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Two-photon-assisted collisions in ultracold gases of polar molecules II: Two-photon optical shielding
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We theoretically investigate the collisions between ultracold polar molecules in the presence of two lasers
ensuring a Raman resonant transition on individual molecules to suppress photon scattering, taking the example
of bosonic 23Na 39K molecules. By varying laser detunings and intensities, we enable a repulsive long-range
interaction potential between molecules. After solving a set of coupled Schrödinger equations with the Hamilto-
nian written in the basis of laser-dressed states of the molecule pair at infinite distance, we identify quasiresonant
conditions under which elastic collisions are favored over inelastic and reactive ones, by a factor of about 2, thus
demonstrating a promising pathway for efficient two-photon optical shielding of ultracold molecular collisions.
The results are analyzed in terms of scattering length of the colliding laser-dressed molecules, which exhibit
prominent resonances assigned to the interaction of the entrance channel with other specific channels, consistent
with the existence of a quasibound level of the long-range molecular pair induced by the lasers.
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I. INTRODUCTION

Being a quantum system itself, the laser is a universal
tool for controlling ensembles of quantum particles such as
neutral atoms and molecules, ions, and Rydberg atoms. With
such a statement, we paraphrase the title and content of the
review article written by the Nobel Prize laureate in Physics
Serge Haroche: “Laser, offspring and powerful enabler of
quantum science” [1]. Among the numerous achievements of
the last decades are undoubtedly laser cooling and trapping
of neutral atoms, which ultimately lead to the observation
of quantum degeneracy in dilute gases, as well as exquisite
control of ensembles of Rydberg atoms with giant anisotropic
interactions. In addition, with their rich internal structure,
including an intrinsic electric and/or magnetic dipole mo-
ment, neutral “polar” molecules soon appeared as promising
candidates to further extend these developments [2–8] in
fundamental physics [9] as well as in the context of future
quantum technologies [10,11]. However, experimental ma-
nipulation of ultracold molecule samples toward quantum
degeneracy is hindered by the rapid loss of particles because
of their short-range interactions [12]. On the one hand, this
has led to spectacular results in ultracold quantum chemistry,
where reactions can be controlled by quantum effects [13].
On the other hand, these losses occur even when molecules
are prepared in their absolute ground state, where there is no
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energetically allowed exit channel [14–18]. Current models
tentatively explain these losses by the formation of a transient
four-body complex with high densities of internal states, often
referred to as “sticky” collisions [19,20].

A general strategy has been devised to prevent such losses
based on the engineering of intermolecular interactions at
large distances with electromagnetic fields, endowing them
with a repulsive nature, and thus tuning the intermolecular
scattering length. This has first been proposed [21–23] and
observed [24,25] using strong static electric fields. Another
option relies on microwave (MW) transitions that couple two
rotational levels of the electronic ground state of the molecule
[26,27]. Such microwave shielding (MW-S) has been beau-
tifully observed in experiments, leading to the creation of a
degenerate quantum gas of MW-dressed molecules [28–30],
but at the expense of a somewhat tedious control of the MW
field.

While the above approaches have demonstrated their effi-
ciency to stabilize ultracold molecular samples and create a
molecular quantum degenerate gas, the use of lasers for such
quantum engineering emerges as an untapped yet promising
path that deserves to be explored. Optical shielding has a long
tradition in our research field, going back to atom-atom colli-
sions, and has potentially broad applications. In Refs. [31,32],
we proposed an approach for one-photon optical shielding (1-
OS), based on a laser with a frequency detuned to the blue of a
molecular rovibronic transition that couples colliding ground-
state molecules to a repulsive state involving a ground-state
molecule and an excited-state one. The proof of principle
of such 1-OS has been demonstrated for inelastic collisions
between ultracold alkali-metal atoms [33–36]. However, in
the case of molecules, 1-OS is limited by spontaneous photon
scattering, which leads to undesirable heating [31]. To prevent
such a drawback, we elaborated [37] a two-photon optical
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shielding (2-OS) approach involving a two-photon �-type
transition between rovibronic levels of a single molecule,
operating in the far red-detuned electromagnetically induced
transparency (EIT) regime so that the role of the upper level
of the � scheme can be adiabatically eliminated. Although
the possibility of influencing the course of molecular colli-
sions has been assessed, shielding efficiency has not yet been
demonstrated [38].

In this work, we extend the study of Karam et al. [38] (here-
after referred to as paper I) to 2-OS in the weakly red-detuned
or blue-detuned EIT regime in order to explicitly involve the
upper level of the � scheme in the molecular dynamics as an
additional control knob. The paper is organized as follows: In
Sec. II, we recall the main features of 2-OS of two interacting
molecules colliding in the presence of two lasers, modeled as
a five-level scheme. The Hamiltonian of two interacting ultra-
cold molecules exposed to two coherent lasers is presented in
Sec. III. The resulting potential energy curves (PECs) describ-
ing the long-range interactions between the molecules are
displayed in Sec. IV. The rate coefficients for elastic, inelastic,
and reactive collisions between the molecules are extracted in
Sec. V from a full quantum dynamical calculation, leading to
the definition of the efficiency parameter for 2-OS. Section VI
discusses the prospects for improving the shielding efficiency
and for experimental implementation.

