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We propose to sympathetically slow and cool polar molecules in a cold, low-density beam using
laser-cooled Rydberg atoms. The elastic collision cross sections between molecules and Rydberg
atoms are large enough to efficiently thermalize the molecules even in a low density environment.
Molecules traveling at 100 m/s can be stopped in under 30 collisions with little inelastic loss.
Our method does not require photon scattering from the molecules and can be generically applied
to complex species for applications in precision measurement, quantum information science, and
controlled chemistry.

Cold and trapped molecules represent promising quan-
tum systems for a multitude of applications rang-
ing from table-top search of new physics beyond the
Standard Model [1–7] to quantum information process-
ing [8–13], which benefit from rich internal molecular
structures. Recent measurements of the electron elec-
tric dipole moment (EDM) [4, 5], which rely on the
strong internal electric field and the high-level control
of molecule orientation, have constrained charge-parity
violating new physics to >∼ 50 TeV energy scales. In addi-
tion, the molecular rotational structure provides tunable
long-range dipole-dipole interaction in ground electronic
states [14], and may accommodate one error-corrected
qubit in each molecule [15], thereby significantly reducing
the number of physical qubits in a quantum information
processor.

Laser cooling of molecules [16–21] and assembling ul-
tracold atoms [22, 23] are two of the main pathways
to trapping molecules in the quantum regime, key to
the next generations of new physics searches [24–28],
long-lived qubits and high-fidelity quantum gates. How-
ever, both methods require specific molecular structures,
which limit the choice of molecules. Furthermore, laser
cooling needs 104−105 photon scattering events and thus
demands high precision spectroscopy, which is challeng-
ing and time-consuming for many heavy-atom containing
[29, 30] or large polyatomic molecules [31, 32].

Molecules can also be cooled by collisions or interac-
tions with another species. For example, in a cryogenic
buffer gas beam (CBGB) [33], cold helium gas thermal-
izes any molecular species to a few Kelvin temperature.
Once in a trap, the molecules can be further cooled by
opto-electrical Sisyphus cooling [34] or via sympathetic
cooling with laser-cooled atoms [35–40]. It would be
advantageous to use laser-cooled species to sympatheti-
cally cool species in lower-density environments, such as
in beams, since loading complex, reactive species into
traps with sufficient atom and molecular density for effi-
cient sympathetic cooling is often a challenge.

Here, we propose a method to slow and cool polar

molecules from a CBGB, load them into a trap, and
cool to ultracold temperatures, without photon scat-
tering from the molecule. Our method has two re-
quirements, which we will show to be generic for polar
molecules. First, we require a mean free path which is
short compared to the size of the atomic cloud, so that
the molecules are thermalized before diffusing out of the
cloud. This requires a deep atom-molecule interaction
potential that is comparable to or larger than the col-
lision energy in a CBGB. Unlike at room temperature
where the molecule-Rydberg atom collision cross sections
vanish [41, 42], in a CBGB the center of mass collision ve-
locity is ∼ 10 m/s, which corresponds to ∼ h×10 GHz for
heavy molecules of ∼ 200 atomic mass units, where h is
Planck’s constant. Second, we require that the loss prob-
ability during collisions is not too high. We will show that
fewer than ∼ 30 collisions are needed to bring a molecule
from a few Kelvin and ∼ 100 m/s forward velocity to ul-
tracold temperature in a trap. This requirement is much
less stringent than those imposed by the previous pro-
posals of sympathetic cooling [35–39], and we shall show
that the loss probability per collision is sufficiently low
in the general case.

When a molecule is outside of a Rydberg atom, the
dominant interaction is the dipole-dipole interaction [43].
This interaction has been used to detect and manip-
ulate the state of the molecule [44–46], and has been
proposed for cooling trapped molecules in ∼ mK tem-
perature regime [47, 48] and for entangling molecules in
optical tweezers [49–51]. However, the dipole-dipole in-
teraction is ≪ h × 100 MHz ≈ kB × 5 mK, where kB is
Boltzmann’s constant. This is negligible compared to the
collision energy in the ∼ K temperature regime, which is
of interest in this work.

