Y7 (100)%. X l'll/z(IOO) contalns resonances, at 777 nmand 789 nm
(consistent with coupling toD ¥*(200) and D Y*(110), respectively),
while A(010)x%x" )displays a strong resonance at 780.6 nm due to
couplmg with the DZZ (110) state. Three features are observed in
theB’s* (000) data, at 782.4(1) nm, 783.1(1) nm and 787.2(1) nm, cor-
responding to high-lying features at 30,804(2) cm™, 30,792(2) cm™
and 30,726(2) cm™, respectively. These features fall slightly above the
origin energy of the E"* and F electronic potentials, in a frequency
range not covered by previous spectroscopic literature®,

Modelling losses due to excited-state coupling

Losses arising from coupling of state i (in the laser cooling scheme)
to a lossy excited state j occur at a rate R; = |c;|’l;p;, where c; is the
admixture of statejinto i due to tweezer couplmg, ‘isthe decay rate
of statej (assumed to be purely to non- detectable states) and p;; is
the molecular population in state i during tweezer imaging®. In the
large detuning limit 4; > Q;, the admixture is ¢; = Q,/(24;), where
4;=w, - w;. The populatlon ofthelaser cooling eXCIted stateiisapproxi-

mately p; = ./l % 1, where I, = 250 x 10* s 'is the photon scattering
rate during imaging and r; is the fraction of photon scattering events
that originate from state i. The latter quantity is set by the vibrational
state repumping scheme used in the experiment*.

The total observed molecule loss rate during tweezer imaging is
acombination of excited-state loss R;, vacuum loss R,,. =1/690 ms™
(main text) and loss to dark (that is, not repumped) vibrational
states, Ry = Ncar/ Nonotr Where Ny = 1.6 x 10* is the vibrational



repumping-limited average number of photons scattered per mol-
ecule. Thetotallossrate R, = R; + Ryi, + R, is calculated as a function
of tweezer wavelength using the fitted Rabi frequencies and centre
wavelengths from the a.c. Stark shift data.

Extended Data Fig. 1shows the number of photons scattered per
moleculeinthe experiment (measured as described above) as a func-
tion of tweezer wavelength. We also plot the calculated photon num-
ber determined from the loss rate calculations, Ny, = [y.u/Rioss (BlUe,
solid curve). Here we have used the known loss rates R,,. and R, as well
as the measured Rabi frequencies and wavelengths for tweezer-
induced excited-stateloss. The only unknown parameter is [, the loss
rate from the high-lying states to which the tweezer couples, which
was assumed to be constant for all excited states and varied to match
the measured photon number data. We find reasonable agreement
with the experimental data using an excited-state loss rate
;=21 x 75 MHz, corresponding to a lifetime ofl'}lz 2.1ns. Theremain-
ing disagreement, particularly in the 784-786 nm range, may be attrib-
uted to the effect of other excited state resonances that were not
considered in thNe a.c. Stark shiftzdata. For example, there is a known
resonance from A T1;,(000) & D x*(010) at 793.6 nm (ref.53). Includ-
ing this state, assuming the same Rabi frequency measured for
the KZHI/Z(OOO) © 5ZZ+(100) transition at 777.9 nm, results in better
agreement with the experimental data (black, dashed curve).

Theinferred approximately 2 nslifetime of the high-lying electronic
states is an order of magnitude shorter than the radiative lifetime of
the lower-lying A Tland B“X* states in CaOH. This could indicate non-
radiative loss mechanisms for these states, as hypothesized for similar
states in tweezer-trapped diatomic molecules®™**,

Imaging fidelity

Theimaging fidelity is defined as the probability of correctly identifying
whether a trap is initially empty (O molecules) or loaded (1 molecule
in the collisional blockade regime). Specifically, it may be defined in
terms of the error rates €, (incorrectly identifying an empty trap as
loaded; ‘false positive’) and €,, (incorrectly identifying a loaded trap
as empty; ‘false negative’) as follows: f(p) =1- pe;, — (1 - p)€,, Where p
is the tweezer loading probability*.

