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A. Long-range potential energy curves for two
interacting 23Na87Rb molecules

The computation of such potential energy curves
(PECs) closely follows the procedure described in Ref. [1],
using the properly symmetrized basis functions in the
laboratory frame |e1, j1, p1, e2, j2, p2, j12, `, J,M〉|n〉 in-
troduced in the main text. Both molecules are assumed
to be in the lowest vibrational level of the e1 and e2 elec-
tronic states, so that this quantum number is omitted
in the following. The e1 and e2 states can either be the
electronic ground state X1Σ+ or the lowest electronic ex-
cited long-lived state b3Π0 (respectively noted in short as
X and b states).

In the absence of external electric field, the permanent
dipole moment of the alkali-metal ground-state molecules
(equal to 1.304 a.u. for the vX = 0 level [2]) generates a
strong dipole-dipole interaction (DDI) scaling as R−3 at
large distance between a molecule in jX = 0 and another
in jX = 1. In contrast, two (jX = 0) molecules interact
at large distances trough a −Cg

6/R
6 term, with Cg

6 =
1.516×106 a.u. for 23Na87Rb [3, 4]. This gigantic value is
induced by the DDI at the second order of perturbation.
The interaction also involves a second term Ce

6 coming
from transitions toward excited electronic states of the
two molecules, and a third term Cg−e

6 coming from the
purely rotational transition (jX = 0 → jX = 1) for one
molecule and from transitions toward excited electronic
states for the other. For 23Na87Rb, Ce

6 = 7731 a.u., while

Cg−e
6 = 644 a.u. [4]. We take the sum of these two terms

as the van der Waals interaction coefficient Cel
6 in the

main text.

The long-range interaction between the (jX) and the
(jb) levels is more complicated than in the previous case.
The total DDI comes from two parts: (i) the direct inter-
action between the permanent dipole moments (PDMs)
in the X and b states, and (ii) the resonant interaction
between the X and b states, involving the corresponding
transition dipole moments (TDMs) (just like in the well-
known S + P atom-atom long-range interaction). The
relative strengths of these two types of interactions can
be estimated by comparing the product of PDMs on the
one hand, which gives 2.263 a.u., and the square of the
TDM on the other hand, which gives 3.679 × 10−2 a.u.
(see Table III). However one should keep in mind that
the two terms do not couple the same pairs of molecular
levels. For example, the direct term couples the pairs
(jX = 0, jb = 1) and (jX = 1, jb = 0), while the resonant

one couples (jX = 0, jb = 1) with (jb = 1, jX = 0). In
addition to these terms, there is the van der Waals term
−Cel

6 /R
6 induced by virtual transitions toward other

electronic states than X and b, with an unknown value.
Assuming a typical Cel

6 coefficient of a few thousands of
a.u., this term is significant only for distances smaller
than the one where we start the log-derivative propaga-
tion (Rmin = 10 a.u., ), so that it does not influence the
calculations. Therefore for numerical purpose (see Sec-
tion E), we take the same Cel

6 = 8375 a.u. as above, but
we do not expect this value to have any influence on our
results.

As 23Na87Rb molecules are bosons, the scattering
wave functions for a pair of 23Na87Rb (X) molecules
are symmetric upon the permutation of two molecules.
Starting from a pair of (jX = 0) molecules, the col-
lision can only involve even partial waves `, so that
the values of the total angular momentum quantum
number are J = 0, 2, 4, ... (since j12 = 0) and M =
0. The parity with respect to inversion of all coor-
dinates, equal to p1p2(−1)`, is also even. The states
correlated to 23Na87Rb(jX = 0)+23Na87Rb(jX = 0)
are coupled by the laser to odd-parity states of the
[23Na87Rb(jX = 0),23Na87Rb(jb = 1)] pair, itself cou-
pled to [23Na87Rb(jX = 1),23Na87Rb(jb = 0)] by dipolar
interaction, and again involving even partial waves.