The picture changes drastically when the molecule is
near the edge or inside the Rydberg wavefunction, where
the separation between the molecule and the Rydberg
core R is comparable to or smaller than the electron-
core distance r, and the electron can be very close
to the molecule. As a result, the dominant perturba-
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FIG. 1. (a) Interaction potential between the CH molecule
and the Li Rydberg atom. The state labels indicate the
asymptotic states when the molecule is far away from the
Rydberg atom. When they are close, all atom-molecule pair
states are hybridized. The dashed vertical line marks the
classic radius of the Li(30S1/2) state. When the pair state
density is high near the degenerate manifold of high angular
momentum Rydberg states, the interaction potential depth is
larger than ∼ 10 GHz. (b) The scattering cross section for
the potential of the 30S1/2, J = 1/2− pair state, compared
with the half of the cross section of a hard sphere with radius
Rn (πR2

n).

tion of the molecule on the Rydberg atom comes from
the charge-dipole interaction with the Rydberg electron,
HI = ed/|R − r|2 with d the molecule frame dipole mo-
ment. This interaction has been intensively studied in
systems of ultralong range Rydberg molecules [52–58].
It couples and hence shifts the atom-molecule pair states
strongly. The coupling strength is proportional to d and
the electron’s probability density which scales as (n∗)−3,
with n∗ the effective principal quantum number.

In Fig. 1(a), we show the interaction potentials be-
tween the CH molecule (d ≈ 1.46 D) and the Li Rydberg
atom as an example. We choose this atom-molecule pair
since the small dipole moment of the molecule enables
accurate computations; however, this method generalizes
to more complex species (such as molecules with dipole
moments greater than the Fermi-Teller critical dipole
d >∼ 1.6 D [59]) for which exact calculations might be
impractical (see the Supplemental Material [60] for de-
tails). For the near-degenerate manifold of high angular
momentum states, the pair states are well hybridized and
the potentials are ∼ 10 GHz deep. The potentials for the
S Rydberg states are weaker but still exceed GHz inside
the Rydberg radius.

The range of the >∼ GHz potential is similar to the ra-
dius of the Rydberg wave function Rn ≈ 2(n∗)2a0, where
a0 is the Bohr radius. The relative collision velocity (in
the center of mass frame) in a CBGB is <∼ 10 m/s, which
roughly corresponds to <∼ h × 0.5 GHz collision energy
for the CH molecule and the Li atom. This is much less
than the potential depth, therefore the cross section is
expected to be nearly the size of the potential, ∼ πR2

n.
Even for heavier molecules with up to ∼ 200 atomic mass
units, the ∼ h×10 GHz deep potentials are also sufficient
for large cross sections. As an example, the scattering
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FIG. 2. (a) and (b) Laser coupling scheme for Rydberg ex-
citation and cooling. Ω2 (red arrow) couples |e⟩ ↔ |r⟩ off-
resonantly and Ω1 (purple arrow) couples |g⟩ to the dressed
Rydberg state |r̃⟩ with an effective coupling strength Ω ≈
2π × 1 MHz (orange arrow in [b]). (c) Mean free path of the
collision, as well as the diffusion distance (in the atom cloud)
to stop a molecule initially at 100 m/s, as a function of the
total atom density (Rydberg and ground states) and princi-
pal quantum number, when the system is in a steady state
with the laser couplings in (a) We use 25 as the number of
collisions needed to stop the molecules, as described in the
main text. The blue dashed line marks the parameters above
which the blockade effect starts to limit the Rydberg popula-
tion density.

cross section of CH and Li is calculated and plotted in
Fig. 1(b). For n∗ ≈ 30, the cross section is around four
orders of magnitude larger than that of the helium atom,
the most common buffer gas. This large cross section
enables a short mean free path even in the dilute beam
outside of the buffer gas cell.