II. THE DYNAMICAL FIVE-LEVEL SCHEME FOR 2-OS

The central concept of the 2-OS scheme is to engineer re-
pulsive interactions between colliding ground-state ultracold
molecules while minimizing photon scattering and sponta-
neous emission. Individual molecules are exposed to two
coherent lasers L1 and L2 with circular frequencies ω1 and
ω2, and Rabi frequencies �1 and �2 under a static EIT con-
dition applied on a �-type scheme of three levels | j〉, | j′′〉,
and | j′〉, with energies Ej , Ej′′ , and Ej′ . Assuming linearly
polarized lasers, the two former levels are rotational levels
of the vibronic ground state of the molecule (typically, j = 0
and j′′ = 2), while the latter level is a rotational level of an
electronically excited state of the molecule (typically, j′ = 1).
The detuning � of the lasers is considered positive (nega-
tive) for red (blue) detunings, namely, h̄ω1 = Ej′ − Ej − h̄�

and h̄ω2 = Ej′ − Ej′′ − h̄� (see Fig. 1). At large distances,
molecules interact with each other via dipole-dipole interac-
tion (DDI) and van der Waals interaction, illustrated by the
schematic PECs in Fig. 1. The entrance scattering channel
for two molecules A and B, |g1〉 (identical to | jA = 0; jB = 0〉
when R → ∞) is attractive, and it is coupled by the two
photons to the |g2〉 channel (|g2〉R→∞ = | jA = 0; jB = 2〉)
chosen to be repulsive [37] to induce optical shielding. The
excited-state channel |e1〉 (|e1〉R→∞ = | jA = 0; j′B = 1〉) be-
longs to the excited manifold of the bimolecular complex
and could be attractive or repulsive [37,39]. When R →
∞, the system {|g1〉, |e1〉, |g2〉} is composed of three lev-
els of the molecule B, while the molecule A is a spectator.
A similar system of three coupled states is composed of
|g2〉, |g3〉 (|g3〉R→∞ = | jA = 2; jB = 2〉) and |e2〉 (|e2〉R→∞ =
| j′A = 1; jB = 2〉, where the molecule A is now a spectator.
Then, the three channels |g1〉, |g2〉, and |g3〉 are equidistant
at infinity, separated by an energy equal to six times the

FIG. 1. Schematic view of the five-level system relevant for 2-
OS in the case of blue-detuned lasers. Energies are not to scale.
The two photons with energies h̄ω1 and h̄ω2 (upper arrows) are
detuned by a small detuning � with respect to the molecular tran-
sitions | ji = 0〉 → | j ′i = 1〉 and | ji = 2〉 → | j ′i = 1〉 (i = A, B). The
sketched long-range PECs describe the interaction between two polar
molecules colliding with the energy Ecol in the space-fixed frame,
characterized by their rotational quantum numbers jA and jB (see
text for more details about the chosen system). This defines the five
relevant coupled states |g1〉, |g2〉, |g3〉, |e1〉, and |e2〉, labeled at infi-
nite distances by the rotational quantum numbers of the molecules.
At all distances, the attractive entrance channel |g1〉 is coupled to
the repulsive channel |g2〉 via the excited channel |e1〉 by the two
photons. The same coupling scheme occurs between |g2〉 and |g3〉
via |e2〉.

rotational constant of the individual molecule. Here, R denotes
the intermolecular distance, i.e., the distance between the cen-
ters of mass of the two colliding molecules.

In paper I, we established that at infinite distance, the
bimolecular system is represented by two degenerate static
three-level systems, which give rise to a “dynamical five-
level system” differing from the conventional five-level-static
scheme [40] in that the resonance condition varies with the
scattering coordinate R. We presented the complete formalism
describing two-photon-assisted collisions between ultracold
polar molecules, assuming that the collisional dynamics es-
sentially takes place at a large intermolecular distance R. In
paper I, we used � a magnitude comparable to or larger
than Rabi frequencies �1 and �2 and positive, so that the
|e1〉 and |e2〉 channels were eliminated adiabatically from
the dynamics. Here, we consider � � �1,�2 small, positive
or negative, so that the |e1〉 and |e2〉 channels are explicitly
involved in the dynamics.
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Following Refs. [31,37] and paper I, we developed our
study with bosonic molecules 23Na 39K prepared in the lowest
rovibrational level (vX = 0, jX = 0) of their electronic ground
state, X 1�+ (hereafter referred to as X ). The hyperfine struc-
ture of the molecule is neglected [41]. For the two-photon
transition, we consider the lowest electronic excited state of
23Na 39K b3�0 (denoted as b hereafter). The b state is weakly
mixed with the A1�+ state (hereafter referred to as the A
state) via spin-orbit coupling, resulting in two electronic states
of � = 0+ symmetry, where � is the projection of the total
electronic angular momentum onto the internuclear axis. As a
result, the X ↔ b transition becomes dipole allowed through
the A component of the mixed 0+ state, leading to a transition
electric dipole moment of 0.0456 a.u. (or 0.116 Debye) for the
vX = 0 ↔ vb = 0 transition [31]. The rotational constants of
these levels are BX = 0.0950 cm−1 and Bb = 0.0951 cm−1,
respectively [31].