The resulting adiabatic PECs (without light interac-
tion) are drawn in Figures 1 and 2. We report in Ta-
bles I and II the corresponding basis sets correlated to
the dissociation limits visible in the Figures. From the
tables we can see that the states relevant to the thresh-
olds presented in Figures 1 and 2 have j-values smaller
than 2. To minimize the computation time without al-
tering the precision, we examined the convergence of the
coupled-channel results considering basis sets with differ-
ent jmax and `max. Without laser field, we can reproduce
the reactive rate coefficients observed in 23Na87Rb exper-
iment [5] with jmax = 2 and `max = 4 since j1 and j2 are
both equal to 0 in the lowest channel. In the presence
of optical field, the exit channels with highest energy are
(jX = 0)+b(jb = 1), and we set jmax = 4 and `max = 4
in the basis set for both ground and excited states. This
results in 474 (resp. 329) coupled Schrödinger equations
for J = 0, 2 (resp. J = 1, 2, 3) in the circular (resp.
linear) polarization case.
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FIG. 1: The adiabatic long-range potential-energy curves of
even parity (without light interaction) correlated to the dis-
sociation limits 23Na87Rb(jX)+23Na87Rb(jX), assuming that
both molecules are in their lowest vibrational level. Only par-
tial waves ` = 0, 2, 4 are included.
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FIG. 2: The adiabatic long-range potential-energy curves of
odd parity (without light interaction) correlated to the dis-
sociation limits 23Na87Rb(jX)+23Na87Rb(jb), assuming that
both molecules are in their lowest vibrational level. Only par-
tial waves ` = 0, 2, 4 are included.

j1 p1 j2 p2 j12 ` J
0 1 0 1 0 0 0
0 1 2 1 2 2 0
1 -1 1 -1 0 0 0
1 -1 1 -1 2 2 0
0 1 0 1 0 2 2
0 1 2 1 2 0 2
0 1 2 1 2 2 2
0 1 2 1 2 4 2
1 -1 1 -1 0 2 2
1 -1 1 -1 2 0 2
1 -1 1 -1 2 2 2
1 -1 1 -1 2 4 2

TABLE I: Basis vectors correlated to the dissociation limits
23Na87Rb(jX)+23Na87Rb(jX) displayed in Fig.1, restricted
to ` = 0, 2, 4 and J = 0, 2.

j1 p1 j2 p2 j12 ` J
0 1 1 -1 1 0 1
0 1 1 -1 1 2 1
0 1 2 -1 2 2 1
1 -1 0 1 1 0 1
1 -1 0 1 1 2 1
1 -1 1 1 1 0 1
1 -1 1 1 1 2 1
1 -1 1 1 2 2 1
2 1 0 -1 2 2 1
0 1 0 -1 0 2 2
0 1 1 -1 1 2 2
0 1 2 -1 2 0 2
0 1 2 -1 2 2 2
0 1 2 -1 2 4 2
1 -1 0 1 1 2 2
1 -1 1 1 0 2 2
1 -1 1 1 1 2 2
1 -1 1 1 2 0 2
1 -1 1 1 2 2 2
1 -1 1 1 2 4 2
2 1 0 -1 2 0 2
2 1 0 -1 2 2 2
2 1 0 -1 2 4 2
0 1 1 -1 1 2 3
0 1 1 -1 1 4 3
0 1 2 -1 2 2 3
0 1 2 -1 2 4 3
1 -1 0 1 1 2 3
1 -1 0 1 1 4 3
1 -1 1 1 1 2 3
1 -1 1 1 1 4 3
1 -1 1 1 2 2 3
2 1 0 -1 2 2 3
2 1 0 -1 2 4 3

TABLE II: Basis vectors correlated to the dissociation lim-
its 23Na87Rb(X, jX)+23Na87Rb(b, jb) displayed in Fig.2, re-
stricted to ` = 0, 2, 4 and J = 1, 2, 3.