This enhancement of collision cross-section is general,
and can be used for a variety of experimental goals. We
now discuss a specific approach to implementing this
method to slow, stop, trap, and cool molecules from
a CBGB without laser cooling them. In a cloud of
atoms, we consider the laser coupling scheme shown in
Fig. 2(a) for Rydberg excitation and for Zeeman slowing
of the atom. The scheme is conceptually similar to the
Electromagnetically Induced Transparency (EIT) cool-
ing [61, 62], in which the excited state is coupled to an
intermediate state and this dressed superposition state
is used as an effective excited state for photon cycling;
more details are in the SM. The excited state |e⟩ and
Rydberg state |r⟩ are coupled by a blue detuned Ryd-
berg laser with coupling strength Ω2 and detuning ∆,
the dressed eigenstate with dominant Rydberg charac-
ter is |r̃⟩ = cos θ |r⟩ − sin θ |e⟩, with the mixing angle θ
given by tan 2θ = −Ω2/∆. We consider ∆ ̸≫ Ω2 > Γe,
as the Rydberg state linewidths (<∼ 100 kHz) are much
less than the low-lying excited state linewidth, therefore
the linewidth of the dressed Rydberg state |r̃⟩ is domi-
nated by the contribution from |e⟩, and it primarily de-
cays directly to the ground state |g⟩ and allows for fast
photon cycling (population in |r⟩ decays indirectly to the
ground state within ∼ 10 µs, see the SM). For most alkali
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(Γe ≈ 2π×5 MHz) and alkaline earth (Γe ≈ 2π×30 MHz)
atoms, the |r̃⟩ state linewidth Γ can be tuned to around
2π × 1 MHz by mixing a few percent or less |e⟩ popula-
tion. The effective coupling |g⟩ ↔ |r̃⟩ can be tuned to
around Ω ≈ Ω1Ω2/2∆ = 2π × 1 MHz, yielding a value

for the saturation parameter s = Ω2/2
∆2+Γ2/4 ≈ 1.

These parameters are suitable for most alkali and al-
kaline earth atoms. The time scale of an oscillation be-
tween |g⟩ ↔ |r̃⟩ is much longer than the collision time
(≪ 0.1 µs, the time during which the molecule is in-
side the Rydberg wavefunction). In the Zeeman slower,
the cooling laser Ω1 is counter-propagating to the atom
traveling direction and the Rydberg laser Ω2 is from the
opposite side with an angle to match the k-vector projec-
tions of Ω1 and Ω2 on the atom beam direction (see the
SM). As a result, their Doppler shifts on |g⟩ ↔ |e⟩ and
|e⟩ ↔ |r⟩ transitions are opposite. A position-dependent
magnetic field shifts |e⟩ (typically a P state) differently
from |g⟩ and |r⟩ (S states) and thus can compensate the
opposite Doppler shifts in |g⟩ ↔ |e⟩ and |e⟩ ↔ |r⟩ simul-
taneously. As a result, the Rydberg excitation scheme is
not affected by the Zeeman slower for the target velocity
class, and we can slow the atomic beam while maintain-
ing a fixed Rydberg excitation fraction.

In steady state with these couplings, the mean free
path, l ≈ (σρ)−1 where σ is the elastic collision cross
section and ρ is the Rydberg atom density, is calculated
and plotted in Fig. 2(b) as a function of total atom den-
sity (in both ground and Rydberg states) and principal
quantum number. For low Rydberg states the dressed
Rydberg population can reach 25% (for s = 1), while for
high Rydberg states it is limited by the Rydberg blockade
effect [43, 63]. The blue dashed line marks the parame-
ters where Rydberg blockade starts to limit the density
of atoms in Rydberg states. The collision cross section
scales geometrically as (n∗)4, until the interaction poten-
tial is too weak, but the probability of Rydberg excitation
can be suppressed by Rydberg blockade, which scales as
(n∗)7. As a result, the optimal density and principal
quantum number are near the blockade regime.