III. HAMILTONIAN OF TWO INTERACTING ULTRACOLD
MOLECULES EXPOSED TO TWO COHERENT LASERS

The Hamiltonian Ĥint(R) for the interaction of two
molecules (i = A, B) colliding under the influence of two laser
fields (α = 1, 2) is

Ĥint(R) =
B∑

i=A

Ĥ0(i) + V̂rot(R) + V̂int(R)

+
2∑

α=1

ĤL(α) +
2∑

α=1

B∑
i=A

Ĥ (α)
ac (i). (1)

The Hamiltonian Ĥ0(i) for the molecule i results in a scalar
term E0(i) = Ee(i) + Evib(i) + B(i) ĵ2

i (in atomic units), which
includes the electronic energy Ee(i), the vibrational energy
Evib(i), and the rotational energy B(i) ĵ2

i , where ĵi is the an-
gular momentum operator for the molecule i with quantum
number ji, projection mi, and associated parity pi = +/−, and
B(i) the rotational constant of the levels vX = 0 or vb = 0. The
term V̂rot(R) = h̄2L̂2/(2μR2) represents the relative rotation
of molecules with quantum numbers 	 and m	, and V̂int(R) is
the molecule-molecule interaction potential. The term ĤL(α)
holds for the energy associated with the laser field α = L1, L2,
and Ĥ (α)

ac (i) the interaction between the molecule and the laser
field α.

We consider the uncoupled basis set |βA jAmA pA,

βB jBmB pB, 	m	〉 for the angular momenta of each molecule
and of their mutual rotation (which can be removed at infinite
distance) completed by the Fock states denoting the number of
photons in each laser field |N1, N2〉, written as tensor products:

|n〉 = |βA jAmA pA, βB jBmB pB, 	m	〉 ⊗ |N1, N2〉, (2)

where βi (i = A, B) includes the quantum numbers character-
izing the electronic state of each molecule, that is, βi ≡ X, b.
The basis set is symmetrized with respect to the exchange of
the two molecules A and B. At infinite distance, the five states
of Fig. 1 describing the two molecules are written as

|g1〉 = |X, 0, 0,+, X, 0, 0,+〉 ⊗ |N1, N2〉+,

|g2〉 = |X, 0, 0,+, X, 2, 0,+〉 ⊗ |N1 − 1, N2 + 1〉+,

|g3〉 = |X, 2, 0,+, X, 2, 0,+〉 ⊗ |N1 − 2, N2 + 2〉+,

|e1〉 = |X, 0, 0,+, b, 1, 0,−〉 ⊗ |N1 − 1, N2〉−,

|e2〉 = |X, 2, 0,+, b, 1, 0,−〉 ⊗ |N1 − 2, N2 + 1〉−, (3)

where we assume a linear polarization of the lasers, ignore
the quantum numbers 	 and m	, and display the global parity
index +/− for each vector. When the molecules interact,
these five vectors are interacting with many other basis vectors
such that the induced Hilbert space can be described as five
ensembles (or Floquet blocks) of basis vectors identified by a
well-defined number of photons:

{G1} = {|X jAmA pA, X jBmB pB, 	m	〉 ⊗ |N1, N2〉+},
{G2} = {|X jAmA pA, X jBmB pB, 	m	〉 ⊗ |N1 − 1, N2 + 1〉+},
{G3} = {|X jAmA pA, X jBmB pB, 	m	〉 ⊗ |N1 − 2, N2 + 2〉+},
{E1} = {|b jAmA pA, b jBmB pB, 	m	〉 ⊗ |N1 − 1, N2〉−},
{E2} = {|b jAmA pA, b jBmB pB, 	m	〉 ⊗ |N1 − 2, N2 + 1〉−},

(4)

where each subspace {Gk}(k = 1, . . . , 3) and {Ek}(k = 1, 2)
contains a set of rotational states ji, mi and partial waves 	, m	

that produce a fixed value of the projection M = mA + mB +
m	 ≡ 0 of the total angular momentum Ĵ = ĵA + ĵB + L̂. The
state |g1〉 being the entrance channel in our study (Fig. 1), the
subspaces {Gk} involve states of total parity “+” imposing that
jA + jB + 	 is even, while the subspaces {Ek} are composed
of states with parity “−” (and thus odd values of jA + jB +
	) because of (E1) selection rules. In addition, permutation
symmetry demands even values of 	.