B. Dressed potential energy curves between two
23Na87Rb molecules in circular polarization

In complement to the Figure of the main text in the lin-
ear polarization case, we present in Fig. 3 the 23Na87Rb-
23Na87Rb dressed adiabatic long-range PECs in the pres-
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ence of circularly-polarized laser field. The asymptotes
are labeled with the approximated good quantum num-
ber jX , jb and n. For circular polarization, an extra tran-
sition from J = 2 to J ′ = 2 is allowed, and two additional
states correlated to the asymptotes (jX = 1) + (jb = 0)
and (jX = 0) + (jb = 1) with J = 2 exist compared
to the linear polarization case. As demonstrated in the
main text, the circular light field is expected to generate a
better shielding efficiency than the linear field. However,
the global landscape of the PECs is very similar for both
polarizations at the displayed scale. Note that the shifts
of the asymptotes are identical for both polarizations.
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FIG. 3: The dressed adiabatic long-range potential-energy
curves of 23Na87Rb-23Na87Rb for ∆ = 100 MHz and Ω =
10 MHz in circularly- polarized light field. The Condon point
(not displayed here) lies around RC = 400 a.u.. As in the
linear polarization case, the asymptotic spacing between the
(jX = 0) + (jX = 0) and (jX = 0) + (jb = 1) asymptotes is
slightly larger than ∆ due to the presence of the stationary
laser field [6].

C. About the hyperfine structure in the b state

Ultracold molecule experiments rely on the creation
of Feshbach molecules in the presence of a static mag-
netic field, as the first step of the formation of ultracold
ground-state molecules. Therefore the role of the hy-
perfine structure (hfs) in the optical shielding must be
discussed.

As stated in the main text, the hfs of the molecular
states is neglected. The one of the X state of 23Na87Rb
lies in the range of a few MHz [7]. The hfs of the b state
is unknown, but it could be estimated from the atomic
model developed in [8, 9] for 39KCs, which reveals a man-
ifold of PECs spanning a few MHz at short distances, for
the Ω = 0 component of the b3Π0 state relevant for the
present study.

The proposed optical shielding implies interactions at
rather large distances (300-400 a0), far beyond the dis-
tance range where molecular hyperfine couplings are ex-
pected to occur [10, 11]. As shown in Ref. [12], Karman
et al. checked in their numerical calculations that the hy-

perfine structure has no influence on the MW-shielding
for a strong enough magnetic field, namely about 100 G
in RbCs. In Ref. [13], Lassablière et al. elaborated a
simple model for all polar molecules, suggesting that for
NaRb, the hfs has no influence when the magnetic field
is beyond a critical value of 309 G (see Table I of [14]).
Therefore the mechanism we describe in our paper is ex-
perimentally relevant.

D. The optical shielding for trapped ultracold
molecules

The optical shielding (OS) laser has a wavelength of
884.447 nm. Looking at our results for the NaRb dy-
namic polarizability curves around 884.5 nm [15], we
would need to choose a laser frequency around 66 GHz
above the frequency of the transition X(ν = 0)→ b(ν=0)
to have the polarizability of the ground-state molecules
positive again, and about 150-300 GHz above the same
frequency to ensure a trapping strength similar to a typ-
ical 1064 nm optical dipole trap. Therefore the shielding
laser cannot be used for trapping. An additional trap-
ping laser is needed, which is not considered explicitly in
our work. The trapping laser is expected to be responsi-
ble for the molecule losses at short distances due to some
sort of photoassociation (see [16, 17]). This leads to the
definition of kre.
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FIG. 4: The Hund’s case a potential curves of NaRb [18]. The
vertical lines with arrows represent different optical transition
processes.

