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We show that the precise microwave preparation of a quantum superposition between three rotational states
of an ultracold dipolar molecule generates controllable interferences in their two-body scattering dynamics and
collisional rate coefficients, at an electric field that produces a Förster resonance. This proposal represents a
feasible protocol to achieve coherent control on ultracold molecular collisions in current experiments. It sets the
basis for future studies in which one can think to control the amount of each produced pairs, including trapped
entangled pairs of reactants, individual pairs of products in a chemical reaction, and measuring each of their
scattering phase shifts that could envision “complete chemical experiments” at ultracold temperatures.
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The advent of ultracold controlled dipolar molecules has
opened many exciting perspectives for the field of ultracold
matter. Their extremely controllable properties have inspired
many theoretical proposals for promising quantum applica-
tions, such as quantum simulation and quantum information
processes, quantum-controlled chemistry, and tests of funda-
mental laws [1,2]. The molecules can be well prepared in
individual quantum states [3], their long-range interactions
can be controlled [4], they can be long lived and protected
from their environment [5–22], enabling the formation of
quantum degenerate gases [20,23–25], they can be manipu-
lated in optical lattices [26,27] or in optical tweezers [28–30],
they can be used to explore many-body effects [31–40],
they can be electroassociated to form long-range tetramer
molecules [41–44], and they can be entangled [45,46]. Ultra-
cold molecules can also be used to probe chemical reactions
with an unprecedented control at the quantum level, as was
done with the chemical reaction KRb + KRb → K2 + Rb2 at
ultracold temperatures [47,48], including the control of the
rotational parity of the products [49,50] and the creation of
entangled product pairs [51].

In this Letter, we propose to apply the ideas of coherent
control [52–59] to current experiments of ultracold chemical
reactions [17,18,48]. The condition of coherent control be-
tween colliding particles relies on the energy degeneracy of at
least two colliding states [54]. For ultracold molecules such as
KRb, it was proposed in Ref. [59] that the projection mj of the
rotational quantum number j being used to obtain a superposi-
tion of energy-degenerate colliding states as mj = 0, mj = 0
and mj = +1, mj = −1 (for j = 1). However, strong hyper-
fine couplings are always present in such ultracold molecules
[60–63] and can lift the energy degeneracy of these states.
To overcome this, we propose to make two collisional states
degenerate, using their rotational quantum numbers instead of
their projection ones, namely j = 1, j = 1 and j = 0, j = 2
(with all mj = 0) for a same fixed nuclear spin projection of
the molecules. This is done by using a static electric field
at a Förster resonance and by using a microwave to pre-
pare ultracold dipolar molecules in an appropriate quantum
superposition of three stationary states (qutrit). The energy

difference between these two states is not affected by the
hyperfine couplings nor by the magnetic fields employed in
current experiments. We predict that interferences in the rate
coefficients of colliding ultracold molecules can be quantita-
tively observed. This Letter provides a realistic and concrete
experimental setup for current experiments to achieve coher-
ent control in ultracold molecular collisions.

We first consider an ultracold dipolar gas of fermionic
40K87Rb molecules, taken as an example, in their ground
electronic and vibrational state, and in their first excited ro-
tational state j = 1. Their rotational states will be denoted
by the kets | j, mj〉. We do not consider the nuclear spins of
the atoms as they are considered to be fixed and to remain
spectators at the magnetic fields considered in current exper-
iments. This hypothesis is confirmed by previous very good
agreements between theoretical predictions and experimental
results [17,18]. In a static dc electric field E , the molecules
are dressed into new states | j̃, mj〉 (also noted | j〉 for simplic-
ity), preserving the value of mj . These are stationary states
with well-defined energies ε j , as illustrated in Fig. 1(a) as a
function of E . Following the experiments in Refs. [17,18],
we assume that all the molecules are prepared in a dressed
state |1̃, 0〉, noted |1〉, with energy ε1 and we will assume a
collision energy of Ec/kB = 500 nK. Two other states, namely
|0̃, 0〉 (noted |0〉) with energy ε0 and |2̃, 0〉 (noted |2〉) with
energy ε2, will be of interest in the following. We impose
the electric field to be E = E∗ = 12.506 kV/cm, reachable
in those experiments and for which ε1 − ε0 = ε2 − ε1. This
characterizes the position of a Förster resonance [64].

