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An optical tweezer array of ultracold 
polyatomic molecules

Nathaniel B. Vilas1,2 ✉, Paige Robichaud1,2, Christian Hallas1,2, Grace K. Li1,2, Loïc Anderegg1,2 & 
John M. Doyle1,2

Polyatomic molecules have rich structural features that make them uniquely suited to 
applications in quantum information science1–3, quantum simulation4–6, ultracold 
chemistry7 and searches for physics beyond the standard model8–10. 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 
this interaction and directly and non-destructively image individual molecules in the 
tweezer array with a fidelity greater than 90%. The molecules are manipulated at the 
single internal quantum state level, thus demonstrating coherent state control in a 
tweezer array. The platform demonstrated here will enable a variety of experiments 
using individual 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-
tion5,11,12, quantum information processing1–3,13–17, quantum chemistry7, 
collisional physics18, quantum metrology and clocks19, and precision 
searches for physics beyond the standard model8,9,20. One promis-
ing platform for realizing many of these goals is an optical tweezer 
array, which can allow for positioning of individually trapped par-
ticles in arbitrary geometries, as well as dynamic rearrangement of 
their positions21–23. Optical tweezer arrays have already proven to be 
extremely successful for ultracold atoms24,25, enabling the realiza-
tion of high-fidelity quantum processors23,26,27 and quantum simula-
tors28–30 based on Rydberg interactions, as well as the development of 
tweezer-based optical clocks for precision metrology31–33 and the study 
of ultracold collisions34. Tweezer arrays of diatomic molecules have 
also been achieved35–37, as has the observation of dipolar interactions 
and two-molecule entangling gates38,39. 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 molecules40,41.

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 applications42. 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 a structure that is ideal for many applications1,8,10. 
Such states allow quantum information processing schemes with 
switchable dipole–dipole interactions1,2, as well as natural simula-
tion of quantum magnetism models4–6. The large number of internal 
states in polyatomic molecules could also be useful for encoding 

error-corrected qubit states17, or for creating qudit16 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 strong isolation 
from background noise and decoherence sources8,9,43,44. 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 cooled42,45,46 and trapped in electrostatic47,48, magnetic49 
and optical43,50 traps, but they have not previously been controlled at 
the single-particle level.

In this work, we demonstrate trapping of polyatomic molecules in an 
array of optical tweezers. Laser-cooled CaOH molecules are trapped 
in a magneto-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 occurs51, 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 molecules in a single 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 104 laser-cooled CaOH 
molecules loaded in a magneto-optical trap (MOT) at approximately 
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1 mK (ref. 46). The molecules are next cooled into an ODT50, and then 
into six optical tweezer traps projected inside the ODT (Methods). After 
loading, a final cooling pulse is applied to induce light-assisted colli-
sions in multiply occupied tweezers, leaving at most a single molecule 
remaining in each trap51.

Molecules in the tweezers are imaged using Λ-enhanced grey molas-
ses cooling, which allows thousands of photons to be scattered50,52. 
Fluorescence from the 

∼∼
A Π (000) → X Σ (000)

2
1/2

2 +  cooling transition at 
626 nm is collected via the lens used 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 1a shows an aver-
aged image of the tweezer array.

Histogram analysis of the intensity of fluorescence from the mol-
ecules reveals single-molecule trapping in the tweezers. Figure 1b shows 
histograms of camera counts attained from fluorescence imaging of 
the molecules in tweezers. Histograms are shown for 15 ms images and 
for two average tweezer loading probabilities of 31% (orange) and 13% 
(purple), tuned by varying the number of molecules loaded in the MOT. 
The narrow peak on the left corresponds to empty tweezers, while the 
broader peak on the right corresponds to loaded tweezers; choosing a 
threshold value between the two peaks enables classification of single 
shot images as corresponding to loaded or empty tweezers. As shown 
in the inset 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).

Excited electronic states
A general challenge of optically manipulating and trapping polyatomic 
molecules is 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  
the tweezer wavelength, model the interactions of the molecules with 
the tweezer light and are then able to tune the wavelength of the tweezer 
light to control loss.