In Fig. 4 We display the relevant Hund’s case a PECs
of NaRb calculated by us [18]. It is clear that a two-
photon transition with the 1064 nm laser (9398.5 cm−1)
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is very unlikely, as there is no intermediate resonance for
the first photon. Also, the ν=0 of the b3Π state could
absorb a 1064 nm photon, and the (3)3Σ+ state could be
reached in the lower part of its PEC. However, one can
expect that the density of levels will be low enough to
avoid any accidental resonance via a fine tuning of the
1064 nm laser.

As above, two-photon transitions with the 884.447 nm
(11306.5 cm−1) shielding laser are very unlikely: the sec-
ond photon absorbed the ν=0 level of the b state would
reach a zone where no triplet state is present, and would
only accidentally be resonant with a bound level there.
In terms of Floquet analysis, this means that the Floquet
block composed by theX+X asymptote dressed with one
photon and the X+b asymptote dressed by zero photon,
is lying far outside the energy range which is relevant to
our work, namely where the Floquet block composed of
the X +X asymptote dressed with zero photon and the
X + b asymptote dressed by (-1) photon is located (see
Figure 3 of our manuscript). This is certainly in striking
contrast with the MW-shielding proposal, for which the
detunings are of the same magnitude than the rotational
spacings.

E. Short-range boundary condition in log
derivative method

We solve the coupled Schrödinger equations with
proper boundary condition starting at short distances.
At Rmin = 10 a.u., we initialize the diagonal elements of
log-derivative matrix Z with a complex value for a par-
ticular channel i [19],

Zi,i(Rmin)

= 4kminsc
√
1−pSR

c2(
√
1−pSR−1)2+s2(

√
1−pSR+1)2

−i kminpSR

c2(
√
1−pSR−1)2+s2(

√
1−pSR+1)2

, (1)

with

kmin =

√
2µ[Etot − ui,i(Rmin)]

~2
, (2)

s = sin (kminRmin + δSR), (3)

c = cos (kminRmin + δSR). (4)

In the above equations, the quantities 0 ≤ pSR ≤ 1 and
0 ≤ δSR ≤ π characterize the probability of flux loss

when reaching the short distances, and the phase shift
accumulated from the region R < Rmin, respectively.
The total energy Etot in the entrance channel slightly
differs from the collision energy Ecol, as it includes the
energy brought by the electromagnetic field. The dia-
batic energy ui,i in channel i is the sum of the diagonal
element of dipole-dipole interaction in the asymptotically
dressed basis set, centrifugal potential term, and the van
der Waals term. This formula is deduced after model-
ing the short range interaction potential by a constant
square well with depth ui,i(Rmin) between R = 0 and
Rmin. With the two parameters pSR and δSR we can
tune the boundary conditions to simulate different cases.
Usually we consider a full loss at short range, with pSR

= 1, while δSR is arbitrary, so that Z(Rmin) can be sim-
plified as a pure imaginary value −ikmin. This model
is known as the ”universal regime” as no resonance oc-
curs in the scattering length or in the cross section: the
results do not depend on the details of the short-range
interaction. Due to complex matrix elements in Z, the S
matrix is non-unitary, and 1− |S|2 features the chemical
reaction probability at short distances.

F. Optical shielding for other alkali-metal dipolar
species

In the main text, we invoked a simple model assuming
a scaling of the long-range interaction involving the prod-
uct of the PDM of the molecular states, and the TDM
between the X and b states. In Table III, we collected
the relevant data from our own calculations extensively
described in [2, 20] for the PDMs and TDMs, and in
[3, 4] for the Cel

6 values. We recall that the latter is
taken identical for the X+X and X+b manifolds in our
calculations.

We just consider the leading R−3 term in dipole-dipole
interactions for X+X interactions thus only the perma-
nent dipole moments (PDMs) in the X state are pre-
sented [21]. Besides, the TDMs are used to obtain Rabi
frequency and field intensities.

We point out that the value of the radiative lifetime
of the b3Π0(vb = 0, jb = 0) level is also derived from
our calculations [2, 20], and the presentation of these
quantities for all alkali-metal dimers will be the subject
of a forthcoming publication.
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