The matrix of the Hamiltonian Ĥint of Eq. (1) is structured
in five blocks in this basis as

Hint =

⎛
⎜⎜⎜⎜⎝

Hg(R) 0 0 V1 0
Hg(R) − h̄δω 0 V2 V1

Hg(R) − 2h̄δω 0 V2
He(R) − h̄ω1 0

He(R) + h̄(ω2 − 2ω1)

⎞
⎟⎟⎟⎟⎠

, (5)

where h̄δω = h̄(ω1 − ω2) ≡ 6BX (Fig. 1). The submatrices
Hg and He contain the matrix elements of Ĥ0, V̂rot, and

V̂int for two ground-state molecules (X (vX = 0)) and for one
ground-state molecule and an excited one (b(vb = 0)). The
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five blocks correspond to the three {Gk} and two {Ek} sub-
spaces, and include energy shifts induced by ĤL(α) due to
the variation of the number of photons in the Fock states
with respect to {G1}. The terms V1 and V2 represent the light
couplings of the colliding pair with the first and second lasers
generated by Ĥ (α)

ac .
The configuration space spanned by the ensembles {Gk}

and {Ek} of Eq. (4) is built by considering values of the angular
quantum numbers varying from 0 to j1max = 4, j2max = 4,
and 	max = 4, following the convergence tests performed in
Refs. [38,39]. Considering that the initial state of the sys-
tem is the s wave (	 = 0, m	 = 0) between two molecules
in their absolute ground state ( jA = jB = 0, mA = mB = 0),
we chose M = mA + mB + m	 = 0 for the ensemble {G1}. By
considering two linearly polarized laser fields, under the (E1)
selection rules, we take M = 0 for all the other ensembles.
We therefore consider all possible values of mA, mB, and m	

provided mA + mB + m	 = 0. A total of 1528 basis vectors are
generated in the uncoupled basis set: 170 for each set Gk with
even inversion, permutation, and reflection symmetry, and 509
for each set Ek with odd inversion but even permutation and
reflection symmetry.

IV. LASER-DRESSED BIMOLECULAR POTENTIAL
ENERGY CURVES

As stated in the introduction, we are interested in the col-
lision of two ultracold molecules exposed to two coherent
lasers tuned to an appropriate Raman resonance of a single
molecule, in the regime of weak blue detuning � � �1,�2,
equivalent to a strong-coupling regime. By minimizing �,
and thus enhancing the laser-induced couplings between {Gk}
and {Ek}, we explore the possibility for the excited-state man-
ifold to yield additional flexibility for improved shielding
efficiency.

Following paper I, we first diagonalize the Hamiltonian of
Eq. (5) to obtain dressed adiabatic PECs at large distances,
typically R > 1000 a.u. Therefore, when R → ∞, the individ-
ual molecules are dressed by the lasers; i.e., the quantum state
|ñ〉∞ of the molecular pair at infinity is a linear combination
of bare states |n〉,

|ñ〉∞ =
∑

n

c∞
ñ,n|n〉, (6)

where (c∞
ñ,n)2 determines the weight of the bare state |n〉.

When the two lasers are tuned to a Raman resonance, the
initial state of the dressed molecular pair corresponds to
two molecules in the resulting dark state. If the Hamil-
tonian of Eq. (1) is diagonalized in the basis of the five
levels of Eq. (3), this dark state is unshifted with respect
to the energy of |g1〉 taken as the origin of the energies.
We note that the energy of the dark state resulting from
the diagonalization of the matrix in Eq. (1) will be slightly
shifted with respect to the origin as the two lasers inter-
act with other energy levels in a strongly off-resonant way:
L1 (resp. L2) is off-resonant with the transition j = 0 →
j′ = 1 (resp. j = 2 → j′ = 1). Thus, the initial five-level
system of Eq. (3) interacts with |X, 0, 0,+, X, 2, 0,+〉 ⊗
|N1, N2〉+, |X, 0, 0,+, X, 0, 0,+〉 ⊗ |N1 − 1, N2 − 1〉+, and

(a)

(b)

FIG. 2. Adiabatic dressed PECs of two interacting NaK
molecules prepared in the | jX = 0〉 level of the rovibronic ground
state exposed to two lasers with �1 = 2π × 300 MHz and �2 =
2π × 0.5 MHz, and a blue detuning � = −2π × 100 MHz pictured
by a downward blue arrow. (a) The laser L2 is detuned by a large
amount δ = 2π × 60 GHz from the Raman resonance. (b) The two
lasers are tuned to the chosen Raman resonance (δ = 0, see text).
The curves are labeled with the basis vector |n〉 that has the largest
component in the expansion of Eq. (6) for R → ∞.

|X, 0, 0,+, b, 3, 0,−〉 ⊗ |N1 − 2, N2 − 1〉−, located, respec-
tively, at ≈17, ≈ −17, and ≈12 GHz.