Energy levels relevant to molecular imaging are shown in Fig. 2a. The 
high-lying electronic potentials D Σ

2 +∼
, 

∼
E Σ

2 + and 
∼
F (ref. 53) are coupled 

to the 
∼
A Π

2
1/2 and B Σ

2 +∼
 states by the tweezer light. This has the effect of 

(1) shifting cooling and repumping imaging lasers out of resonance 
due to 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 molecules in the 
tweezers (a combination of loading fraction and imaging efficiency) 
as a function 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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Fig. 1 | An optical 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 μm b, 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.
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Fig. 2 | Wavelength dependence of CaOH trapping. a, Level diagram showing 
the cooling and repumping lasers used for Λ imaging (arrows connecting X Σ

2 +∼
 to  

the 
∼
A Π

2
1/2 and 

∼
B Σ

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. The solid curve is a guide to the eye. Bottom plot, measured relative  
a.c. Stark shifts of the 

∼
A Π (000)

2
1/2  (red squares), 

∼
B Σ (000)

2 +  (purple circles), 
A Π (100)

2
1/2

∼
 (green triangles) and κA(010) Σ2 (−)∼

 (orange diamonds) states. Solid 
curves are fits used to extract line positions and coupling strengths (Methods). 
Error bars represent 68% confidence intervals.
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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, which are the most important excited  

states used for CaOH optical cycling46. At each tweezer wavelength, 
we scan the frequency of a cooling or repumping laser addressing the 
target electronic state in order to maximize the tweezer brightness 
during imaging (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, which is consistent with the expected wavelength for 
coupling from ∼∼

A Π (000) → D Σ (100)
2

1/2
2 +  (ref. 53). The other 

∼
A Π

2
1/2 state  

vibrational levels exhibit similar behaviour, due to coupling with vibra-
tional levels of the D Σ

2 +∼
 electronic potential.

While the resonances observed in the 
∼
A Π

2
1/2 excited states were 

expected based on previous state assignments in the literature53, the 
∼
B Σ (000)

2 +  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−1, 30,792(2) cm−1 and 30,726(2) cm−1, 
respectively. These states lie slightly above known vibrational levels 
of the E Σ

2 +∼
 and F

∼
 electronic states53 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 molecules in the tweezers
We image CaOH molecules in the tweezer array using grey molasses 
cooling light in a Λ configuration50,52, as shown in Fig. 3a. The imaging 
parameters are chosen to maximize the number of photons that can be 
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 a 15 ms imaging 
duration are shown in Fig. 1b.

The imaging lifetime, τ, is the average time the molecules survive 
during imaging before being lost from the tweezer or falling into a 
molecular dark state. To measure τ and the photon scattering rate of 
the molecules, Γ, we image for a variable duration, then wait 50 ms and 
image a second time (15 ms duration). The molecule survival (defined as  
the conditional probability that a molecule is detected in the second 
image, given that it was present in the first image) is plotted in Fig. 3b as 
a function of the first image duration. The data are fit to an exponential 
decay with a 1/e imaging lifetime of τ = 32(3) ms. We also find for long 
imaging times t ≫ τ that each molecule scatters Nim = 8(1) × 103 photons, 
on average, before going dark to the imaging light (Methods). Com-
bining these measurements, we determine that the photon scattering 
rate is Γ = 250(40) × 103 s−1 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. 3c)50,54.

The average number of photons scattered during long imaging 
pulses, Nim, is slightly less than the expected limit of approximately 
1.6 × 104 photons from loss to known dark vibrational states (Methods)46.  
We attribute the additional loss primarily to scattering from the tweezer 
light during imaging, which we model using the excited electronic state 
data from above, as described in the Methods55.

We measure the temperature of the molecules in tweezers after imag-
ing using the release–recapture method (Fig. 3d)56, described in the 
Methods. For optimal imaging parameters, we measure the molecule 
temperature to be T = 120(10) μK, corresponding to a ratio of trap depth 

to molecule temperature of η = 12(1). Increasing the single-photon 
detuning by 6 MHz increases the temperature ratio to η = 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.

One key feature of the optical tweezer platform is the ability to image 
molecules non-destructively, for example in order to postselect data 
on loaded tweezers or to rearrange the molecules into ordered arrays21. 
Doing so requires the ability to distinguish loaded from empty tweezers 
with high fidelity while minimizing molecule loss. We find that an imag-
ing duration of 7 ms achieves a satisfactory balance between these 
requirements. Using a background subtraction procedure described 
in the Methods, we determine that the imaging fidelity after 7 ms of 
imaging is 0.94−0.03

+0.02 for a tweezer loading rate of 34%, while the prob-
ability of the molecule 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 in combination with our photon collection efficiency, and does 
not increase significantly for longer imaging durations.