The density of atoms made inside the buffer gas cell
is typically 1013 − 1014 cm−3 [33]. After exiting the cell,
the density decreases rapidly because of expansion and
collision with the buffer gas. We propose to first laser
cool the atoms in all three dimensions to stop the ex-
pansion and keep the density high. The cooling needs to
be in the moving frame to maintain the overlap between
cooled atoms and uncooled molecules before subsequent
Rydberg excitation (for collisions). At around 100 mm
outside the cell downstream the atom density is 1010 or
1011 cm−3 and the buffer gas collision rate is low enough
for laser cooling. At this position, where the sympathetic
cooling begins, the range of typical molecule densities is
108 − 109 cm−3 [33]. Cooling in the moving frame can
be achieved by detuning the longitudinal cooling laser
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FIG. 3. Proposed experimental setup and sequence. A beam
(blue) of atoms and molecules comes out from a buffer gas cell
(brown box). The plots qualitatively illustrate the expected
temperature (T) and velocity (v) profiles of the atoms and
molecules. In (a), atoms and molecules are both relatively
hot (typically ∼ 4 K) and fast (typically ∼ 100 m/s [33]).
Laser cooling is applied to the atoms in the moving frame.
The frequencies of the beams along x direction are shifted for
cooling in the moving frame. Two beams in the y direction are
not shown in the figure. After cooling, in (b), atoms are cold
(< 100 µK) but molecules are still hot. In the Zeeman slower
(orange), atoms are excited to the dressed Rydberg state |r̃⟩
by two counter-propagating beams. In (c), molecules collide
and thermalize with the Rydberg atoms and are cooled to
the steady state temperature (∼ 100 mK). After slowing,
magneto-optical force and position dependent Rydberg exci-
tation are applied to compress the density of the molecules
and load them into a trap. (d) shows the magneto-optical
trap where the molecules are pushed by the Rydberg atoms
towards the center of the trap.

frequencies.

Typical polarization gradient cooling, after a two-
dimensional magneto-optical trap, can lower the temper-
ature of the atoms to TA < 100 µK within a few cm [64],
and then the atom density will stay at 1010− 1011 cm−3.
Subsequently, the cloud of ultracold atoms and uncooled
molecules enters the Zeeman slower, where the atoms
are excited to |r̃⟩ for both slowing and collisions. The

mean acceleration on the atoms is a ≈ s/2
1+s

hΓ
mAλ , where

mA is the mass of the atom and λ is the wavelength of
the transition. During the slowing process, molecules are
also slowed by collisions with Rydberg atoms. In the
moving frame of the ultracold atoms, the molecules have
initial kinetic energies of ∼ 1 K and are constantly ac-
celerated by a, relative to the atoms until the cloud is
stopped. The optimal mean free path l can reach 2 to
3 mm (see Fig. 2[b]). For atoms and molecules with sim-
ilar masses, the expected molecule kinetic energy after
one collision is TM,f ≈ (TM,i + TA)/2, where TM,i is the
kinetic energy before the collision. We assume the atoms
are not heated up by the collisions since there are typi-
cally at least two orders of magnitude more atoms than
molecules [33]. In steady state, the kinetic energy loss of
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the molecules in the collision TM,i −TM,f ≈ TM,f is sim-
ilar to the kinetic energy gained between two successive
collisions by acceleration mMal, with mM the molecule
mass (and mM ≈ mA). Therefore, the collision energy
TM,i ≈ 2mMal ≈ s

1+s
l
λhΓ. The collision energy is in-

dependent of the mass, and for typical parameters we
choose (s ≈ 1, Γ ≈ 2π × 1 MHz) it is around h× 2 GHz
(≈ kB × 100 mK), which is low enough for the interac-
tion potential between most polar molecules and Ryd-
berg states, though it can be further reduced by using
smaller s or Γ. The laser slowing distance of the en-

tire cloud is v2

2a , which is proportional to the atom mass,
is 0.5 m for heavy atoms with ∼ 200 atomic mass unit
and an initial velocity of 100 m/s. During the slowing
process, on average a molecule collides N ≈ 25 times
with Rydberg atoms (within the first five collisions the
molecules initially at 1 K can reach the steady state).
This leads to a diffusion distance of l

√
N ≈ 1 cm (shown

in Fig. 2[b]), which is less than the typical size of the
ultracold atomic cloud (∼ 3 cm). On average, half of
the molecules in the ≈ 1 cm outer shell of the cloud may
diffuse out. This results in a <∼ 30% loss assuming uni-
form initial distribution. Although we assume the initial
forward velocity is ∼ 100 m/s, we note that slow beams
with < 50 m/s from CBGB have been experimentally
demonstrated [31, 65, 66], this allows for a shorter Zee-
man slower and thus less diffusion loss.

After Zeeman slowing, the molecules can be loaded into
a magnetic trap [36, 67], or any other trap which is suf-
ficiently deep. If further cooling is needed, the molecules
could be directly laser-cooled if they can scatter a suffi-
cient number of photons, though now with less stringent
requirements on vibrational closure due to the fact that
they are now already stopped.

