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Scheme for Deterministic Loading of Laser-Cooled Molecules into Optical Tweezers
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We propose to repeatedly load laser-cooled molecules into optical tweezers, and transfer them to storage
states that are rotationally excited by two additional quanta. Collisional loss of molecules in these storage
states is suppressed, and a dipolar blockade prevents the accumulation of more than one molecule.
Applying three cycles loads tweezers with single molecules at an 80% success rate, limited by residual
collisional loss. This improved loading efficiency reduces the time needed for rearrangement of tweezer
arrays, which would otherwise limit the scalability of neutral molecule quantum computers.
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Optical tweezer arrays of atoms and molecules have
emerged as powerful platforms for quantum information
processing [1]. Interactions between atoms in different
tweezers can be induced by excitation to Rydberg states
which can be used to implement fast 2-qubit gates. Tweezer
arrays of ultracold molecules have recently also been
realized [2]. Polar molecules give access to tunable
dipole-dipole interactions [3] in the electronic ground state
that can be used to implement quantum gates [4—7] without
losses by spontaneous emission or antitrapping in the
interacting state. Tweezers can be loaded from dilute gases,
foregoing the need to reach high phase-space density,
which remains challenging for ultracold molecules [8—12].

Tweezers are typically loaded from a gas of laser-cooled
atoms or molecules. Laser cooling provides the dissipation
needed to load the conservative potential of the tweezer.
When a second particle is loaded in the pm-sized tweezer,
the pair is quickly lost by light-assisted collisions. Thus, a
tweezer contains zero or one particle, each with approx-
imately 50% probability, depending on whether an even or
odd number was loaded in total. This is referred to as
collisional blockade [13]. Current tweezer arrays for
molecules are linear arrays of typically 20-40 sites
with waist size of 730 nm and a loading probability of
30-40% [2,6,7]. In these experiments, the temperature was
about 100 pK, but methods to cool to a few pK are well
established [14,15] and molecules have recently been
cooled to the ground state of motion of the tweezer [16,17].

A powerful feature of tweezer arrays is the ability to
rearrange the stochastically loaded half-filled array into
smaller defect-free arrays [1]. However, the trapped par-
ticles have a limited lifetime, and the time taken for
rearrangement increases with array size, ultimately limiting
the scalability of this approach. To circumvent this,
deterministic loading of tweezers with single particles is
desirable. For ultracold atoms, near deterministic loading
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has been demonstrated using two different methods. In the
first method, discussed in more detail below, the light-
assisted collision is controlled [18,19] so that only one of
the two atoms is ejected, yielding a success probability of
about 90%. In the second method, Sr atoms were loaded
with 84% probability by imaging loaded sites, then
shelving those atoms into dark states and lowering their
trap depths to prevent new atoms from loading into the
same sites on the next iteration [20]. This scheme requires
active feedback and can in principle be extended to
molecules [20].

The established picture [18,19] of deterministic loading
by light-assisted collisions is illustrated in Fig. 1.
Nonadiabatic transitions can occur at the Condon point
where the dipole-dipole interaction in the excited state
compensates for the detuning. In the excited state, loss can
occur either by spontaneous emission at a different inter-
atomic distance, or by dissociation in the excited state for
blue detuning. By choosing the detuning appropriately, one
can ensure collisions can remove one, but never two atoms
from the tweezer. Removal of a single atom requires an
uneven distribution of the kinetic energy release, which
does not occur for two atoms initially at rest. Thus for
atoms cooled to the bottom of the tweezer, single-atom
removal may require multiple light-assisted collisions, or
elastic collisions, to redistribute the energy release
unevenly before the atoms are laser cooled again.