Then, by applying a linearly polarized microwave of de-
fined frequency and intensity during a time τ , we couple the
states |0〉 and |2〉 to the state |1〉, and create Rabi oscillations
between those three stationary states, consequently forming
a qutrit. This is illustrated in Fig. 1(b). The frequency of
the microwave defines an equal detuning h̄� as the energy
spacings are the same, while its intensity defines an ac elec-
tric field Eac, corresponding to two Rabi frequencies �10 =
d̃1↔0 Eac/h̄ ≡ � and �12 = d̃1↔2 Eac/h̄ ≡ χ �, depending on
the electric dipole moments of the transitions. The quantities
d̃1↔2 = 0.293 D and d̃1↔0 = 0.198 D are generalized induced
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FIG. 1. (a) Energies ε0, ε1, ε2 of the dressed states |0〉 , |1〉 , |2〉
as a function of the electric field E (with all mj = 0). (b) Sketch
of the same energies at the Förster resonance located at E = E∗ =
12.506 kV/cm representing a ladder configuration in the presence of
a microwave. As the levels are equally spaced, the microwave creates
a coupling between |0〉 , |1〉 and |1〉 , |2〉, with a detuning h̄� and
Rabi frequencies �01 ≡ � and �12 ≡ χ � ≈ 1.48 �. (c) Evolution
of the coefficient |C0,1,2|2 as a function of η when � = 0.

dipole moments at E∗ [65], the ratio of which gives χ ≈ 1.48.
This prepares a quantum superposition defined by the wave
function at any time t � τ ,

|�mol〉 =
2∑

i=0

ci |i〉 ei(�ki·�ρ−ωit ) ≡
2∑

i=0

Ci |i〉 ei[�ki·�ρ−ωi (t−τ )], (1)

with ci = Ci eiωiτ , �ki, and h̄ωi = h̄2k2
i /2m + εi are respectively

the initial wave vector and energy of the individual molecule
of mass m, described by a position vector �ρ, formed in states
i. Due to negligible recoil energy and Doppler effect for a
microwave transition [66], the wave vector of the molecule
when excited in state |2〉 or deexcited in state |0〉 is the same
as the initial one in state |1〉, namely �k2 	 �k0 	 �k1.

Control of the interferences is reached through the con-
trol of this quantum superposition and the Ci factors. This
is achieved by monitoring the parameters �, �, and τ . At
the Förster resonance, the dynamics of the superposition is
dictated by the resulting light-matter Hamiltonian. To keep
this work general, we will focus on the condition � = 0
for which the superposition factors are analytical. At time
t = τ , the microwave is turned off and the Ci factors are
well defined [66] given by C1 = cos η, C0 = −i sin � sin η,
C2 = −i cos � sin η, with η =

√
1 + χ2 �τ/2 and tan � =

�10/�12 = 1/χ ≈ 0.68. The modulus square of these factors
are represented in Fig. 1(c). The preparation time τ should be
shorter than a typical collisional time (τ 
 τcol 	 1 ms for
KRb molecules at E∗).

Then after a time t � τ , the molecules are free to collide.
The overall incident collisional wave function between two

FIG. 2. (a) Energies εα with α = 00, 01+, 11, 02+, 12+, 22 as
a function of E (with all mj = 0). At E∗, the energy ε11 = ε02+ ≡
ε∗. Not shown are energies for combined molecular states including
nonzero values of mj . (b) Sketch of the same energies at the Förster
resonance. (c) Evolution of the coefficient |Cα|2 as a function of η

when � = 0.

molecules [53,54] prepared as in Eq. (1) is

|� inc
col 〉 = |�mol〉 ⊗ |�mol〉 =

∗∑
α

Cα |α〉 ei�kα ·�rei �Kα · �Re−iωα (t−τ ),

(2)

where �kα , �Kα , and h̄ωα = h̄2k2
α/2μ + h̄2K2

α/2M + εα

are respectively the initial wave vector of the relative
motion of reduced mass μ = m/2 described by a position
vector �r, the initial wave vector of the center-of-mass
motion of total mass M = 2m described by a position
vector �R, and the energy of the two molecules initially
prepared in one of the six possible combined molecular
states |α〉 ≡ |00〉 , |11〉 , |22〉 , |01+〉 , |12+〉 , |02+〉, arising
from the possible combinations of states |0〉 , |1〉 , |2〉
in Eq. (1). The internal energy εα of these states is
plotted in Fig. 2(a) as a function of E . These combined
molecular states are properly symmetrized under exchange
of identical particles [66]. The asterisk over the sum in
Eq. (2) means that the states α are restricted to the six ones
mentioned above. The Cα factors are given by C11 = cos2 η,
C00 = − sin2 � sin2 η, C22 = − cos2 � sin2 η, C01+ =
−i