Single quantum state preparation and control
Next, we demonstrate coherent control of the internal states of CaOH 
molecules in the optical tweezer array. We begin by optically transfer-
ring molecular population into the X Σ (010)

2 +∼
 vibrational bending 

mode, whose ℓ-type parity-doublet structure is useful for many  
quantum science applications1,6,8,43,57. Unlike in our previous work with 
CaOH in an ODT, where approximately 1,200 photons were scattered 
during this step50, here with tweezers we optically pump using  
only approximately 2 photons by exciting the 

∼
NX Σ (000)( = 1 ) →

2 + −

κ JA Π(010) Σ ( = 1/2 )
2 2 (−) +∼

 transition at 609 nm. The excited state decays 
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Fig. 3 | Tweezer array imaging and characterization. a, Laser configuration 
used for Λ imaging of the tweezer array, where Δ is the single-photon detuning 
and δ is the two-photon detuning. b, Lifetime of CaOH molecules during 
imaging, measured to be 32(3) ms. c, Tweezer hold lifetime, measured to be 
690(70) ms, limited predominantly by background gas and blackbody 
excitation50,54. d, Release–recapture temperature measurements for 
single-photon detunings of Δ = 16 MHz (orange), 22 MHz (purple) and 28 MHz 
(green). Solid curves show Monte Carlo fit results, indicating ratios of trap 
depth to temperature η = 6(2), 12(1) and 9(1), respectively. Error bars represent 
68% confidence intervals.
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to the N = 1, J = 1/2− and N = 2, J = 3/2− states in the bending mode with 
approximately equal probability, and the N = 2, J = 3/2− population is 
repumped back through 

∼
A(010) and into N = 1. After optical transfer, 

the tweezer trap depth is reduced by 80% in preparation for further 
state manipulation.

After transfer into the vibrational bending mode, population is pre-
dominantly contained in the four hyperfine sublevels of the N = 1, J = 1/2− 
manifold, which we label |0⟩ , |1⟩ , |2⟩  and |3⟩  (Fig. 4a). We optically 
pump the majority of this population into F m|0⟩ ≡ ( = 0, = 0)F  using the  
microwave-optical pumping scheme outlined in Fig. 4a, as demon-
strated in previous work with CaOH molecules in an ODT43. A microwave 
field at approximately 40 GHz resonantly couples states |1⟩ , |2⟩  and 
|3⟩  to N = 2, J = 3/2− in the presence of a small electric field (7.5 V cm−1), 
while state ∣0⟩  is sufficiently detuned (by approximately 1.4 MHz) to 
remain dark to the microwaves. A 623 nm laser drives the N = 2, J = 3/2− 
population to κ JA(010) Σ ( = 1/2 )2 (−) +∼

, which spontaneously decays to 
|0⟩…|3⟩ with approximately 55% probability, and back to N = 2, J = 3/2− 
otherwise (with a small approximately 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-
tained in the near-degenerate F = 1− states (|1⟩, |2⟩ and |3⟩) in the 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 
a parity-doublet transition in the bending mode. We choose the hyper-
fine stretched states F m| + ⟩ ≡ ( = 2 , = 2)+

F  and F m| − ⟩ ≡ ( = 2 , = 2)−
F  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 π pulse in the presence of  
a small magnetic field B = 2 G. We then resonantly drive the | + ⟩ ↔ | − ⟩ 
parity-doublet transition with a 43 MHz radio-frequency field. The 
population detected in | − ⟩ as a function of drive time is shown in Fig. 4c, 
demonstrating clear Rabi oscillations with a frequency Ω = 2π × 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 tweezer imaging, which is found to 
be limited by tweezer light-mediated coupling to high-lying electronic 
states in CaOH. Finally, we prepared CaOH molecules in the tweezer 
array in single quantum states and observed coherent Rabi oscillations 
on a parity-doublet transition in the vibrational bending mode.

These results pave the way for numerous experiments in quantum 
information science1,2, quantum simulation4,6, ultracold collisions18,57,58 
and precision measurements8,9,43 that require (or could benefit from) 
the combination of full internal 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 regime40,41. The imaging fidelities achieved here could 
be increased in future work by using longer tweezer light wavelengths, 
for example, 1,064 nm, which we successfully used to optically trap 
CaOH in larger optical dipole traps50. Finally, this work is expected to 
be extendable to larger and/or more complex polyatomic molecules 
amenable to direct laser cooling techniques, including symmetric and 
asymmetric top molecules59,60.
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Methods

State labelling notation
The notation used for labelling the molecular states is as follows. 