It does not seem possible to extend this scheme to
molecules. Molecule pairs suffer from fast collisional
loss [21-27] that occurs in short-range encounters [28].
As illustrated in Fig. 1, the ratio of light-assisted collisions
to short-range encounters depends on the probability of
nonadiabatic transitions at the Condon point, but the ratio
can never exceed 1. Collisional shielding [29-32] can
suppress loss and enable elastic scattering of molecules,
required for deterministic loading, but these shielding
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FIG. 1. Light-assisted collisions. Shown schematically are
interaction potentials in the electronic ground state X and excited
state A. Wavy vertical lines indicate the Condon point where the
attractive or repulsive dipole-dipole interaction in the excited
state compensates for the red or blue detuning, respectively.
Nonadiabatic transitions occur at the Condon point with prob-
ability p, leading to a short-range encounter. For blue detuning,
there can be a light-assisted collision on the repulsive branch,
releasing kinetic energy 2A which can be controlled to eject only
one of the two particles. This requires a process that is adiabatic
on the way in, and nonadiabatic on the way out, so has probability
p(1 — p) whose maximum value is 0.25. For atoms, short-range
encounters are usually elastic, so the atoms have many oppor-
tunities for such controlled light-assisted collisions. For mole-
cules, short-range encounters usually lead to loss, and the loss
dominates since p is always larger than p(1 — p).

schemes seem incompatible with laser cooling that is
needed for tweezer loading. The shielding schemes set
up long-range repulsive interactions between molecules
prepared in a specific internal state, typically a state of
mixed parity, but laser cooling usually relies on parity
selection rules and cycling between various substates, some
of which have no collisional shielding or even an enhance-
ment of collisional loss [9].

Figure 2 illustrates our scheme for near-deterministic
loading of ultracold molecules into tweezers. The scheme
combines several concepts: (i) collisions prevent the load-
ing of more than one molecule; (ii) loaded molecules can be
transferred to other rotational states where collisions are
strongly suppressed; (iii) due to the tensor part of the
alternating current (AC) Stark shift, trapped molecules can
be distinguished from those in the bulk gas; and (iv) stored
molecules induce a dipolar blockade that distinguishes
loaded tweezers from empty ones. Starting from a laser-
cooled sample, we load j = 1 molecules in the collisionally
blockaded regime [13], resulting in a tweezer occupancy of
zero or one, each with 50% probability. This loading step

should leave molecules in a single hyperfine and Zeeman
sublevel. Deep laser cooling schemes [14,15] rely on
coherent population trapping in a zero-velocity dark state,
so automatically pump molecules into a single state.
Alternatively, a short pulse of optical pumping can be
used to transfer all molecules to a desired component of
Jj = 1. The loaded molecules are then transferredtoa j = 3
“storage state” using two microwave z pulses. The tran-
sition frequency is shifted by the tensor AC Stark shift of
the tweezer, so molecules in the tweezer can be transferred
without affecting molecules in the bulk gas. These two
steps are applied repeatedly, using a different hyperfine
component of j = 3 for storage in each cycle.

At the end of each loading period there are four possible
outcomes for each tweezer. (1) The tweezer contains only a
j =1 molecule. It will be transferred to j = 3. (2) The
tweezer contains only a j = 3 molecule. The molecule will
remain in j =3 because it is in a different hyperfine
component to the one addressed by the microwave field.
(3) The tweezer contains both a j = 1 moleculeanda j = 3
molecule. In this case, the j =1 <> j =2 transition is
shifted out of resonance with the first 7 pulse due to the
dipole-dipole interaction with the stored j = 3 molecule,
and neither molecule is affected by the microwave fields.
This is the dipolar blockade. Furthermore, the j =3
molecules are protected from collisions with j = 1 mole-
cules by repulsive van der Waals interactions [33]. (4) The
tweezer is empty. There is a 50% chance it will be loaded in
the next cycle. After several cycles, the occupancy will be
close to 100%. Then, any molecules in j = 1 are removed
by resonant light and j = 3 molecules are transferred back
to j =1 with two z pulses. They will be in different
hyperfine states but can easily be transferred to a single
state by a final step of optical pumping.

Our scheme is applicable to all the molecular species
laser cooled so far. To evaluate its potential, we focus on the
specific example of CaF molecules cooled on the A%IT, /2=
X?X transition. Throughout, we assume a temperature
T =5pK [14,15], and tweezers with wavelength
1064 nm, a depth of 250 pK, and axial and radial trapping
frequencies of w,/(2x) =7 kHz and w,/(27) = 50 kHz
similar to recent experiments [6,7]. For these parameters,
the peak density is 1.5 x 10'* cm™ and the distribution is