√
2 sin � sin η cos η, C12+ = −i

√
2 cos � sin η cos η,

C02+ = −√
2 sin � cos � sin2 η [66], the modulus squares of

which are represented in Fig. 2(c).
Equation (2) is then a quantum superposition of six possi-

ble incident wave functions. Each of them have a well-defined
energy h̄ωα and produces a scattered wave function that we
can compute [12] as the result of the collision. Note that the
goal of the microwave preparation is not to keep the coher-
ence of the individual molecules, as these scattered terms will
definitively destroy the qutrits, but rather to populate different
molecular collisional states with the controlled Cα factors.
The asymptotic form of the general wave function of the
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system is then given by the quantum superposition of different
collisional wave functions

|�col〉 =
r→∞

∗∑
α

[
Cα |α〉 ei�kα ·�r

+
∑
α′

Cα f scat
α→α′ (�kα, r̂)

eikα
α′ r

r
|α′〉

]
ei �Kα · �R e−iωα (t−τ ),

(3)

with the scattering amplitude given by

f scat
α→α′ (�kα, r̂) = 2π

ik1/2
α kα

α′
1/2

∞∑
l=0

l∑
ml =−l

∞∑
l ′=0

l ′∑
m′

l =−l ′

il−l ′[Y ml
l (k̂α )

]∗
Y

m′
l

l ′ (r̂)Tα′ l ′ m′
l ,α l ml (kα ), (4)

in term of elements of the transition matrix T that we can
compute, employing an usual partial-wave expansion over
l, ml , l ′, m′

l , for a given total angular momentum projection
quantum number M [12]. The quantities kα

α′ are found using
the conservation of energy after a collision h̄2(kα

α′ )2/2μ +
εα′ = Ec + εα . Note that the states α′ are all the possible
combined molecular states to which the system can end up
after a collision and are not restricted to the six ones prepared
in Eq. (2). For example, molecules can end up in states with
values of mj �= 0 such as |1̃,±1〉, |2̃,±1〉, |2̃,±2〉, and this is
included in our study [12].

Because �k2 	 �k0 	 �k1 as mentioned earlier in Eq. (1), all
the vectors �kα are also equal [66] (we will denote them as
�k) and the related collision energies h̄2k2

α/2μ are the same
as the initial molecules in the gas, namely Ec/kB = 500 nK.
Similarly, all the vectors �Kα are equal (we will denote them as
�K) so that the six possible centers of mass, where a collision
can take place, move in the same way. This is in fact a minimal
requirement needed to expect for interferences between the
six collisional waves in Eq. (3) [53,54]. However, if the angu-
lar frequencies ωα appearing in the time-dependent terms are
different, the six collisional waves are not synchronous, that
is, they will not occur at the same time. They will do so if
and only if the combined molecular states |α〉 have the same
internal energies εα [53,54]. This is in general not an obvious
requirement to fulfill. But this can be done precisely for the
states |11〉 and |02+〉 at E = E∗, by definition of the Förster
resonance, where ε11 = ε02+ = ε∗, as illustrated in Fig. 2(b).
Then h̄ω11 = h̄ω02+ (we note them h̄ω) and k11

α′ = k02+
α′ (we

note them k11/02+
α′ ). As the states |11〉 and |02+〉 collide in

the same center of mass and become synchronous, they can
interfere. This is the key point of the Letter. We can factorize
those two terms in Eq. (3) to get the interference part of the
collisional wave function,

∣∣� int
col

〉 =
r→∞

{
[C11 |11〉 + C02+ |02+〉]ei�k·�r

+
∑
α′

[
C11 f scat

11→α′ + C02+ f scat
02+→α′

] |α′〉 eik11/02+
α′ r

r

}

×ei �K · �R e−iω(t−τ ). (5)

For the four remaining terms α = 00, 22, 01+, 12+, also
called “satellite” terms [53–55], they do not interfere in
Eq. (3) and will provide each of them an independent result.
For a starting quantum superposition state, one can then define
in Eq. (5),

f qs
11/02+ →α′ = C11 f scat

11→α′ + C02+ f scat
02+→α′ ,

T qs
α′l ′m′

l ,11/02+ lml
= C11Tα′l ′m′

l ,11 lml + C02+Tα′l ′m′
l ,02+lml , (6)

where the notation 11/02+ is used now to illustrate that 11
and 02+ are interfering and cannot be considered separately,
and

f qs
α→α′ = Cα f scat

α→α′ , T qs
α′l ′m′

l ,αlml
= CαTα′l ′m′

l ,αlml (7)

for the satellite terms. The rate coefficient ending in any com-
bined molecular state α′ is given by

β
qs
α′ (Ec) =

∗∑
α

β
qs
α→α′ (Ec), (8)

where the sum runs over α = 11/02+, 00, 01+, 12+, 22, with

β
qs
α→α′ (Ec) = 2

π h̄

μk

∑
l

∑
ml

∑
l ′

∑
m′

l

∣∣T qs
α′l ′m′

l ,αlml

∣∣2
. (9)

The rate coefficients depend parametrically on η via the Cα

coefficients in Eqs. (6) and (7). The factor of 2 takes into
account that the initial molecules are indistinguishable. The
overall reactive rate coefficient is given by [66]

βqs
re (Ec) =

∗∑
α

2
h̄π

μk
|Cα|2

∑
l

∑
ml

Pre
αlml

, (10)

where Pre
αlml

represents the reactive probability of an initial
state in αlml and where the sum runs over α = 11, 02+, 00,
01+, 12+, 22.

