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Pair Correlations and Photoassociation Dynamics of Two Atoms in an Optical Tweezer
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We investigate the photoassociation dynamics of exactly two laser-cooled 3Rb atoms in an optical
tweezer and reveal fundamentally different behavior to photoassociation in many-atom ensembles. We
observe nonexponential decay in our two-atom experiment that cannot be described by a single rate
coefficient and find its origin in our system’s pair correlation. This is in stark contrast to many-atom
photoassociation dynamics, which are governed by decay with a single rate coefficient. We also investigate
photoassociation in a three-atom system, thereby probing the transition from two-atom dynamics to many-
atom dynamics. Our experiments reveal additional reaction dynamics that are only accessible through the
control of single atoms and suggest photoassociation could measure pair correlations in few-atom systems.
It further showcases our complete control over the quantum state of individual atoms and molecules, which
provides information unobtainable from many-atom experiments.
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Chemical processes govern the natural world and are
used to create desired molecular structures. Such reactions
usually occur in macroscopic samples of atoms and
molecules that interact in many different ways. However,
the tantalizing prospect of assembling individual molecules
atom by atom via optical tweezers is emerging [1-4].
Developed to its full capacity, this bottom-up approach
could realize the enduring scientific ambition of arranging
atoms in molecules the way we want [5—7]. Furthermore,
studying the formation of individual molecules isolates the
reaction dynamics of interest from additional undesirable
processes, such as spurious intermolecular collisions,
thereby giving unprecedented insight into the underlying
physics.

An ideal process for controlled molecular formation is
photoassociation, where light converts two colliding atoms
into a molecule. Recent experiments have shown the
formation of a single molecule via photoassociation [2,3]
and magnetoassociation [4] of exactly two atoms. However,
there has only been one prior study into the dynamics when
photoassociating exactly two atoms [8], and its use of near-
resonant light resulted in strong photon scattering, which
made the atomic dynamics between collisions effectively
classical.

Quantum correlations can change the photoassociation
rate in many-atom systems [9]. Moreover, theoretical
studies show that the photoassociation process itself can
affect atom-atom correlations, leading to complex dynam-
ics [10-13]. However, to date all experimental studies of
photoassociation dynamics are well described by a single
time-independent rate coefficient, indicating that photo-
association did not affect atom-atom correlations [14—19].
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In this work, we observe the quantum dynamics of
exactly two atoms undergoing photoassociation in an
optical tweezer. The dynamics differs profoundly from
those observed in many-atom ensembles. In particular, the
dynamics is more complex and molecule formation cannot
be described by a single rate coefficient. This is due to the
pair correlation in the two-atom system; for two atoms the
center-of-mass and relative-position degrees of freedom are
separable in an optical tweezer. Consequently, thermally
populated relative-position states either possess strongly
positive pair correlations (with a high chance of finding the
two atoms close together) or a node in the pair correlation
function at zero interatomic separation (i.e., the atoms are
anticorrelated and there is a low chance of finding the pair
close together). Anticorrelated states are unaffected by
photoassociation on short timescales, whereas relative-
position eigenstates with strongly positive pair correlations
lead to fast molecule formation. We confirm that this is the
underlying cause by investigating the photoassociation
dynamics of three atoms, which approach the well-known
dynamics of many-atom experiments.

Experiment.—We prepare a single ®Rb atom in an
optical tweezer with an efficiency of around 80% and
detect it using an EMCCD camera [20]. The single atoms
are optically pumped into |F=2,m =-2) in a 8.7 G
magnetic quantization field. By adiabatically merging two
spatially separated tweezers that each contain a single atom,
we obtain one tweezer with exactly two atoms at a peak
density of 1.7 x 10'3 cm™ [21]. Figure 1(a) shows the
central components of the setup. We use a high-numerical
aperture lens (NA = 0.55) to create the tightly focused
light of the optical tweezers (red beams), as well as to
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FIG. 1. (a) Schematic of experimental setup and measurement.
Tweezer light is focused by a high-NA lens (NA = 0.55) to a
radial diameter of 1.1 ym. Atoms in the tweezers are imaged
using an EMCCD camera and merged into a single optical
tweezer (black arrows). After applying photoassociation light, a
single photon counter measures the population of the tweezer.
Green and orange beams show imaging and photoassociation
light, respectively. (b) Sketch of the photoassociation process.
Inset: 1D slice of the two lowest energy relative-position
eigenstates of two atoms in our optical tweezer, with Condon
radius r, marked for comparison.

collect a large proportion of the scattered imaging light
(green beam), which is sent to the camera to confirm atom
capture in both tweezers.