2 2
y z
X exp <_2012> exp (—2012>, (1)
y 4

where o; = (kzT/Mw?)'/?, M is the molecule mass, and
; the harmonic trapping frequency of the tweezer in

direction i. For a pair of molecules, we use n(ri)n(r,) =
n(Rv2)n(r/\/2) where R = (r, +r,)/2 is the center of
mass coordinate and r = r; — r, is the relative coordinate.
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FIG. 2. Proposed scheme for deterministic loading of laser-cooled molecules into optical tweezers. (a) Illustrates the different
processes that can occur in each tweezer in each cycle. Row 1: single j = 1 molecules are loaded with 50% probability due to collisional
blockade. They are transferred to j = 3 using two microwave 7z pulses. Row 2: subsequent cycles transfer molecules to different
hyperfine states of j = 3, indicated by different colors. Row 3: molecules loaded in previous cycles are not addressed by subsequent
microwave pulses and remain stored. Row 4: when a tweezer already contains a j = 3 molecule, the dipolar blockade prevents
accumulating additional j = 3 molecules. (b) Illustrates loading of the array after multiple cycles of the scheme.

We assume a tweezer loading rate of 100 molecules per
second [13], so choose loading periods of 10 ms. This is
much longer than the timescale for deep laser cooling [15].
The rotational transition dipole moments are assumed to be

d = pu,/\/3 where i, = 3.1 Debye is the molecule-frame
dipole moment.

To evaluate the strength of the dipolar blockade, we
calculate the dipole-dipole interaction energy

UddZ//////”(ﬁ)Vdd(ﬁ—"2)”("2)(1"1 dr,
:2371/2 /// n(F)V 4a(F) dr.

Here, V4, is the interaction potential which we take as

(2)

3)

where P,(x) = (3x*> — 1)/2 is a Legendre polynomial and
we have assumed that the transition dipole moment is
oriented along Z, one of the tight tweezer directions. It is
worth noting that the anisotropic dipole-dipole interaction
vanishes for isotropic density distributions. The Gaussian
in-tweezer density can be approximated near the origin as a
constant isotropic term, plus anisotropic terms proportional
to x2, y?, z2. Only the anisotropic terms contribute, and
their r? scaling results in a finite U, despite the r~> scaling

of the interaction. Evaluating the integral for our param-
eters, we find U,;/h =5 kHz. By choosing a pulse
duration of at least 500 ps, we ensure that the dipolar
blockade is effective.

For a molecule in a tweezer, the microwave transitions
are both shifted and broadened by the tensor part of the AC
Stark shift. The frequency shift, Af, is desirable since it
provides a mechanism to address molecules in the tweezer
without affecting molecules in the bulk gas. For this to
work, we need Af to be at least as large as Uy,/h. The
broadening, &§f, is undesirable because it reduces the
fidelity of the microwave z pulses, so we would like
6f <« U,/ h. The broadening is due to the range of tweezer
intensities seen by the trapped molecule, which is propor-
tional to temperature, so the broadening is smaller than the
shift by the ratio of the temperature to the trap
depth, which is a factor of 50 for our parameters. The
tensor AC shift depends on the choice of rotational,
hyperfine, and Zeeman states (j,f,m;) and can be a
significant fraction of the scalar shift for some choices.
For CaF, we propose the transition (1,1%,+1) —
(2,27, +1) [34] whose tensor shift at 1064 nm is only
0.15% of the scalar shift. This results in Af = 7.8 kHz and
of = 0.15 kHz, satisfying our requirements. Our choice of
initial j = 1 state is not the one produced by deep laser
cooling schemes [14,15] or optical pumping methods [35],
but is easily reached using a pair of microwave pulses or a
Raman transition [35,36].
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FIG. 3. Molecular interaction potentials (a) Attractive rotational
dispersion interaction for two CaF molecules in the j =1
rotational state of the electronic ground state (green solid). Also
shown is a schematic of the dressed potentials where one
molecule is excited by the cooling light to the A 21 state,
resulting in resonant dipole-dipole interactions (purple dashed).
Light-assisted collisions occur at the crossing between the curves.
(b) Repulsive rotational dispersion interaction for two CaF
molecules in the j = 1 and j = 3 rotational states [33], which
suppresses loss in short-range encounters. Excitation of the j = 1
molecule by the cooling light does not produce resonant dipole-
dipole interactions in this case, so there are no light-assisted
collisions. Multiple green lines indicate different possible total
angular momentum states as indicated.