The error rates depend on the threshold number of counts, 8, used
to distinguish loaded and empty traps. The false positive rate, €,,(6),
isdetermined by analysing histogram data for empty traps, which can
be collected by taking images of tweezers guaranteed to be empty by,
for example, turning off the molecule source. The histogram data,
hy(n),isafunction of the number ofimage counts n, and is normalized
so that Y ,h,(n) = 1. Moreover, we define a cumulative probability dis-
tribution for the histogram data, g,(6) = Zg:o hy(n). Following these
definitions, the false positive rate €,,(6) is simply the probability of
collecting greater than 8 counts from an image of an empty trap,
namely, €,,(0) =1-g,(0).

To determine the false negative rate €,,(8), we must infer the histo-
gram of image counts collected from loaded traps, h,(n). Because the
loading rate is much less than 1 in the experiment, this requires
subtracting out the effect of empty traps from A,,,(n), the measured
histogram data. This is done by scaling the empty trap histogram
data hy(n) by afactor of (1- p) (the probability of a trap being empty),
subtracting this from the experimental data to remove the
background contribution, and renormalizing the result:
hy(n) = Theyp(n) = (1= p)hg(n)] p . Wediscuss howpis determined below.
The cumulative probability distribution for loaded trapsis defined as
g,(0)= ¥?_, hy(n), and the false negative error rate is the probability of
collecting fewer than 8 counts from a loaded tweezer, €,,(6) = g,(6).

Determiningp, the tweezer loading probability, is equivalent to find-
ing the scale factor to apply to h,(n) so that the empty trap background
is appropriately subtracted from h,,,(n) in the procedure above. To
perform this background subtraction, we take advantage of the tall
(approximately 80% of the counts in h,(n)), zero-photoelectron peak

generated by the EMCCD camera, whichis approximately Gaussianin
shape with a standard deviation of g, = 4 digital counts (given by the
camera readout noise), and is centred at zero photoelectron counts
(far left side of the histogram). We isolate this peak in both the signal
and background histograms, then apply a scale factor of (1 - p) to the
empty histogram data and calculate the sum of squared differences
between the two, S(p) = 3., [Aexp () — (1- p)ho(n)]?, where n,and ny
arethelower and upper edges of the peak. The value of p that minimizes
S(p) is the inferred loading probability for the experimental data and
isused to determine A,(n) via the procedure defined above.

A necessary assumption of the background subtraction procedure
is that the zero-photoelectron peak in the experimental data arises
purely from empty traps, meaning that we canrescale the background
histogram to match the height of this peak and assume that the result
accurately reflects the distribution of empty trap countsin the exper-
imental data. This approximation s justified by the fact that the aver-
agenumber of counts arising fromloaded traps, 77, is hundreds of counts
above the zero-photon peak (7 > ¢,), so that any residual tail at low
countnumbersisnegligible compared to the contribution from empty
traps. Bybenchmarking the background subtraction procedure against
simulated histogram data with varying fractions of the zero-photon
countsarising fromloaded traps, we conservatively estimate that this
approximation could bias the calculated fidelity up to 2% above the
true value for our experimental parameters. Systematic errors due to
differing scattered light and camera noise environments between the
experimental datasets hy(n) and A,,,(n) contribute at the 1% level.

Extended Data Fig. 2 illustrates the fidelity results for 7 ms tweezer
images, chosen to be short enough for reasonably high molecule sur-
vival after imaging. Extended Data Fig. 2a shows the signal and back-
ground histograms (h.,,(n) and h(n), respectively) from which the error
probabilities €,,(0) and €,,(0) are inferred using the procedure described
above. These error rates are plotted as afunction of the threshold value
6inExtended DataFig. 2b. Higher choices of threshold reduce the prob-
ability of misidentifying empty traps as loaded (¢, blue curve), at the
expense of increasing the likelihood of misidentifying loaded traps as
empty (€,o, red curve). Extended Data Fig. 2c shows the imaging fidelity,

flp, 0) =1-pe,x(0) - (1-p)ey,(0), as afunction of detection threshold for

various loading probabilities. Each curve exhibits a peak corresponding
tothe optimal tradeoff between the two misidentification error sources.
For higher loading probabilities, alower threshold optimizes the fidelity,
since reducingthe likelihood of misidentifying loaded traps as empty
becomes moreimportant at higher loading rates. For all loading rates,
fidelities f= 0.94 are possible for an appropriate choice of threshold.

Combining the systematic error sources above with a statistical error
of approximately 1.5% obtained using a bootstrapping procedure, we
determine that theimaging fidelity is f=0.943:02 for the 7 ms tweezer
images atanoptimal threshold of 8 = 700 and ameasured loading rate
of p=0.34.