∼
X Σ

2 +,  
A Π

2∼
 and so on are electronic states, sometimes abbreviated as 

∼
X, 

∼
A and 

so on. The vibrational state notation is ℓv v v( )1 2 3 , where v1 is the vibra-
tional quantum number for the symmetric (Ca–O) stretch vibration, 
v2 for the Ca–O–H bending vibration and v3 for the antisymmetric (O–H) 
stretch vibration. The vibrational angular momentum quantum num-
ber, ℓ ∈ {v2, v2 − 2, …, − v2}, is omitted for simplicity unless v2 > 1. The 
angular momentum quantum numbers used are as follows. F is the 
total angular momentum, mF is its projection onto the laboratory quan-
tization axis, J is the total angular momentum excluding nuclear spin 
and N is the angular momentum excluding both nuclear and electron 
spin. A (±) superscript refers to the total parity of the state.

Experimental details
The beginning of our experimental sequence is similar to that used in 
previous work43,46,50, with small modifications. CaOH molecules are 
produced in a cryogenic buffer-gas beam, radiatively slowed using the 
frequency-chirped slowing method61,62 and trapped in a magneto-
optical trap (MOT)46. The vibrational repumping scheme is the same 
as described in ref. 46, except that an additional repumping laser 
addressing the 

∼ ∼
N μ JX Σ (03 0)( ″ = 1) → A(010) Σ ( ′ = 1/2 )

2 + 1 2 (+) +  transition 
at 655 nm has been added. This increases the vibrational-decay-limited 
average number of photons scattered per molecule from approximately 
12,000 to approximately 16,000.

The optical dipole trap (ODT) and optical tweezers are loaded using 
a 5 ms Λ-enhanced grey molasses cooling pulse followed by 80 ms of 
single-frequency cooling50. The ODT is necessary to achieve suffi-
cient density for efficient tweezer loading35, and the ODT and tweezers 
remain on for the full cooling duration. The approximately 600 μK 
deep ODT is generated from a 13.3 W, 1,064 nm laser beam focused 
down to an approximately 25 μm waist in the centre of the molecular 
MOT50. During loading, we raster the ODT position along the tweezer 
array axis at a frequency of 100 Hz using a piezo-actuated mirror mount 
in the 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 an in-vacuum 
aspheric lens (Edmund Optics, 25 mm diameter, 0.40 NA) to generate 
an array of six tweezer traps with approximately 2 μm waists, separated 
by 11 μm. 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, a 4 ms 
pulse of Λ-imaging light50,52 is applied to induce light-assisted collisions 
in tweezers with more than one molecule loaded, ensuring a collisional 
blockade, wherein each tweezer contains at most one single molecule51. 
Finally, the trap depth is reduced to 1.4 mK, which optimizes the imag-
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/e2 diameter beams are used for 
the Λ imaging. These are installed at a small angle to the large 10 mm 
1/e2 diameter beams used for the MOT and ODT/tweezer loading, 
which are turned off during tweezer array imaging. Additionally, the 
repumping laser beam size is reduced to approximately 5 mm in diam-
eter after radiative slowing, MOT and ODT/tweezer loading by closing 

a mechanical 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 are referenced relative to free-space resonance). The single-photon  
detuning is Δ = 22 MHz, the two-photon detuning is δ = 1.25 MHz, the 
sideband intensity ratio is I1/2/I3/2 ≈ 2 and the total intensity is approxi-
mately 9 mW cm−2 per beam. The tweezer trap depth used for imaging 
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 optimized for 
tweezer imaging brightness. Specifically, the X Σ (100) → B Σ (000)

2 + 2 +∼∼
 

repumping laser is tuned approximately 60 MHz to the blue; the 

NX Σ (010)( = 1) → B Σ (000)
2 + 2 +∼∼

 repumping laser is tuned approximately 
140 MHz to the blue; the X Σ (02 0) → A Π (100)

2 + 0 2
1/2

∼ ∼
 repumping  

laser is tuned approximately 40 MHz to the red; and the 
N κX Σ (010)( = 2) → A(010) Σ

2 + 2 (−)∼ ∼
 repumping laser is tuned approxi-

mately 140 MHz to the 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 slowing46. This broadening 
remains on throughout the experimental sequence, therefore reduc-
ing the 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 a horn 
antenna mounted outside the vacuum chamber. The optical pumping 
light comes from the 

∼ ∼
N κX Σ (010)( = 2) → A(010) Σ

2 + 2 (−) 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 radiation near the N = 1, J = 1/2−, F = 0, 1 → N = 2, J = 3/2+, F = 1,  
2 transitions around 39,917 MHz. Population excited to N = 2 is dep
leted with a 627 nm laser addressing the 