Let us now turn our attention to collisions. Figure 3(a)
illustrates the interaction potentials for two j = 1 mole-
cules in the electronic ground state, shown in green. If one
of the molecules is excited by the cooling light to the A
state, it interacts with the second molecule through resonant
dipole-dipole interactions whose strength is proportional to
the square of the transition dipole moment. The field-
dressed excited state potential, shown in purple, intersects
the ground state, and light-assisted collisions occur at the
crossing. Figure 3(b) illustrates the interaction potentials
when the tweezer contains one j = 1 molecule and one
Jj = 3 molecule. The excited state used for laser cooling can
only decay to j = 1 and has no transition dipole moment
with j = 3. Thus, there are no resonant dipole-dipole
interactions and no light-assisted collisions.

Even in the absence of light-assisted collisions, there can
still be collisional losses. Indeed, ground state ultracold
molecules in optical traps typically suffer collisional loss at
a rate close to the universal rate [28], which is 5 X
1071 ¢cm?®/s for CaF. Similar loss is observed for two
molecules in the j = 1 rotational state [27]. This universal
rate describes loss of molecules at short range, after passing
through an attractive R=® potential. For two molecules in
different states that differ in rotational quantum number by
more than 1, however, the rotational dispersion interaction
is repulsive [33]. This produces a repulsive barrier at large
distances, as shown in Fig. 3(b), which can suppress
collisional loss by orders of magnitude.

We compute collisional loss rate coefficients as described
in more detail in Ref. [33], for CaF molecules in |j =
1,m)|j = 3, m') initial states. Our calculations model the
molecules as rigid rotors with dipole and quadrupole
moments that interact through electrostatic interactions,
as well as through the electronic van der Waals interaction.
We find typical loss rates of 8(2) x 107!2 cm? /s, where the
spread in loss rates indicates the m, m’ dependence. We also
perform exploratory calculations including the electron and
nuclear spin, but find no significant effect on the resulting
loss rate coefficients. Furthermore, we run calculations for
SrF and BaF molecules, where we find comparable loss
rates, in agreement with the weak mass dependence dis-
cussed in Ref. [33].

For a 1.5 x 103 cm™ peak density, the computed loss
rate coefficients of a j =3 molecule correspond to a
collisional lifetime of 25 ms. Choosing a loading time of
10 ms per cycle, and remembering that in the collisional
blockade regime the tweezer is empty for half the loading
period, the probability of losing a j = 3 molecule is about
20% in each cycle. The impact of these losses is relatively
mild, since a lost molecule may still be replaced in a
subsequent cycle. Figure 4 shows the loading efficiency
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FIG. 4. Performance of the scheme in the presence of residual
collisional loss. Loading probability as a function of the loss per
cycle for 2, 3, and 4 cycles. The vertical line indicates the
probability of loss of CaF molecules during a 10 ms loading cycle
when the peak density is 1.5 x 103 cm™3.

183401-4



PHYSICAL REVIEW LETTERS 132, 183401 (2024)

that can be achieved with two, three, or four cycles as a
function of the probability of loss per cycle. The vertical
line shows the loss probability estimated for the experi-
mental parameters discussed here, which results in approx-
imately 70% loading using two cycles and 80% using three
or four cycles.

In conclusion, we have proposed a scheme for near-
deterministic loading of ultracold molecules into optical
tweezers by accumulating at most a single molecule in a
rotationally excited storage state for which collisional loss is
suppressed. The required laser cooling into optical tweezers
[2], optical pumping [35] or coherent population trapping
[14,15], and microwave z pulses [35] have all been realized
experimentally [6,7,16,17,36], though the dipolar blockade
and collisional stability in the storage state have yet to be
demonstrated. We estimate our scheme improves the loading
efficiency to 80% using three cycles. The success rate is
limited by a trade-off between a strong dipolar blockade and
low residual collisional loss, which both scale linear with in-
tweezer density. The expected performance is comparable to
that for loading of atoms using a scheme that cannot be
extended to molecules. Deterministic loading improves the
scalability of quantum computing and simulation based on
ultracold molecules in tweezer arrays by limiting the number
of rearrangements required in initialization.
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