Single-molecule loading
We quantify the fraction of tweezers that contain more than one mol-
eculeby comparingthe average brightness of loaded tweezers for the
two histogramsin Fig. 1b, which differinloading rate by afactor of 2.4.
Specifically, we isolate the loaded portion of the histogram using a
threshold value 8, and calculate the average number of camera counts
abovethethreshold for the two histograms. The brightnessratio, along
with the known loading probabilities for the two histograms, can be
used to constrain the number of doubly occupied tweezers represented
in the histogram data.

We model the number of molecules nloaded in the tweezers using
a Poisson distribution, P(n; A), where A is the average loading rate.
Because theloading fractionis significantly less than 50%, we assume
thatA <1. We therefore approximate P(n = 3; 1) = A*/6 = 0 and only con-
sider the case where zero, one, or two molecules areloaded. Addition-
ally, to quantify the efficiency of the collisional blockade we assign a
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probability Sthat two initially loaded molecules survive to the start of
theimaging, thatis, that they fail to undergo alight-assisted collision.
Under these assumptions, the measured loading probability is

p=P(n=1;2)+P(n=2;1)B (3)

and the average image brightness, per loaded molecule, is

B=alP(n=1;1)+2{P(n=2; )Bl/p 4)

where ais the brightness of asingle molecule. The threshold-dependent
scale factor, {<1, captures an effect where doubly occupied traps
appear, onaverage, less than twice as bright as singly occupied traps due
to thefinite single-moleculeimaginglifetime, since molecules that are
lostearly in theimaging are thresholded outin the analysis. For purposes
of this analysis we neglect light-assisted collisions that occur during the
imaging pulse. For a threshold of §=1,100, we calculate {= 0.89 using
the known single-molecule imaging lifetime and imaging efficiency.

The loading fractions are p, = 0.314(15) and p, = 0.134(9), where
the subscripts 1and 2 correspond to the orange and purple histo-
grams in Fig. 1b, respectively. The thresholded average brightness
values for the two histograms are B, =Y ._, nh;(n)/,,_g hy(n) - C and
B,=Y,_gnhy(n)/Y,,_¢ hy(n) - C, where h(n) is the experimental histo-
gramdata, nis the number of camera countsand C=501is the number
of camera counts corresponding to zero detected photons. Combining
these definitions, we write down a system of equations that can be
solved for the loading rates A, and A, along with the two-molecule sur-
vival probability 3:

py=P(L;A) +P(2;A)B
p,=P(1;1,)+P(2;1,)B
B, _ PUGA)+2PQ2;A)B Py

B, P(1;1,)+2lP(2;1,)B " p,

(5)

For a threshold of 8 =1,100, near the minimum between the two
peaks in the histogram data, we find A; = 0.39(19), A, = 0.13(6) and
L =0.28(29), where the error bars are determined using bootstrap-
ping. The fraction of loaded traps that contain more than one mol-
ecule is therefore P(2; A,)3/p, = 0.05(5) for the p, = 0.31 histogram
(orange data) and P(2; A,)3/p, = 0.02(2) for the p, = 0.13 histogram
(purple data).
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Extended DataFig.1|Imaging photonbudgetvs. tweezer wavelength.
Calculated (curves) and measured (points) number of imaging photons that
canbescattered during moleculeimagingin the tweezer array, as afunction of
the trapping wavelength. Calculations include the effect of vacuumloss, loss to
vibrational dark states, and trap-wavelength-dependent excitation to lossy
excited electroniclevels. The solid blue curve accounts for excitation only to
those states observed using AC Stark shift data, while the black, dashed curve
additionallyincludes Zzﬂl,z(OOO) o 522*(010) excitation predictedat 793.6 nm.
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Extended DataFig.2|Determination of tweezerimaging fidelities.a,Signal  tweezerimages, inferred from the experimental dataas described in the text.
(orange) and background (purple) histogram data, h.,,,(n) and hy(n), for 7ms c,Imaging fidelities f(p) for several average tweezer loading probabilities p, as
tweezer images. The average tweezer loading probability in the signal describedinthe text.

histogramis p = 0.34.b, Misidentification error rates €,,(8) and €,,(6) for 7ms
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