We computed all the T and Pre elements appearing in
Eqs. (9) and (10) at Ec/kB = 500 nK, using the same basis sets
as in Ref. [12] that showed very good agreement with exper-
imental observations in a free-space three-dimensional (3D)
geometry (M = 0,±1, l = 1, 3, 5; see conditions in Ref. [18])
and in a confined quasi-2D geometry (M = ±1, l = 1, 3, 5;
see conditions in Ref. [17]). We plot the corresponding rate
coefficients in Fig. 3 for the free-space case and in Fig. 4 for
the confined case. In all cases, the rate to a state α′ in Eq. (8)
comes mainly from the contribution of the elastic term α = α′
in Eq. (9), those for which the kinetic energy of the relative
motion of the two molecules does not change [67]. It means
that all the final reactants in a state α′ have mainly the same
final kinetic energies than their initial ones, so that they remain
ultracold and still trapped.

First, we can see in both figures that the rates present
variations as a function of η, though, for α′ = 00 (solid
brown curves) and 12+ (solid pink curves), they do not cor-
respond to interferences as can be seen from Eq. (7). The
rates are just respectively proportional to |C00|2 and |C12+|2
in Eq. (9). They just exhibit the same η behavior as those
preparation coefficients, as can be seen in Fig. 2(c). The
rates to α′ = 01+, 22, as well as to the other combined
molecular states involving mj �= 0 are much smaller and
do not appear in the figure. For α′ = 11 (solid red curves)
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FIG. 3. Rate coefficients β
qs
α′ of two qutrits at a Förster resonance

as a function of the control parameter η, in a free-space 3D geom-
etry at Ec/kB = 500 nK. The solid red (respectively green) curve
corresponds to a measurement in the final state α′ = 11 (respectively
α′ = 02+). The dashed curves correspond to the same curves but if
there were no interferences. The solid black curve corresponds to
the overall reactive rate coefficient. The solid brown (respectively
pink) curve corresponds to a measurement in the final state α′ = 00
(respectively α′ = 12+).

and 02+ (solid green curves) for the free-space case, the
variations correspond to destructive and constructive interfer-
ences, respectively, when compared to the same rates (dashed
curves) without the crossed interference term taken into ac-
count in Eqs. (8) and (6). By controlling individually C11

and C02+ with η, one coherently controls the scattering am-
plitude and the T matrix elements, hence the observables
β

qs
11 and β

qs
02+, with changes of magnitude up to a factor of

5 here. For the confined case, similar conclusions hold but
now both states α′ = 11 and 02+ correspond to constructive
interferences.

Second, the rich physics at this Förster resonance is a
remarkable source for ultracold entangled pairs remaining in
the trap. As can be seen for η = 0 (conditions already fulfilled
in Refs. [17,18]), we predict a large production in α′ = 02+,
namely trapped pairs in the entangled states |02+〉 = {|02〉 +
|20〉}/√2, even larger than the production in the nonentangled
trapped pairs α′ = 11, or in the nontrapped reactive pairs.

FIG. 4. Same as Fig. 3 but in a confined quasi-2D geometry,
using the same conditions as in Ref. [17].

When η increases from 0 to π/2, it turns out that β
qs
02+ de-

creases in a monotonic way. Even though interferences are
constructive, the fact that the coefficients C11 and C02+ are
purely real numbers for � = 0 (without additional phases
to monitor) decreases somewhat the flexibility to control the
amount of interferences in Eq. (6). However, if we consider
the case � �= 0, the C11 and C02+ coefficients become ar-
bitrary complex numbers (including two phases to monitor)
that can be controlled in many ways by the three independent
values �, �, and τ . This will be considered in future studies.
This can be used to control the amount of interferences, for
example, to increase even more the production of entangled
states. Coherent control could then become a tool to enhance
the production of trapped entangled pairs. Note that at E∗,
these trapped entangled pairs are not long lived as they will
suffer from losses. Future studies will also consider a ramp
of an electric field to a place E < E∗ where the entangled
states become shielded, using the same mechanism as in
Refs. [12,17,18].