After transferring both atoms to the same tweezer, the
atoms are exposed to photoassociation light at a frequency
near 377.001 14 THz, 106 GHz red detuned from the
atomic D1 transition. Using a stable cavity we can
reproduce this frequency with a precision of 2 MHz. A
Ti:sapphire laser delivers this light in 140 ns—duration
pulses, during which the optical tweezer is turned off to
eliminate any light shifts from the tweezer. Photo-
association dynamics occur on timescales from several
microseconds to several milliseconds. We form mole-
cules in a high vibrational level of a 0, state [Fig. 1(b)],
with the target state determined by the polarization and
frequency of the photoassociation light [19,22-25].

We detect a photoassociation event by imaging the
tweezer after a given time of exposure to photoassociation
light. Formed molecules either quickly decay to the ground
state, which does not scatter imaging light, or back into two
atoms, which have now received enough energy to escape
the trap. In both cases no atoms remain in the tweezer. We
use a single photon counter to precisely measure the

amount of scattered imaging light, which allows us to
determine the number of atoms in a single tweezer [26].

Pair correlation for two atoms.—Since the optical
tweezer is well approximated as a harmonic potential,
the two-atom center-of-mass and relative-motional degrees
of freedom are separable. Our experiments are performed
with identical bosonic ®Rb atoms, so the even-parity

eigenstates
Pn(r) = @, (X) @y, (¥) 9. (2) (1)
of the Hamiltonian
Hpy(r ):_7v2+ Z ﬂwzzrzz (2)
i=x,y, Z

form a complete set for the dynamics. Here, r = (x,y, z) is
the relative-position coordinate and ¢, (r;) are eigenstates
of a 1D harmonic oscillator with frequency ®; and
mass y = mgy,/2, with mg;, the mass of a rubidium atom
[Fig. 1(b) inset]. To ensure that ¢, (r) is symmetric under
particle exchange, (—1)"*"*" = 1. At zero separation
between the atoms, these eigenstates either have a peak (n,,
ny, n, all even) or a node (two of n,, n,, n, odd, one even).
Atom pairs thermally populate these relative-position
eigenstates. Although including a finite-range atom-atom
interaction modifies the eigenstates, the reflection sym-
metries of H(r) persist for a spherically symmetric
interaction. Therefore, the classification of two-atom states
into strongly positive pair correlated (peaked) and anti-
correlated (nodal) remains valid even in the presence of
realistic interactions.

The pair correlations of the two-atom wave function
strongly determine the photoassociation dynamics [10,27].
The strength of the photoassociation process depends on
the wave function at the Condon radius .., the interatomic
distance at which photoassociation light can resonantly
transfer atoms to an electronically excited molecular
potential [22]. In our experiment, . = 4.3 nm [24]. For
laser-cooled atoms, the thermal de Broglie wavelength A4
is large compared to r, so the wave function at the Condon
radius is either close to zero for anticorrelated nodal states
or close to a maximum for strongly positive pair-correlated
peaked states [Fig. 1(b) inset]. Consequently, atom pairs
initially prepared in peaked eigenstates exhibit a much
faster photoassociation rate compared to atom pairs initially
prepared in nodal states. Therefore, photoassociation in the
two-atom system requires at least a two-timescale model
that accounts for the formation of molecules at two
different rates. Contrast this to the many-atom case, which
is described by a one-timescale model [15].

Two-timescale model of photoassociation.—Figure 2(a)
shows a typical measurement of the probability of finding
zero or two atoms in the optical tweezer as a function of
photoassociation time. Red crosses show the probability
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FIG. 2. Evolution of the tweezer’s population as a function of
photoassociation time for two atoms (a) and three atoms (b) at
35 uK. Given the measured radial and axial trapping frequencies
of 88 and 14 kHz, respectively, this temperature corresponds to
mean relative-motional mode occupations of 7, ~ 7 in the radial
directions and 71, ~40 in the axial direction. In both panels,
dashed and solid lines indicate the best one- and two-timescale
fits to the experimental data, respectively. The gray area marks
our detection sensitivity limit. Since the three-atom system has
three atom pairs, compared to one in the two-atom system, we
expect a decay timescale three times faster for the same rate
coefficient.

that both atoms are lost due to photoassociation, while blue
circles indicate the probability that both atoms remain. The
one-timescale fit (dashed line) shows that the photoasso-
ciation dynamics cannot be reproduced using only one
photoassociation rate. However, we obtain a good repro-
duction of the observed dynamics with a two-timescale
model (solid line) that fits two independent two-atom
populations with separate photoassociation rates [28].