∼
N JX Σ (010)( = 2, = 3/2 ) →

2 + +

μ JA(010) Σ ( = 5/2 )2 (+) −∼
 transition, which decays to rotational states that  

are dark to the tweezer imaging light. The spectroscopy data is acquired 
by imaging the tweezer array for 7 ms immediately after loading, then 
proceeding to transfer molecules into the bending mode, optically 
pump and then perform microwave spectroscopy. The molecules are 
then imaged for 15 ms. The plotted molecule survival is the fraction of 
molecules observed in the final image, conditioned on their presence 
in the first image. A similar procedure is used for the Rabi oscillation 
data in Fig. 4c, with the molecule survival determined using an initial 
7 ms image 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 (Andor iXon Ultra 897). Spherical aberation correction plates 
(3 × −1.00 λ; 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 to imperfect alignment. Images are acquired by binning the fluo-
rescence from each tweezer onto a single 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 molecules in the optical tweezer array are 
measured using the parametric heating method. After loading the array, 
molecules are imaged for 7 ms to detect loaded traps. The trap intensity 
is then modulated at a variable frequency ωmod for 5 ms, causing para-
metric heating loss when ωmod ≈ 2ωi, where ωi=x,y,z are the trap frequen-
cies. The tweezers are briefly shut off for 6 μs to allow heated molecules 
to escape, then the remaining molecules are imaged for 15 ms. The 
molecule survival exhibits loss features at ωmod = 2π × 119(4) kHz and 
ωmod = 2π × 167(5) kHz, corresponding to radial trap frequencies of 
ωx = 2π × 59(2) kHz and ωy = 2π × 84(2) kHz. Using the calculated 780 nm 
dynamic polarizability for the ground state of CaOH (α0 = 324.3 a.u.) 
(L. Cheng, private communication) and the known laser power per 
trap (approximately 125 mW), these frequencies imply a tweezer trap 
depth of U0 = kB × 1.4 mK (where kB is the Boltzmann constant), an axial 
frequency of ωz ≈ 2π × 7 kHz and slightly elliptical tweezer beams with 
waists wx ≈ 2.4 μm and wy ≈ 1.7 μm.

Release–recapture temperature measurement
We measure the temperature of the molecules in tweezers after imag-
ing using the release–recapture method56, 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, 
wait a variable time (on the order of 10 μs), switch the tweezers back on 
and then image a second time (15 ms imaging duration) to determine 
the fraction of molecules recaptured into the tweezers. The molecule 
survival probability versus release time is fit to a Monte Carlo simulation 
to extract the temperature. The results are plotted in Fig. 3d.

Calibration of number of photons scattered
The number of photons scattered during tweezer imaging is calibrated 
by comparing the collected fluorescence to reference images taken with 
a known number of photons limited by vibrational repumping. Spe-
cifically, to calibrate the maximum number of photons that can be scat-
tered, we take 200 ms images in two configurations: (1) all repumping 
lasers on (fluorescence level S1), and (2) only the 

∼
X(100), 

∼
X(02 0)0 , 

∼
X(200), 

X(12 0)2∼
 and X(110)

∼
 repumping lasers on, limiting the average number 

of photons scattered to 460 (fluorescence level S2)46,63. The total number 
of photons scattered before molecules are lost during tweezer imaging 
with all repumping lasers is therefore Nim = S1/S2 × 460. For the optimal 
imaging parameters used in this work, we find Nim = 8(1) × 103.

Modelling excited-state a.c. Stark shifts
The tweezer light is near-resonant with transitions from 

∼
A Π

2
 and B Σ

2 +∼
 

state vibrational levels used for laser cooling and repumping to vibra-
tional levels of the high-lying D Σ

2 +∼
, 

∼
E Σ

2 + and 
∼
F electronic states53. In the 

large detuning limit (Δ ≫ Ω, where Δ is the tweezer detuning and Ω is 
the Rabi frequency), the effect of these couplings on the energy of 
excited state i is given by

∑E ħ
Ω

ω ω

Ω

ω ω
Δ / ≈

4( − )
+

4( + )
(1)i

j

ij

ij L

ij

ij L

2 2

where Ωij is the Rabi frequency for the transition from state i to state j, 
ωL is the laser frequency, ωij = (Ej − Ei)/ħ is the transition frequency, ħ is 
the reduced Planck constant and the sum is over all molecular states j 
that can couple to state i.