As we work with blue detunings �, we first check whether
our model recovers the limiting case of 1-OS [31], choosing a
large value � = −2π × 100 MHz. This is obtained by setting
�2 to a weak value and by detuning the laser L2 by a large
amount δ so that the Raman resonance condition is deliber-
ately not fulfilled. The results are displayed in Fig. 2(a): It
reflects a dynamics similar to that described in Refs. [31,42]
with the entrance channel exhibiting a marked avoided cross-
ing with three excited channels, inducing efficient shielding of
the molecular collisions.

If the Raman resonance is set (δ = 0) with a laser L2

with a weak Rabi frequency, the PECs become more complex
[Fig. 2(b)] as more eigenstates are close in energy at infinite
distances. Moreover, the entrance channel is made up of two
molecules in the EIT dark state, hence mostly in the j = 2
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FIG. 3. (a) Adiabatic dressed PECs of two interacting NaK
molecules prepared in the | jX = 0〉 level of the rovibronic ground
state exposed to two lasers with �1 = 2π × 456 MHz and �2 =
2π × 831 MHz, and a blue detuning � = −2π × 4 MHz (pictured
by a downward blue arrow). (b) Enlarged view of the zone inside
the red box in panel (a). The curves are labeled as in Fig. 2. The
red arrow shows the entrance channel for the collision. The choice
of these specific values for the laser parameters is explained in
Sec. V.

rotational level. There are no large avoided crossings between
the entrance channel and other repulsive PECs, reflecting the
weak interactions induced by the laser light, as observed in
paper I for red detunings.

The adiabatic dressed PECs for � � �1,�2 are shown
in Fig. 3. The chosen values of the laser parameters will
become clear in the next section. For such small � values,
the PECs are quite close to each other, generating numerous
avoided crossings and quite complex behavior. It appears that
in this representation the entrance channel is indeed coupled to
repulsive channels via marked avoided crossings, but of small
amplitude. The consequences for the dynamics of 2-OS are
discussed in the next section.

V. QUASIRESONANT 2-OS IN THE REGIME
OF SMALL DETUNINGS

In order to obtain the scattering rates for the two colliding
molecules at large distances, we solve the time-independent
Schrödinger equation for the energy Ecol with the interaction
Hamiltonian matrix of Eq. (1) re-expressed in the dressed
asymptotic basis of Eq. (6). In this representation, the inter-
action with light is diagonal, while the off-diagonal terms

result from the dipole-dipole and van der Waals interactions.
After extracting the S-matrix, we calculate the rate coefficients
for elastic collisions βel

i , for inelastic collisions β inel
i , and for

reactive collisions βrea
i as follows:

βel
i (Ecol ) = gi

π

μki
|1 − Sii(Ecol )|2, (7)

β inel
i (Ecol ) = gi

π

μki

∑
j �=i

|Si j (Ecol )|2, (8)

βrea
i (Ecol ) = gi

π

μki

⎛
⎝1 −

∑
j

|Si j (Ecol )|2
⎞
⎠, (9)

where the index i stands for the entrance channel of the colli-
sion, namely, the dark state of the bimolecular pair at infinity,
and with gi = 2 for identical colliding species and gi = 1
otherwise. The initial relative wave vector ki ≡ (2μEcol )1/2/h̄
of the molecule pair with reduced mass μ is taken for a
temperature of Ecol/kB ≡ T = 300 nK representative of a typ-
ical ultracold molecule experiment. The shielding efficiency
parameter is introduced:

γi(Ecol ) = βel
i (Ecol )

β inel
i (Ecol ) + βrea

i (Ecol )
, (10)

which reflects, if it is greater than 1, the dominant contribution
of elastic collisions against inelastic and reactive collisions.
Inspired by Xie et al. [31], good shielding efficiency is
achieved when γi ≈ 100 or more.

Following the extensive convergence tests achieved in pa-
per I, which allowed us to reasonably shorten the calculation
for this study, we propagated the log-derivative of the wave-
function of the system from Rmin = 15 a.u. to Rmax = 10 000
a.u. using the method of Manolopoulos [43] using an adap-
tive grid step mapping the dressed PECs [44,45]. We impose
an absorbing condition at Rmin modeling the experimentally
observed losses from Ref. [46].

As exposed in paper I, particular care must be taken to
identify the entrance channel. In a pure five-level system,
the dark state of the bimolecular complex at infinity would
be the one exhibiting no energy shift induced by the light
interaction. In the present multichannel representation, the
dark state is slightly shifted in energy by an amount Ei due
to the interaction with neighboring Fock blocks, resulting in
a typical shift of a few megahertz in the present calculations.
Due to the complexity of the system exemplified by Fig. 3,
there are many channels with such a small energy. We iden-
tify the entrance channel as the one that contains a sizable
component of the |g1〉 state [Eq. (3)]. We checked that there is
only one channel of that kind with an energy close to 0. Then,
the collisional channels are energetically open if their energy
E (|ñ〉∞) is less than the total energy of the entrance channel
E tot

i = Ei + Ecol. For example, in the conditions of Fig. 3,
the entrance channel is identified with the following weights
on the basis vectors: 0.528 on |00, 00, 	, m	〉 ⊗ |0, 0〉, 0.397
on |20, 00, 	, m	〉 ⊗ |−1,+1〉, and 0.074 on |20, 20, 	, m	〉 ⊗
|−2,+2〉.