Finally, the overall reactive rate coefficients, while show-
ing variations with the control parameter η, do not exhibit
signatures of interferences, as it results in the sum of many
state-to-state contributions of the possible reactive product
pairs, included in a phenomenological way through Pre

αlml

in Eq. (10) [12,66]. This is due to the fact that we can-
not theoretically predict the individual state-to-state reactive
rates, because we cannot predict the complex-valued T matrix
elements of each of the products pairs with our formal-
ism. Only the norms of those elements are known and
observed [48], seemingly consistent with a statistical model
[68–70], but the individual phases remain still unknown.
However, an experimental setup as in Ref. [48] combined
with the one in Refs. [17,18], would be able to directly
measure those state-to-state interfering reactive probabilities
as a function of η. By fitting the experimental results, one
could imagine to get back to all the state-to-state complex-
valued T matrix elements (including the phases) of the
α = 11 and α = 02+ columns in Eq. (6) [54,56,59]. This
is reminiscent of a “complete chemical experiment” [1] at
ultracold temperature, here from an interferometry-type ex-
periment between two collisional waves of matter, with the
prospect of measuring all the scattering phase shifts of a
reaction [54,56,59].

In conclusion, we showed that a quantum-controlled mi-
crowave preparation of a dipolar molecule at a Förster
resonance in an electric field, set the conditions for observing
interferences between collisional waves and coherent control
of their dynamics, in current ultracold molecular experi-
ments. Evidences of constructive or destructive interferences
are predicted to appear in the rate coefficients of two dipo-
lar molecules measured in their first excited rotational state
(α′ = 11) or in their ground and second excited rotational
state (α′ = 02+), for different cases of confinements. The
overall reactive rate coefficients do not exhibit signatures of
interferences, but the state-to-state reactive rates are expected
to do so. Future experimental observations of such individ-
ual rates in the distribution of the product pairs could be
done combining the setups of Ref. [48] and Refs. [17,18].
This would be a signature of coherent control of ultracold
chemistry at the state-to-state level. This study opens many
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interesting perspectives as coherent control could be used to
enhance entanglement production of ultracold trapped pairs
needed for many quantum physics applications, and to mea-
sure each individual state-to-state scattering phase shifts of
a reaction envisioning “complete chemical experiments” at
ultracold temperatures.
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Edu France Project Reference No. ANR-22-CMA-0001 and
by Quantum Saclay center.

[1] J. L. Bohn, A. M. Rey, and J. Ye, Science 357, 1002 (2017).
[2] D. DeMille, J. M. Doyle, and A. O. Sushkov, Science 357, 990

(2017).
[3] K.-K. Ni, S. Ospelkaus, M. H. G. de Miranda, A. Pe’er, B.

Neyenhuis, J. J. Zirbel, S. Kotochigova, P. S. Julienne, D. S.
Jin, and J. Ye, Science 322, 231 (2008).

[4] G. Quéméner and P. S. Julienne, Chem. Rev. 112, 4949 (2012).
[5] A. V. Avdeenkov, M. Kajita, and J. L. Bohn, Phys. Rev. A 73,

022707 (2006).
[6] A. V. Gorshkov, P. Rabl, G. Pupillo, A. Micheli, P. Zoller,

M. D. Lukin, and H. P. Büchler, Phys. Rev. Lett. 101, 073201
(2008).

[7] G. Quéméner and J. L. Bohn, Phys. Rev. A 81, 060701(R)
(2010).

[8] A. Micheli, Z. Idziaszek, G. Pupillo, M. A. Baranov, P. Zoller,
and P. S. Julienne, Phys. Rev. Lett. 105, 073202 (2010).

[9] M. H. G. de Miranda, A. Chotia, B. Neyenhuis, D. Wang, G.
Quéméner, S. Ospelkaus, J. Bohn, J. L. Ye, and D. S. Jin, Nat.
Phys. 7, 502 (2011).

[10] A. Chotia, B. Neyenhuis, S. A. Moses, B. Yan, J. P. Covey, M.
Foss-Feig, A. M. Rey, D. S. Jin, and J. Ye, Phys. Rev. Lett. 108,
080405 (2012).

[11] A. Frisch, M. Mark, K. Aikawa, S. Baier, R. Grimm, A. Petrov,
S. Kotochigova, G. Quéméner, M. Lepers, O. Dulieu, and F.
Ferlaino, Phys. Rev. Lett. 115, 203201 (2015).

[12] G. Wang and G. Quéméner, New J. Phys. 17, 035015 (2015).
[13] T. Karman and J. M. Hutson, Phys. Rev. Lett. 121, 163401

(2018).
[14] L. Lassablière and G. Quéméner, Phys. Rev. Lett. 121, 163402

(2018).
[15] T. Xie, M. Lepers, R. Vexiau, A. Orbán, O. Dulieu, and N.