If we restrict ourselves to a small range of wavelengths Δλ near the 
tweezer wavelength λ0, we can make the approximation that only a small 
number of near-detuned states k are responsible for the wavelength 
dependence, and that the remaining states contribute an approximately 
constant energy offset ΔEoff/ħ as long as they are far detuned compared 
to Δλ. 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 Δλ, 
which contains N near-detuned states k, is

∑E ħ
Ω

c λ λ
E ħΔ / ≈

8π (1/ − 1/ )
+ Δ / (2)i

k

N
ik

L ik
i

=1

2

off,

where λL = 2πc/ωL and λik = 2πc(1/ωi − 1/ωk). This expression is used to fit 
the a.c. Stark shift data in Fig. 2b, where the Rabi frequencies Ωik, centre 
wavelengths λik and energy offsets ΔEoff,i are fit as free parameters. We 
use this model-fitting approach due to a lack of complete spectroscopic 
data for the excited states.

Measured a.c. Stark shifts
The excited-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 beam is 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 
from all 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 contribute a constant offset.

The specific transitions used are 
∼∼

X Σ (100) → B Σ (000)
2 + 2 + , X Σ (02 0)

2 + 0∼
∼

→A Π (100)
2

1/2  and 
∼ ∼

N κX Σ (010)( = 2) → A(010) Σ
2 + 2 (−). For the 

∼
A Π (000)

2
1/2   

state a.c. Stark shifts, the 
∼ ∼
X Σ (000) → A Π (000)

2 + 2
1/2  cooling light was 

instead tuned during tweezer imaging, and the a.c. Stark shift was 
determined by comparing the optimal tweezer imaging detuning with 
the optimal free-space Λ 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 the fit to 
equation (2) (Fig. 2b) are as follows. The energy of the 

∼
A Π (000)

2
1/2  

excited state exhibits a resonance at 777.9(6) nm, which is consistent 
with the expected wavelength for coupling from 

∼
A Π (000) →

2
1/2∼

D Σ (100)
2 + 53. 

∼
A Π (100)

2
1/2  contains resonances at 777 nm and 789 nm 

(consistent with coupling to 
∼
D Σ (200)

2 +  and D Σ (110)
2 +∼

, respectively), 
while κA(010) Σ2 (−)∼

 displays a strong resonance at 780.6 nm due to  
coupling with the 

∼
D Σ (110)

2 +  state. Three features are observed in  
the 

∼
B Σ (000)

2 +  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−1, 30,792(2) cm−1 
and 30,726(2) cm−1, respectively. These features fall slightly above the 

origin energy of the 
∼
E Σ

2 + and F
∼

 electronic potentials, in a frequency 
range not covered by previous spectroscopic literature53.

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 Rij = ∣cij∣2Γjρii, where cij is the 
admixture of state j into i due to tweezer coupling, Γj is the decay rate 
of state j (assumed to be purely to non-detectable states) and ρii is 
the molecular population in state i during tweezer imaging55. In the  
large detuning limit Δij ≫ Ωij, the admixture is cij ≈ Ωij/(2Δij), where 
Δij = ωL − ωij. The population of the laser cooling excited state i is approxi-
mately ρii ≈ Γscatt/Γi × ri, where Γscatt = 250 × 103 s−1 is the photon scattering 
rate during imaging and ri 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 experiment46.

The total observed molecule loss rate during tweezer imaging is 
a combination of excited-state loss Rij, vacuum loss Rvac = 1/690 ms−1 
(main text) and loss to dark (that is, not repumped) vibrational 
states, Rvib = Γscatt/Nphot, where Nphot = 1.6 × 104 is the vibrational 



repumping-limited average number of photons scattered per mol-
ecule. The total loss rate Rloss = Rij + Rvib + Rvac 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. 1 shows the number of photons scattered per 
molecule in the 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, Nim = Γscatt/Rloss (blue, 
solid curve). Here we have used the known loss rates Rvac and Rvib as well 
as the measured Rabi frequencies and wavelengths for tweezer-
induced excited-state loss. The only unknown parameter is Γj, 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 
Γj ≈ 2π × 75 MHz, corresponding to a lifetime of Γ ≈ 2.1j

−1  ns. The remain-
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 the a.c. Stark shift data. For example, there is a known 
resonance from ∼∼

A Π (000) ↔ D Σ (010)
2

1/2
2 +  at 793.6 nm (ref. 53). Includ-

ing this state, assuming the same Rabi frequency measured for  
the ∼∼

A Π (000) ↔ D Σ (100)
2

1/2
2 +  transition at 777.9 nm, results in better 

agreement with the experimental data (black, dashed curve).
The inferred approximately 2 ns lifetime of the high-lying electronic 

states is an order of magnitude shorter than the radiative lifetime of 
the lower-lying A Π

2∼
 and 

∼
B Σ

2 + states in CaOH. This could indicate non-
radiative loss mechanisms for these states, as hypothesized for similar 
states in tweezer-trapped diatomic molecules55,64.