We first investigate the situation corresponding to Fig. 2
with � not negligible with respect to �1 and �2. Figure 4
displays the various rate coefficients for a fixed value of
�2 = 2π × 200 MHz, �1 varying between 2π × 50 MHz
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(a)

(b)

(c)

(d)

FIG. 4. Collision rate coefficients βel
i (magenta), β inel

i (blue), and
β rea

i (red) (all labeled as β on the vertical axis, for simplicity) at
Ecol = kB × 300 nK as functions of � for �2 = 2π × 200 MHz and
(a) �1 = 2π × 50 MHz, (b) 2π × 100 MHz, (c) 2π × 150 MHz,
and (d) 2π × 200 MHz.

and 2π × 200 MHz, and for �/(2π ) varying from +1 GHz
(red detuning) down to −1 GHz (blue detuning). The general
trend of the rate coefficients is the same as discussed in paper
I for red detunings: The reactive rate systematically exceeds
the elastic rate for all detunings, at least with the chosen step
for �. This is not surprising, as the avoided crossings present
in Fig. 2 are very small; that is, the PECs are separated by an
energy much lower than h̄ × 0.1 MHz, invisible at the scale
of the figure. However, it seems that the hierarchy between
the various rates now depends on � for blue detunings, which
is strikingly in contrast to the monotonic behavior already
observed with red detunings. Moreover, the inelastic rate co-
efficient exhibits a pronounced minimum around � = 0 that
motivates the next step of our study.

FIG. 5. (a) Variation of the 2-OS efficiency parameter γi as
a function of � at an energy Ecol = kB × 300 nK, for the Rabi
frequencies �1/(2π ) = 420 MHz and �1/(2π ) = 880 MHz, which
generates two peaks at two values of � where elastic collisions
dominate. (b) Variation of the corresponding rate coefficients βel

i

(magenta line), β inel
i (blue line), and β rea

i (orange line) (all labeled
as β on the vertical axis, for simplicity). (c) Variation of γi with �2

for �1/(2π ) = 420 MHz and �/(2π ) = −5 MHz.

We therefore investigated the dynamics of the system for
blue detunings close to 0, choosing a small step size for the
laser parameters, to identify whether there exist zones where
γi > 1. Figure 3 is somewhat encouraging in this respect, as
it exhibits an example of an avoided crossing that seems to
be more marked than those in Fig. 2. However, it is likely
that because of the complexity of the PECs, the dynamics will
be determined by the interaction between many channels. A
global repulsive behavior of the entrance channel is visible,

033200-6



TWO-PHOTON-ASSISTED COLLISIONS IN ULTRACOLD … PHYSICAL REVIEW RESEARCH 8, 033200 (2026)

FIG. 6. Color map in �1/(2π ) and �2/(2π ) with a step size of 25 MHz for collision rate coefficients βel
i [panel (a)], β inel

i [panel (b)],
and β rea

i [panel (c)] at an energy Ecol = kB × 300 nK and for a fixed detuning �/2π = −25 MHz. The colored logarithmic scale extends from
10−11 to 10−9 cm3/s.

which can be assigned to couplings with numerous low-lying
molecular PECs.

We display in Fig. 5(a) typical example of the variation of
the rate coefficients [panel (b)] and the resulting γi [panel (a)]
over a restricted range of low � values. From our numerical
survey of the parameter space (�1,�2), we identified couples
of values producing peaks demonstrating that the elastic rate
coefficient dominates the two other rate coefficients for well-
defined values of �. The values of γi ≈ 2 are not yet large
enough to implement an efficient 2-OS, but they convey the
idea that we have to search for a quasiresonant dynamics for
the elastic collisions with respect to the detuning. Panel (b)
suggests a typical width of about �/(2π ) ≈ 4 MHz for this
feature. In contrast, panel (c) of the same figure shows that the
variation of the magnitude of such a peak in γi with �2 is low,
which might be of great interest in view of an experimental
investigation.

Table I reveals that such prominent features in γi occur for
several combinations of �1 and �2 where the selected combi-
nations were chosen on the criterion of the highest values of
γ on a grid for �1 and �2 and for two representative values of
�/(2π ) = −25 MHz and −5 MHz. We see that the dynamics
is not identical for the two detunings: For the former value,
βel

i largely exceeds βrea
i by a factor of about 10 and β inel

i only
by a factor of about 2, while this pattern is reversed for the
latter value. Therefore, the peak values of γi are limited by the
subtle balance between the inelastic and reactive dynamics,
enforcing the quasiresonant character of 2-OS.