Bouloufa-Maafa, Phys. Rev. Lett. 125, 153202 (2020).
[16] C. Karam, R. Vexiau, N. Bouloufa-Maafa, O. Dulieu, M.

Lepers, M. Meyer zum Alten Borgloh, S. Ospelkaus, and L.
Karpa, Phys. Rev. Res. 5, 033074 (2023).

[17] K. Matsuda, L. De Marco, J.-R. Li, W. G. Tobias, G. Valtolina,
G. Quéméner, and J. Ye, Science 370, 1324 (2020).

[18] J.-R. Li, W. G. Tobias, K. Matsuda, C. Miller, G. Valtolina,
L. D. Marco, R. R. W. Wang, L. Lassablière, G. Quéméner, J. L.
Bohn, and J. Ye, Nat. Phys. 17, 1144 (2021).

[19] L. Anderegg, S. Burchesky, Y. Bao, S. S. Yu, T. Karman, E.
Chae, K.-K. Ni, W. Ketterle, and J. M. Doyle, Science 373, 779
(2021).

[20] A. Schindewolf, R. Bause, X.-Y. Chen, M. Duda, T. Karman, I.
Bloch, and X.-Y. Luo, Nature (London) 607, 677 (2022).

[21] N. Bigagli, C. Warner, W. Yuan, S. Zhang, I. Stevenson, T.
Karman, and S. Will, Nat. Phys. 19, 1579 (2023).

[22] J. Lin, G. Chen, M. Jin, Z. Shi, F. Deng, W. Zhang, G.
Quéméner, T. Shi, S. Yi, and D. Wang, Phys. Rev. X 13, 031032
(2023).

[23] L. De Marco, G. Valtolina, K. Matsuda, W. G. Tobias, J. P.
Covey, and J. Ye, Science 363, 853 (2019).

[24] G. Valtolina, K. Matsuda, W. G. Tobias, J.-R. Li, L. De Marco,
and J. Ye, Nature (London) 588, 239 (2020).

[25] N. Bigagli, W. Yuan, S. Zhang, B. Bulatovic, T. Karman, I.
Stevenson, and S. Will, Nature (2024).

[26] B. Yan, S. A. Moses, B. Gadway, J. P. Covey, K. R. A. Hazzard,
A. M. Rey, D. S. Jin, and J. Ye, Nature (London) 501, 521
(2013).

[27] L. Christakis, J. S. Rosenberg, R. Raj, S. Chi, A. Morningstar,
D. A. Huse, Z. Z. Yan, and W. S. Bakr, Nature (London) 614,
64 (2023).

[28] L. R. Liu, J. D. Hood, Y. Yu, J. T. Zhang, N. R. Hutzler, T.
Rosenband, and K.-K. Ni, Science 360, 900 (2018).

[29] L. Anderegg, L. W. Cheuk, Y. Bao, S. Burchesky, W. Ketterle,
K.-K. Ni, and J. M. Doyle, Science 365, 1156 (2019).

[30] D. K. Ruttley, A. Guttridge, S. Spence, R. C. Bird, C. R. Le
Sueur, J. M. Hutson, and S. L. Cornish, Phys. Rev. Lett. 130,
223401 (2023).

[31] A. Micheli, G. K. Brennen, and P. Zoller, Nat. Phys. 2, 341
(2006).

[32] H. P. Büchler, E. Demler, M. Lukin, A. Micheli, N. Prokof’ev,
G. Pupillo, and P. Zoller, Phys. Rev. Lett. 98, 060404 (2007).

[33] N. R. Cooper and G. V. Shlyapnikov, Phys. Rev. Lett. 103,
155302 (2009).

[34] A. V. Gorshkov, S. R. Manmana, G. Chen, J. Ye, E. Demler,
M. D. Lukin, and A. M. Rey, Phys. Rev. Lett. 107, 115301
(2011).

[35] J. Levinsen, N. R. Cooper, and G. V. Shlyapnikov, Phys. Rev.
A 84, 013603 (2011).

[36] M. A. Baranov, M. Dalmonte, G. Pupillo, and P. Zoller, Chem.
Rev. 112, 5012 (2012).

[37] K. R. A. Hazzard, S. R. Manmana, M. Foss-Feig, and A. M.
Rey, Phys. Rev. Lett. 110, 075301 (2013).

[38] K. R. A. Hazzard, B. Gadway, M. Foss-Feig, B. Yan, S. A.
Moses, J. P. Covey, N. Y. Yao, M. D. Lukin, J. Ye, D. S. Jin,
and A. M. Rey, Phys. Rev. Lett. 113, 195302 (2014).