Imaging fidelity
The imaging fidelity is defined as the probability of correctly identifying 
whether a trap is initially empty (0 molecules) or loaded (1 molecule 
in the collisional blockade regime). Specifically, it may be defined in 
terms of the error rates ϵ01 (incorrectly identifying an empty trap as 
loaded; ‘false positive’) and ϵ10 (incorrectly identifying a loaded trap 
as empty; ‘false negative’) as follows: f(p) = 1 − pϵ10 − (1 − p)ϵ01, where p 
is the tweezer loading probability55.

The error rates depend on the threshold number of counts, θ, used 
to distinguish loaded and empty traps. The false positive rate, ϵ01(θ), 
is determined 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, 
h0(n), is a function of the number of image counts n, and is normalized 
so that ∑nh0(n) = 1. Moreover, we define a cumulative probability dis-
tribution for the histogram data, g θ h n( ) = ∑ ( )n

θ
0 =0 0 . Following these 

definitions, the false positive rate ϵ01(θ) is simply the probability of 
collecting greater than θ counts from an image of an empty trap, 
namely, ϵ01(θ) = 1 − g0(θ).

To determine the false negative rate ϵ10(θ), we must infer the histo-
gram of image counts collected from loaded traps, h1(n). Because the 
loading rate is much less than 1 in the experiment, this requires  
subtracting out the effect of empty traps from hexp(n), the measured 
histogram data. This is done by scaling the empty trap histogram  
data h0(n) by a factor 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: 
h n h n p h n p( ) = [ ( ) − (1 − ) ( )]1 exp 0

−1. We discuss how p is determined below.  
The cumulative probability distribution for loaded traps is defined as 
g θ h n( ) = ∑ ( )n

θ
1 =0 1 , and the false negative error rate is the probability of 

collecting fewer than θ counts from a loaded tweezer, ϵ10(θ) = g1(θ).
Determining p, the tweezer loading probability, is equivalent to find-

ing the scale factor to apply to h0(n) so that the empty trap background 
is appropriately subtracted from hexp(n) in the procedure above. To 
perform this background subtraction, we take advantage of the tall 
(approximately 80% of the counts in h0(n)), zero-photoelectron peak 

generated by the EMCCD camera, which is approximately Gaussian in 
shape with a standard deviation of σr ≈ 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 h n p h n( ) = ∑ [ ( ) − (1 − ) ( )]n n

n
= exp 0

2
i

f , where ni and nf 
are the lower and upper edges of the peak. The value of p that minimizes 
S(p) is the inferred loading probability for the experimental data and 
is used to determine h1(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 can rescale the background 
histogram to match the height of this peak and assume that the result 
accurately reflects the distribution of empty trap counts in the exper-
imental data. This approximation is justified by the fact that the aver-
age number of counts arising from loaded traps, n, is hundreds of counts 
above the zero-photon peak (n σr≫ ), so that any residual tail at low 
count numbers is negligible compared to the contribution from empty 
traps. By benchmarking the background subtraction procedure against 
simulated histogram data with varying fractions of the zero-photon 
counts arising from loaded 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 h0(n) and hexp(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 (hexp(n) and h0(n), respectively) from which the error 
probabilities ϵ01(θ) and ϵ10(θ) are inferred using the procedure described 
above. These error rates are plotted as a function of the threshold value 
θ in Extended Data Fig. 2b. Higher choices of threshold reduce the prob-
ability of misidentifying empty traps as loaded (ϵ01, blue curve), at the 
expense of increasing the likelihood of misidentifying loaded traps as 
empty (ϵ10, red curve). Extended Data Fig. 2c shows the imaging fidelity, 
f(p, θ) = 1 − pϵ10(θ) − (1 − p)ϵ01(θ), as a function of detection threshold for 
various loading probabilities. Each curve exhibits a peak corresponding 
to the optimal tradeoff between the two misidentification error sources. 
For higher loading probabilities, a lower threshold optimizes the fidelity, 
since reducing the likelihood of misidentifying loaded traps as empty 
becomes more important 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 the imaging fidelity is f = 0.94−0.03

+0.02 for the 7 ms tweezer 
images at an optimal threshold of θ ≈ 700 and a measured loading rate 
of p = 0.34.