The latter quasiresonant character of 2-OS is best exempli-
fied in Fig. 6, which provides a global view of our results as
color maps for βel

i , β inel
i , and βrea

i as functions of �1/(2π ) and
�2/(2π ) varying from 300 to 1000 MHz, for a fixed detuning
�/(2π ) = −25 MHz. The overall patterns of each rate coef-
ficient are similar with three stripes, but are slightly shifted
with respect to each other from one panel to the other. This
leads to Fig. 7, where only one strip of peak values of γi ≈ 2
values remains in the parameter space (�1,�2). Again, in the
perspective of experimental implementation, we see in Fig. 8
that the widths in � over which the rate coefficients abruptly

vary are quite different for various detuning magnitudes, and
not always associated to a quasiresonant pattern.

The sharp structures might be consistent with near-
threshold-dressed resonances: As � is varied, a dressed bound
(or quasibound) state crosses the scattering threshold, strongly
modifying coupling to loss channels and producing localized
enhancements or suppression of inelastic or reactive colli-
sions. In order to check this hypothesis, we display in Fig. 9
the variation of the real part and the imaginary part of the
elastic S matrix element represented as scattering lengths of
the entrance channel depending on �, which clearly exhibits
a resonant pattern in the real part, also with a significant
imaginary part, as expected from Fig. 8. This description is
consistent with the dressed adiabatic PECs of Fig. 10 with
�1 = 456 MHz and �2 = 380 MHz, where a long-range po-
tential well induced by the presence of the two lasers is

FIG. 7. Color map in �1/(2π ) and �2/(2π ) with a step size
of 25 MHz for the 2-OS efficiency parameter γi at an energy
Ecol = kB × 300 nK and for �/(2π ) = −25 MHz.
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TABLE I. Selected sets of �1/(2π ) and �2/(2π ) values for
the two detunings � = −25 MHz and � = −5 MHz, for which the
effective parameter γi > 1. The last two columns display the ratios
βel

i /β inel
i and βel

i /β rea
i .

�1/(2π ) �2/(2π ) γi βel
i /β inel

i βel
i /β rea

i

�/(2π ) = −25 MHz

300 940 1.60 1.94 9.16
350 900 1.86 2.37 8.54
360 900 1.82 2.18 11.12
380 880 1.91 2.34 10.35
400 850 1.92 2.61 7.30
420 860 1.70 1.94 13.60
440 800 1.86 2.61 6.44
440 820 1.96 2.42 10.37
440 840 1.72 1.96 14.08
450 800 1.94 2.51 8.52
480 780 1.89 2.24 12.17
480 800 1.63 1.83 14.63
500 750 1.87 2.23 11.54
500 760 1.82 2.11 13.40
520 740 1.72 1.94 14.60
540 700 1.74 2.00 13.22
550 700 1.61 1.80 15.22
560 680 1.61 1.81 14.85
600 600 1.49 1.68 13.21
650 550 1.01 1.10 12.48

�/(2π ) = −5 MHz

300 880 1.65 7.48 2.11
320 880 1.80 8.71 2.27
340 880 1.95 9.86 2.43
360 860 2.09 8.50 2.77
360 880 2.07 10.73 2.57
380 860 2.15 8.75 2.85
380 880 2.17 11.31 2.69
400 860 2.15 8.63 2.86
400 880 2.24 11.59 2.77
400 900 2.12 12.53 2.56
420 880 2.24 11.38 2.79
420 900 2.19 12.83 2.64
440 900 2.19 12.82 2.64
460 940 1.86 8.98 2.35
480 880 1.92 5.60 2.92
500 880 2.00 7.28 2.76
500 900 2.08 7.93 2.82
520 900 2.09 9.73 2.66
540 920 1.98 9.12 2.54
560 940 1.63 6.18 2.21

now visible for �/(2π ) = −24 MHz, in striking contrast with
the pattern of the PECs at �/(2π ) = −4 MHz [Fig. 3(b)].
A similar pattern has been discussed in several works
[26,47–49].

VI. CONCLUSIONS

We have presented a theoretical and numerical inves-
tigation of 2-OS for ultracold collisions between dipo-
lar 23Na 39K molecules in their rovibronic ground state.

FIG. 8. Collision rate coefficients βel
i (magenta line), β inel

i (blue
line), and β rea

i (orange line) (all labeled as β on the vertical axis, for
simplicity) at an energy Ecol = kB × 300 nK, as functions of � for
two (�1, �2) pairs presented in Table I calculated with a small step
size of 0.05 MHz for �/(2π ), highlighting resonant features.

Individual molecules are exposed to two lasers tuned to a
two-photon Raman resonance arranged as a � scheme involv-
ing an electronically excited molecular state so that photon
scattering is suppressed. The colliding molecules are dressed
with the laser fields so that their long-range interactions are
tunable with respect to the Rabi frequencies and the detunings
of the lasers. During collision, the molecular pair is thus
described as a dynamical five-level (or double �) scheme
generated by intermolecular interactions. We focused on the
regime where detunings are smaller than the Rabi frequencies
to engineer the long-range interactions to make them repulsive
at large distances and thus suppress short-range dynamics of
the molecular pair.