Using a y? test [29] on all rate measurements, we find
that the one-timescale model is clearly rejected, while the
two-timescale model is accepted in most cases [28]. Our
statistical analysis shows the importance of atom-pair
correlations on the photoassociation dynamics.

Further evidence for our two-timescale model is pro-
vided via a numerical simulation of the relative coordinate
wave function w(r, 7). Since photoassociation principally
occurs near the Condon radius r,. [22], we use a simplified
model that treats photoassociation as an absorbing hard-
shell potential of strength AI' and width w, located at
relative distance r,. [28]:

in (1) = [Hoalr) = Ves(Oy(r.0). ()

where

ar, r.—w<ir| <r,,

Vpa(r) = { (4)

0, otherwise.

We use w = 0.38 pm, corresponding to the interatomic
distances accessible at the observed 28 MHz resonance
width. Simulations are conducted by averaging over a
thermal ensemble of initial states evolved under Eq. (3).
The initial states are relative-position eigenstates ¢y (r)
of Eq. (2).

Our simulations qualitatively capture the two-timescale
behavior seen in the experiment. As shown in Fig. 3(a), the
fast timescale dynamics are primarily due to the decay of
peaked states, whereas the decay of nodal states occurs on a
slower timescale (see inset). Figure 3(b) shows the density
of the thermal ensemble after applying different durations
of photoassociation. The peak at zero atom-atom separation
in the r =0 plot is due to the bosonic enhancement
of correlations in a thermal cloud. We observe a fast
depletion of the density around zero atom-atom separation
when evolving via Eq. (3), with the resultant density
dip indicating that there is a low probability of both atoms
being found at the same position. This rapid transition
from a positively pair-correlated ensemble to an anticorre-
lated ensemble is reflected by the population dynamics
[Fig. 3(a)], confirming that states peaked at r = O photo-
associate fast, while nodal states remain. As the system
approaches the single-state limit applicable to ground-state-
cooled tweezer experiments [34], the population of nodal
states approaches zero and our simulations predict that
photoassociation is dominated by the ground state dynam-
ics and follows a fast decay.

The photoassociation of nodal states is considerably
slower in the simulation than in the experiment. A
significant contribution to this discrepancy is the lower
simulation temperature [35]. Increasing the temperature
rapidly increases the slow-decay rate relative to the fast-
decay rate and furthermore increases the fraction of nodal
(slow decaying) states [28]. Increasing the Condon radius
also increases the slow rate relative to the fast rate [28]. The
overall agreement between simulated and experimental
timescales might also be improved with a different choice
of I'. Regarding the experiment, we have confirmed that
population is not redistributed from nodal to peaked states
while the atoms are held in the chopped tweezer [28].
However, any technical imperfection that breaks the
reflection symmetry of the tweezer may increase the rate
of the slow-decaying states in the experiment.

The experiments also show a higher proportion of fast-
decaying states than the simulation. Again, the difference in
temperature can contribute to this, since highly excited
nodal states can also decay fast. Additionally, our prepa-
ration mechanism might not create a thermal equilibrium
distribution. Finally, atom-atom interactions change the
proportion of peaked to nodal states, although an estimate

083401-3



PHYSICAL REVIEW LETTERS 126, 083401 (2021)

(@) 1 —all states—peaked states —nodal states
.5 0.62
2 0.6
<
5 01 0.58
2 0
o
2
0 5 10 15 20
(b) . . . time [ms]
= normalized density, 1 axis
£
<107
>
+
ER
%’10 ‘ ‘ ‘ ’—Omsx—lms—t")ms 3
-1 -0.5 0 0.5 1
relative position [pum]
FIG. 3. Numerical simulation of the atom-pair evolution in the

tweezer under photoassociation. (a) Population over time for an
ensemble at 10.5 xK; also shown are the separate contributions
due to states where n,, n,, n_ are all even (peaked states) and
states where two of n,, ny, n, are odd (nodal states). The inset
shows the slow decay of nodal states. (b) 1D slice of the thermal
ensemble density along the weak-trapping axis of the tweezer at
different times since illumination with photoassociation light
started. Simulations used trapping frequencies (w,,w,, ;) =
27 % (93.0,93.93,20.0) kHz, consistent with our experimental
setup, and I' = 2.802 THz.

of the ground state energy shift indicates that this effect
is small.