[39] N. Y. Yao, M. P. Zaletel, D. M. Stamper-Kurn, and A.
Vishwanath, Nat. Phys. 14, 405 (2018).

[40] M. Schmidt, L. Lassablière, G. Quéméner, and T. Langen, Phys.
Rev. Res. 4, 013235 (2022).

[41] A. V. Avdeenkov and J. L. Bohn, Phys. Rev. Lett. 90, 043006
(2003).

[42] S.-J. Huang, Y.-T. Hsu, H. Lee, Y.-C. Chen, A. G. Volosniev,
N. T. Zinner, and D.-W. Wang, Phys. Rev. A 85, 055601 (2012).

[43] G. Quéméner, J. L. Bohn, and J. F. E. Croft, Phys. Rev. Lett.
131, 043402 (2023).

[44] X.-Y. Chen, S. Biswas, S. Eppelt, A. Schindewolf, F. Deng,
T. Shi, S. Yi, T. A. Hilker, I. Bloch, and X.-Y. Luo, Nature
(London) 626, 283 (2024).

L061303-5

https://doi.org/10.1126/science.aam6299
https://doi.org/10.1126/science.aal3003
https://doi.org/10.1126/science.1163861
https://doi.org/10.1021/cr300092g
https://doi.org/10.1103/PhysRevA.73.022707
https://doi.org/10.1103/PhysRevLett.101.073201
https://doi.org/10.1103/PhysRevA.81.060701
https://doi.org/10.1103/PhysRevLett.105.073202
https://doi.org/10.1038/nphys1939
https://doi.org/10.1103/PhysRevLett.108.080405
https://doi.org/10.1103/PhysRevLett.115.203201
https://doi.org/10.1088/1367-2630/17/3/035015
https://doi.org/10.1103/PhysRevLett.121.163401
https://doi.org/10.1103/PhysRevLett.121.163402
https://doi.org/10.1103/PhysRevLett.125.153202
https://doi.org/10.1103/PhysRevResearch.5.033074
https://doi.org/10.1126/science.abe7370
https://doi.org/10.1038/s41567-021-01329-6
https://doi.org/10.1126/science.abg9502
https://doi.org/10.1038/s41586-022-04900-0
https://doi.org/10.1038/s41567-023-02200-6
https://doi.org/10.1103/PhysRevX.13.031032
https://doi.org/10.1126/science.aau7230
https://doi.org/10.1038/s41586-020-2980-7
https://doi.org/10.1038/s41586-024-07492-z
https://doi.org/10.1038/nature12483
https://doi.org/10.1038/s41586-022-05558-4
https://doi.org/10.1126/science.aar7797
https://doi.org/10.1126/science.aax1265
https://doi.org/10.1103/PhysRevLett.130.223401
https://doi.org/10.1038/nphys287
https://doi.org/10.1103/PhysRevLett.98.060404
https://doi.org/10.1103/PhysRevLett.103.155302
https://doi.org/10.1103/PhysRevLett.107.115301
https://doi.org/10.1103/PhysRevA.84.013603
https://doi.org/10.1021/cr2003568
https://doi.org/10.1103/PhysRevLett.110.075301
https://doi.org/10.1103/PhysRevLett.113.195302
https://doi.org/10.1038/s41567-017-0030-7
https://doi.org/10.1103/PhysRevResearch.4.013235
https://doi.org/10.1103/PhysRevLett.90.043006
https://doi.org/10.1103/PhysRevA.85.055601
https://doi.org/10.1103/PhysRevLett.131.043402
https://doi.org/10.1038/s41586-023-06986-6


DELARUE AND QUÉMÉNER PHYSICAL REVIEW A 109, L061303 (2024)

[45] C. M. Holland, Y. Lu, and L. W. Cheuk, Science 382, 1143
(2023).

[46] Y. Bao, S. S. Yu, L. Anderegg, E. Chae, W. Ketterle, K.-K. Ni,
and J. M. Doyle, Science 382, 1138 (2023).

[47] M.-G. Hu, Y. Liu, D. D. Grimes, Y.-W. Lin, A. H. Gheorghe,
R. Vexiau, N. Bouloufa-Maafa, O. Dulieu, T. Rosenband, and
K.-K. Ni, Science 366, 1111 (2019).

[48] Y. Liu, M.-G. Hu, M. A. Nichols, D. Yang, D. Xie, H. Guo, and
K.-K. Ni, Nature (London) 593, 379 (2021).

[49] M.-G. Hu, Y. Liu, M. A. Nichols, L. Zhu, G. Quéméner, O.
Dulieu, and K.-K. Ni, Nat. Chem. 13, 435 (2021).