The main difference with the other shielding protocol is
clearly illustrated by the structure and matrix elements of
the Hamiltonian of Eq. (5) (also displayed in paper I [38]),
which involves excited electronic states. In paper I, we also
exposed the possibility of using adiabatic elimination of the
excited states so that the resulting Hamiltonian is similar in
shape to the one for MW-S, i.e., only involving states of
the ground-state manifold while containing different coupling
terms. Moreover, 2-OS does not a priori require a permanent
molecular dipole moment, whereas MW-S induces a signif-
icant DDI. The 2-OS scheme regains some flexibility: If it
works, it shields long-range collisions independently of the
dipole-dipole coupling, and this gives more freedom to tune
the latter with an electric field.

Our results reveal, to our knowledge, for the first time the
ability of such an arrangement with two optical photons to in-
duce long-range repulsive interactions between laser-dressed
ultracold molecules. The efficiency of the resulting shield-
ing is still moderate with respect to the approach based on
microwave fields, with rate coefficients for elastic collisions
exceeding those for inelastic and reactive collisions by only a
factor of 2. The 2-OS conditions are found to be very sensitive
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FIG. 9. Real part (black curve) and imaginary part (red curve) of
the S matrix element for the elastic collisions expressed as scattering
lengths for �1/(2π ) = 380 MHz and �2/(2π ) = 880 MHz as in
Fig. 8(a). A step of 0.05 MHz is used for �/(2π ).

to the detuning of the lasers (at the MHz level), while they are
less sensitive to the precise choice of Rabi frequencies (at the
level of a few tens of megahertz), thus representing promis-
ing conditions for future experimental implementation. Color
maps of the collisional rates confirm the presence of narrow
resonancelike strips of favorable conditions in the parameter
space of Rabi frequencies. This analysis is confirmed by the
presence of resonant structures in the S matrix elements that
describe elastic collisions between ground-state molecules,
presented as scattering lengths. We show that these features
are associated with the appearance of tiny long-range potential
wells in the entrance channel, thus enhancing the resonant
character of the collisions.

These findings highlight the potential of 2-OS as a viable
and tunable technique for stabilizing ultracold molecular sam-
ples, especially in systems where photon scattering or strong
microwave fields are undesirable. Although the maximum
achieved values of the 2-OS efficiency remain modest com-
pared to those of other techniques, the observed suppression
of reactive collisions and the emergence of repulsive long-
range laser-induced interactions between molecules suggest
a promising path for further optimization.

The present 2-OS mechanism relies on optical coupling of
the molecular ground state to an excited electronic state with
a transition dipole moment, which cannot be modeled by a
scaling law over all alkali-metal polar molecules, in contrast
with the permanent dipole moment in MW-S [50,51]. A quan-
titative assessment for other alkali-metal dimers would require
specific calculations for each species. Therefore, a similar
behavior is expected for all pairs when noticeable transition
dipole moments are available.

The favorable laser parameters reported in our work, with
Rabi frequencies in the range of a few hundred megahertz and
detunings controlled at the megahertz scale, are compatible
with typical experimental conditions. Further optimization
might involve quantum control of the laser parameters, fol-
lowing, for example, approaches of Ref. [52] to ensure that
the Raman resonance condition is fulfilled during the entire

FIG. 10. Same adiabatic dressed PECs as in Fig. 3(b) for
�1/(2π ) = 456 MHz and �2/(2π ) = 831 MHz but for a blue de-
tuning � = −2π × 24 MHz. The curves are labeled as in Fig. 2. The
red arrow shows the entrance channel for the collision. A long-range
potential well induced by the lasers in the PEC of the entrance
channel is clearly visible, in contrast to Fig. 3(b).

intermolecular collision. But in one of our previous papers
[31], we estimated the duration of such a collision and
concluded that it is too short to allow for a significant heat-
ing during this off-resonant period. It is also worth noting
that the experimental implementation of 2-OS might be less
demanding than MW-S. Indeed, laser fields can be directed
into the chamber with precise control of frequency, intensity,
and polarization. For example, control of MW fields and
their polarization is precise enough for NaCs, NaRb, NaK
(fermionic), and CaF, which have rotational constants with
magnitudes between h × 1.7 and h × 10 GHz. In contrast, it
becomes as weak as h × 0.48 GHz for RbCs, requiring an
MW wavelength at least 3.5 times larger compared to NaCs,
so that polarization purity might be much harder to achieve.
For CaH, the rotational constant is as high as h × 128 GHz,
and MW sources or amplifiers with the required phase noise
are not readily available. In 2-OS, these settings would need
to choose the optical frequencies of laser fields, which can
be locked to instruments with metrological precision, such as
frequency combs.

Future work will explore the combination of the present
two-photon scheme with static electric fields to induce first-
order dipole-dipole interactions, which would then better
mimic the approach using microwave fields while approach-
ing realistic experimental conditions of typical ultracold
molecule experiments, where a static electric field is expected
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to induce anisotropic interactions in forthcoming molecular
quantum degenerate gases.
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