Rate coefficients.—In many-atom ensembles, the single
rate coefficient K, governing the photoassociation dynam-
ics reaches its highest, unitarity-limited value for photo-
association light at the saturation intensity [7,17,30]. For
photoassociation of two indistinguishable particles with a
maximum photoassociation cross section of ¢ = 435 /(27),
the unitarity-limited rate coefficient is [31]

K;nitarity _ 8ﬂfl4/(ﬂ3kBT)- (5)

This highest achievable rate coefficient forms a fundamen-
tal limit that exists for every scattering process, however, it
has only been investigated in many-atom systems so far.

We determine K, from the experimentally observed pair-
loss rate y, of our trapped atom pair [28,36]:

- Ve
Ko = TP (©)

where n(r) is the normalized thermal density in the tweezer
[28,32]. Since we model photoassociation in our system
with two-timescale decay, there are two rate coefficients.
Our experiments are performed close to the saturation
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FIG. 4. Photoassociation rate coefficients with exactly two
atoms in the optical tweezer for fast-decaying populations
(ascribed primarily to peaked states) and slow-decaying popu-
lations (ascribed to nodal states), compared to the unitarity-
limited rate coefficient [Eq. (5)]. Points in dashed circles show
data at a light intensity of 230 Wcm™ with other points
corresponding to 580 Wcm™2. Green triangles show the one-
timescale rate coefficient in an optical tweezer with three atoms.
The mean mode occupations of these experiments range from
i1, ~4-20 for the radial trapping directions and 71, ~ 30—100 for
the axial trapping direction.

intensity in order to compare to the corresponding unitarity-
limited rate coefficient [Eq. (5)].

Figure 4 shows the photoassociation rate coefficients of
fast and slow decaying populations in our two-atom
experiments around the saturation intensity, and compares
to the many-atom unitarity limit. The fast decay exceeds
KyM™Y | whereas the rate coefficient for slow decay
remains far below it. Recall that the many-atom unitar-
ity-limited rate assumes that collisions happen randomly
and depend on the average ensemble density. A plausible
explanation for the fast decay exceeding the unitarity limit
could be that peaked states have a higher probability of
being at zero relative position than expected from the
ensemble-averaged density. Note that in Fig. 4, a higher
temperature does not imply a higher occupation of the
tweezer states; in our experiments, atoms are prepared with
similar starting temperature and different temperatures are
achieved by adiabatically expanding the tweezer.

Photoassociation dynamics for three atoms.—As argued
above, the two-timescale decay in the two-atom system is
caused by pair correlation of the two atoms. Our setup
allows the addition of a third atom to the tweezer, which we
used to investigate photoassociation in a three-atom system
and determine how the addition of an extra atom influences
the dynamics. Figure 2(b) shows the evolution of the
tweezer population starting with three atoms at 35 uK.
We observe good agreement with a single decay rate above
our detection limit of 1.6% and a reduced y test shows no
improvement from the two-timescale model. The error bar
of the point at 3.8 ms does overlap with the one-timescale
fit (this is outside the frame of our logarithmic plot).
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Additional measurements at photoassociation times greater
than 4 ms give three-atom survival at our detection sensi-
tivity limit, making them consistent with vanishing survival
probability. The green triangles in Fig. 4, showing the
single rate coefficient obtained with three atoms, are in
good agreement with the many-atom unitarity-limited rate
coefficient. Although we are reluctant to draw firm con-
clusions, these results suggest that the photoassociation
dynamics take a substantial step toward the many-
atom behavior when an additional atom is added to the
tweezer.

Conclusions and outlook.—Photoassociation of single
atoms is a promising path for creating precisely tailored
single molecules not accessible through conventional
chemistry. Understanding the photoassociation dynamics
of single molecule formation is vital to the future controlled
synthesis of more complex molecules. We showed the first
measurement of the quantum dynamics of exactly two
atoms undergoing photoassociation in an optical tweezer.
We observed two rate coefficients which are caused by
atom-pair correlations, as confirmed by numerical simu-
lation of the two-atom system. In contrast, the photo-
association dynamics of three trapped atoms seem closer to
that of many-atom ensembles. An interesting future work
would be a more systematic investigation into how the
many-atom dynamics emerge. Our results show that this
state-dependent photoassociation could be used as a new
tool for the production or detection of atom-pair correla-
tions in future experiments.
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