[50] G. Quéméner, M.-G. Hu, Y. Liu, M. A. Nichols, L. Zhu, and
K.-K. Ni, Phys. Rev. A 104, 052817 (2021).

[51] Y.-X. Liu, L. Zhu, J. Luke, J. J. Arfor Houwman, M. C. Babin,
M.-G. Hu, and K.-K. Ni, Science 384, 1117 (2024).

[52] M. Shapiro and P. Brumer, Phys. Rev. Lett. 77, 2574 (1996).
[53] P. Brumer, K. Bergmann, and M. Shapiro, J. Chem. Phys. 113,

2053 (2000).
[54] M. Shapiro and P. Brumer, Rep. Prog. Phys. 66, 859 (2003).
[55] J. Gong, M. Shapiro, and P. Brumer, J. Chem. Phys. 118, 2626

(2003).
[56] A. Devolder, P. Brumer, and T. V. Tscherbul, Phys. Rev. Lett.

126, 153403 (2021).
[57] A. Devolder, T. V. Tscherbul, and P. Brumer, Phys. Rev. A 105,

052808 (2022).
[58] A. Devolder, P. Brumer, and T. V. Tscherbul, Phys. Rev. Res. 5,

L042025 (2023).
[59] A. Devolder, T. V. Tscherbul, and P. Brumer, J. Phys. Chem.

Lett. 14, 2171 (2023).

[60] J. Aldegunde, B. A. Rivington, P. S. Zuchowski, and J. M.
Hutson, Phys. Rev. A 78, 033434 (2008).

[61] J. Aldegunde and J. M. Hutson, Phys. Rev. A 79, 013401
(2009).

[62] S. Ospelkaus, K.-K. Ni, G. Quéméner, B. Neyenhuis, D. Wang,
M. H. G. de Miranda, J. L. Bohn, J. Ye, and D. S. Jin, Phys.
Rev. Lett. 104, 030402 (2010).

[63] J. Aldegunde and J. M. Hutson, Phys. Rev. A 96, 042506
(2017).

[64] D. Comparat and P. Pillet, J. Opt. Soc. Am. B 27, A208
(2010).

[65] L. Lassablière and G. Quéméner, Phys. Rev. A 106, 033311
(2022).

[66] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevA.109.L061303 for the recoil energy and
Doppler effect in the microwave preparation, for the wave
vectors of the center of mass and relative motion of the two
particles, for the coefficients of the quantum superposition of
the individual and combined molecules, and for the overall loss
rate coefficients.

[67] J. M. Hutson, in Cold Molecules: Theory, Experiments, Appli-
cations, edited by R. Krems, B. Friedrich, and W. C. Stwalley
(CRC Press, Boca Raton, FL, 2009).

[68] M. L. González-Martínez, O. Dulieu, P. Larrégaray, and L.
Bonnet, Phys. Rev. A 90, 052716 (2014).

[69] L. Bonnet and P. Larregaray, J. Chem. Phys. 152, 084117
(2020).

[70] J. Huang, D. Yang, J. Zuo, X. Hu, D. Xie, and H. Guo, J. Phys.
Chem. A 125, 6198 (2021).

L061303-6

https://doi.org/10.1126/science.adf4272
https://doi.org/10.1126/science.adf8999
https://doi.org/10.1126/science.aay9531
https://doi.org/10.1038/s41586-021-03459-6
https://doi.org/10.1038/s41557-020-00610-0
https://doi.org/10.1103/PhysRevA.104.052817
https://doi.org/10.1126/science.adl6570
https://doi.org/10.1103/PhysRevLett.77.2574
https://doi.org/10.1063/1.482014
https://doi.org/10.1088/0034-4885/66/6/201
https://doi.org/10.1063/1.1535428
https://doi.org/10.1103/PhysRevLett.126.153403
https://doi.org/10.1103/PhysRevA.105.052808
https://doi.org/10.1103/PhysRevResearch.5.L042025
https://doi.org/10.1021/acs.jpclett.3c00146
https://doi.org/10.1103/PhysRevA.78.033434
https://doi.org/10.1103/PhysRevA.79.013401
https://doi.org/10.1103/PhysRevLett.104.030402
https://doi.org/10.1103/PhysRevA.96.042506
https://doi.org/10.1364/JOSAB.27.00A208
https://doi.org/10.1103/PhysRevA.106.033311
http://link.aps.org/supplemental/10.1103/PhysRevA.109.L061303
https://doi.org/10.1103/PhysRevA.90.052716
https://doi.org/10.1063/1.5139207
https://doi.org/10.1021/acs.jpca.1c04506