Alternatively we propose a method to capture and cool
both the atoms and molecules with magneto-optical trap
(MOT) after the Zeeman slower but without scattering
photons from the molecules. Atoms are excited to |r̃⟩
(see Fig. 2) on the edge of the MOT, which provides a
position-dependent force to confine the atoms. This can
be achieved by a position-dependent magnetic field, in
which the transition frequency is shifted (including dif-
ferent magnetic sublevels if needed), and uniform laser
fields. Molecules can collide with the shell of Rydberg
atoms (|r̃⟩) so that they are confined and further thermal-
ized. In the meantime, as we slowly vary the frequencies
of the lasers and shrink the Rydberg shell, the molecular
density is compressed.

After N more collisions, the molecules have tempera-
ture TM (N) ≈ TA+TM (0)e−N/2, where TM (0) ≈ 100 mK
is the steady state molecule energy after Zeeman slowing.
Within around 10 collisions, the molecules are thermal-
ized to <∼ 1 mK. The shell thickness is determined by the
linewidth of |r̃⟩ and the magnetic field gradient. We need
a large MOT [68] with a thick shell of Rydberg atoms,
for instance d ≈ 1 cm. The probability of molecules

inside the shell diffusing out during the compression is

(1 − e−
√
Nl/d)/2 ≈ 20%. After the compression, the

molecules can be loaded into an optical dipole, magnetic,
or other trap.
By leveraging the large elastic cross sections between

molecules and Rydberg atoms, we propose a new ap-
proach to slow, trap, and cool molecules to ultracold tem-
peratures without scattering photons from the molecule.
However, there can be unwanted side-effects of inelastic
collisions, including ion-molecule chemical reaction, rota-
tional state changes and charge transfer. We argue that
these are unlikely to be major limitations.
First, when the molecule is inside the Rydberg wave-

function, it can be attracted by the ion core and react
chemically at short distances. This effect has been stud-
ied at low energies in Ref. [69] in collisions between polar
molecules and Rydberg atoms. It is shown in Ref. [69]
that the state of the molecule evolves adiabatically and
only molecules in a small subset of strong-field seeking
states react with the ion core. As a result, molecules in
the weak-field seeking states are not subject to this loss
mechanism (see the SM). Second, there could be charge
transfer collisions [70], whereby the Rydberg electron mi-
grates from the atom to the molecule. These collisions
have been studied both theoretically and experimentally
[71–76], and have been observed to be significant for
molecules with d > 2.5 D dipole moments. Furthermore,
the cross section depends on the principal quantum num-
ber and normally has a peak. At several principal quan-
tum numbers away from the peak, the charge transfer loss
cross section is typically ≪ 10−12cm2, more than two or-
ders of magnitude smaller than the elastic cross section.
As a result, the inelastic collisions should have negligible
loss effects, and more than half of the molecules from the
100 m/s distribution should survive in an ultracold trap,
making Rydberg atom sympathetic cooling more efficient
than laser cooling with only a 10−5 photon-scattering
leakage.
In summary, we have proposed that polar molecules

can be slowed and cooled by collisions with laser cooled
Rydberg atoms. Our method does not require scat-
tering photons from the molecule, and the interaction
with Rydberg atom arises from the molecular dipole mo-
ment, and as such, the method works generically for polar
molecules. Our method provides a pathway into traps at
ultracold temperatures for many molecules that do not
have laser cycling transitions or that are hard to cool.
This will significantly boost a host of applications using
ultracold molecules, such as quantum information and
table-top searches for new physics.
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Férez, H. R. Sadeghpour, C. S. Adams, and S. L. Cornish,
Observation of rydberg blockade due to the charge-dipole
interaction between an atom and a polar molecule (2023).

[53] S. T. Rittenhouse and H. Sadeghpour, Physical Review
Letters 104, 243002 (2010).

[54] S. T. Rittenhouse, M. Mayle, P. Schmelcher, and
H. Sadeghpour, J. Phys. B 44, 184005 (2011).

[55] J. P. Shaffer, S. T. Rittenhouse, and H. R. Sadeghpour,
Nature Communications 9, 1965 (2018).
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