Single-molecule loading
We quantify the fraction of tweezers that contain more than one mol-
ecule by comparing the average brightness of loaded tweezers for the 
two histograms in Fig. 1b, which differ in loading rate by a factor of 2.4. 
Specifically, we isolate the loaded portion of the histogram using a 
threshold value θ, and calculate the average number of camera counts 
above the threshold for the two histograms. The brightness ratio, 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 n loaded in the tweezers using 
a Poisson distribution, P(n; λ), where λ is the average loading rate. 
Because the loading fraction is significantly less than 50%, we assume 
that λ < 1. We therefore approximate P(n = 3; λ) ≈ λ3/6 ≈ 0 and only con-
sider the case where zero, one, or two molecules are loaded. Addition-
ally, to quantify the efficiency of the collisional blockade we assign a 
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probability β that two initially loaded molecules survive to the start of 
the imaging, that is, that they fail to undergo a light-assisted collision. 
Under these assumptions, the measured loading probability is

p P n λ P n λ β= ( = 1; ) + ( = 2; ) (3)

and the average image brightness, per loaded molecule, is

B a P n λ ζP n λ β p= [ ( = 1; ) + 2 ( = 2; ) ]/ (4)

where a is the brightness of a single molecule. The threshold-dependent 
scale factor, ζ ≤ 1, captures an effect where doubly occupied traps 
appear, on average, less than twice as bright as singly occupied traps due 
to the finite single-molecule imaging lifetime, since molecules that are 
lost early in the imaging are thresholded out in the analysis. For purposes 
of this analysis we neglect light-assisted collisions that occur during the 
imaging pulse. For a threshold of θ = 1,100, we calculate ζ ≈ 0.89 using 
the known single-molecule imaging lifetime and imaging efficiency.

The loading fractions are p1 = 0.314(15) and p2 = 0.134(9), where  
the subscripts 1 and 2 correspond to the orange and purple histo
grams in Fig. 1b, respectively. The thresholded average brightness 
values for the two histograms are CB nh n h n= ∑ ( )/∑ ( ) −n θ n θ1 =

∞
1 =

∞
1  and 

B nh n h n= ∑ ( )/∑ ( ) −n θ n θ2 =
∞

2 =
∞

2 C, where hi(n) is the experimental histo-
gram data, n is the number of camera counts and C = 501 is 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 λ1 and λ2 along with the two-molecule sur-
vival probability β:

p P λ P λ β

p P λ P λ β

B
B

P λ ζP λ β
P λ ζP λ β

p

p

= (1 ; ) + (2 ; )

= (1 ; ) + (2 ; )

=
(1 ; ) + 2 (2 ; )
(1 ; ) + 2 (2 ; )

×

(5)

1 1 1

2 2 2

1

2

1 1

2 2

2

1

For a threshold of θ = 1,100, near the minimum between the two 
peaks in the histogram data, we find λ1 = 0.39(19), λ2 = 0.13(6) and 
β = 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; λ1)β/p1 = 0.05(5) for the p1 = 0.31 histogram 
(orange data) and P(2; λ2)β/p2 = 0.02(2) for the p2 = 0.13 histogram  
(purple data).

Data availability
The data that support the findings of this study are available from the 
corresponding author on reasonable request. Source data are provided 
with this paper.
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Extended Data Fig. 1 | Imaging photon budget vs. tweezer wavelength. 
Calculated (curves) and measured (points) number of imaging photons that 
can be scattered during molecule imaging in the tweezer array, as a function of 
the trapping wavelength. Calculations include the effect of vacuum loss, loss to 
vibrational dark states, and trap-wavelength-dependent excitation to lossy 
excited electronic levels. The solid blue curve accounts for excitation only to 
those states observed using AC Stark shift data, while the black, dashed curve 
additionally includes A DΠ (000) ↔ Σ (010)

2
1/2

2 +͠ ͠  excitation predicted at 793.6 nm.
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Extended Data Fig. 2 | Determination of tweezer imaging fidelities. a, Signal 
(orange) and background (purple) histogram data, hexp(n) and h0(n), for 7 ms 
tweezer images. The average tweezer loading probability in the signal 
histogram is p = 0.34. b, Misidentification error rates ϵ01(θ) and ϵ10(θ) for 7 ms 

tweezer images, inferred from the experimental data as described in the text.  
c, Imaging fidelities f(p) for several average tweezer loading probabilities p, as 
described in the text.


	An optical tweezer array of ultracold polyatomic molecules

	Experimental overview

	Excited electronic states

	Imaging of molecules in the tweezers

	Single quantum state preparation and control

	Summary and outlook

	Online content

	Fig. 1 An optical tweezer array of CaOH molecules.
	Fig. 2 Wavelength dependence of CaOH trapping.
	Fig. 3 Tweezer array imaging and characterization.
	Fig. 4 Single-state control of CaOH in optical tweezers.
	Extended Data Fig. 1 Imaging photon budget vs.
	Extended Data Fig. 2 Determination of tweezer imaging fidelities.




