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We propose a method to suppress the chemical reactions between ultracold bosonic ground-state
23Na¥Rb molecules based on optical shielding. By applying a laser with a frequency blue-detuned from the
transition between the lowest rovibrational level of the electronic ground state X' =+ (vy = 0, jx = 0), and
the long-lived excited level b’Ty(v, = 0, j, = 1), the long-range dipole-dipole interaction between the
colliding molecules can be engineered, leading to a dramatic suppression of reactive and photoinduced
inelastic collisions, for both linear and circular laser polarizations. We demonstrate that the spontaneous
emission from 5°T1y(v, = 0, j, = 1) does not deteriorate the shielding process. This opens the possibility
for a strong increase of the lifetime of cold molecule traps and for an efficient evaporative cooling. We also
anticipate that the proposed mechanism is valid for alkali-metal diatomics with sufficiently large dipole-

dipole interactions.

DOI: 10.1103/PhysRevLett.125.153202

Ultracold quantum gases composed of particles interact-
ing at large distances in an anisotropic manner represent
promising platforms for studying many-body physics and
strongly correlated systems [1-3] for high-impact applica-
tions like quantum simulation [4] and quantum computa-
tion [5]. Among the possible candidates feature ultracold
polar molecules, as their large permanent electric dipole
moment induced by an electric field can generate intense
long-range anisotropic dipole-dipole interactions (DDIs)
[6-12]. However, such studies with ultracold molecules in
their absolute ground state are hindered when ultracold
chemical reactions occur at short distances, like with the
40K87Rb species [13,14]. Even for the nonreactive bosonic
87RbCs [15-17] and 2*Na’’Rb [18], or fermionic >*Na**K
[19,20] species, which were thought to be immune to
inelastic losses [21], limited lifetimes of the ultracold
molecular samples were recorded. The origin of this loss
mechanism is tedious to identify, as the final products are
not easily detected [18,22]. The first success in this
direction has been recently obtained with the reactive
species “'K®Rb [23,24].

In Ref. [25] it was suggested that the observed losses in
NaK + NaK ultracold collisions come from the electronic
excitation caused by trapping lasers. This hypothesis has
been confirmed in Ref. [26] where the dominant loss for
87RbCs arises from the fast optical excitation of long-lived
bimolecular complexes, while the losses may be signifi-
cantly suppressed by square-wave modulation of the trap
intensity. However, this is still not enough to prepare long-
lived ultracold molecular samples in the absolute
ground state.
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Instead, one can use an electromagnetic (em) field
without any additional field to control the long-range
interactions between two ground-state bialkali molecules
AB in their lowest vibrational level v = 0. A microwave
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FIG. 1. Classical picture of the optical shielding. Two ground-

state molecules collide with energy E.. At the Condon point R
(conserving the local kinetic energy E;,) the pair absorbs a
photon of energy E = hv to reach a repulsive long-range
potential-energy curve of a [X(jy = 0)] molecule interacting
with an excited [b(j, = 1)] molecule. v = E/h is blue-detuned
by A > 0 from the X(jx = 0) — b(j, = 1) transition frequency
Vxp, 1.€., E = hv = hvy, + hA. Ryp is the classical turning point
for the relative motion in the upper curve. The molecules are thus
prevented from reaching the reactive zone. Stimulated emission
in the excited complex also occurs if the field is strong enough
(thus, the double-arrowed red line).
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(MW) field is tuned on the transition between the two
rotational sublevels j =0 and j= 1. This engineers
repulsive long-range interactions between AB molecules
due to the coupling between the entrance scattering channel
AB(j = 0) + AB(j = 0) and the neighboring one AB(j =
0) +AB(j = 1) [27-30]. It was found that a significant
shielding can only be achieved with a circularly polarized
MW field, tedious to implement experimentally [31].

An optical em field couples electronic states of the
colliding particles. The proof of principle of such an optical
shielding (OS) has been demonstrated for inelastic colli-
sions between ultracold alkali-metal atoms by coupling the
2§ ground state to the lowest 2P excited state [32—38]. The
circularly polarized (%) light was shown to work better
than the linear-polarized (x) one, but the shielding
efficiency was hindered by spontaneous emission from
the 2P level [31,36,39,40].

Here, we demonstrate the OS efficiency to suppress
reactive collisions between ultracold >Na®’Rb molecules in
the lowest rovibrational level (vy = 0, jx = 0) of the X' T+
ground state (noted jy = 0) in free space. The principle
(Fig. 1) involves a laser with frequency blue-detuned from
the transition between the jy = 0 level and the (v, =0,
j, = 1) rovibrational level of the excited AT, state
(noted j, = 1), with energy E/hc = 11306.5 cm™" (or
884.447 nm) [41]. This spin-forbidden transition facilitated
by the spin-orbit coupling between the 5°I1 and the A'X
excited states ensures that the spontaneous emission does
not hinder the OS efficiency. We calculated the bimolecular
long-range potential-energy curves (PECs) from our pre-
vious developments [42—45] safely neglecting the hyper-
fine structure of the rotational levels (see Supplemental
Material [46]). We found that a PEC correlated to the
(jx =0) + (j, = 1) asymptote possesses a high potential
barrier caused by DDI. In contrast with the MW case, OS is
efficient for both 6 and  light. Its efficiency monoton-
ically increases with the strength of the X-b optical
coupling and is almost temperature independent. OS is
not perturbed if the molecules are held in a conventional
optical dipole trap with a wavelength far off any resonance
reachable from the jy = 0 level, like 1064 nm [46].

We solve the time-independent Schrodinger equation
describing the two-body collision between ground-state
23Na®’Rb molecules in the presence of the OS field, and no
other field. The Hamiltonian for the complex with reduced
mass y is written as

/G 0 L2 .

- (R ) +—+4H
2uR? OR ( aR) + 2uR? + o

+V(R) +H; + H, (1)

H=

with L the angular momentum of the mutual rotation of the
molecules with the quantum number ¢ (the partial wave),

and I:Irot the sum of the rotational Hamiltonian for each

molecule. The operator V(R) holds for the long-range
interaction between the molecules, including the DDI
(x R3) and the van der Waals interaction (x R™©)
[42-46]. The laser field Hamiltonian is A ¢ and H ;18
the interaction between the complex and the laser field,
depending on the Rabi frequency Q and the detuning A
with respect to the (jy = 0) — (j, = 1) transition energy.

We introduce the symmetrized fully coupled basis
functions in the space-fixed (SF) frame |ey, j;, py, e,
J2, P2, j12, €, J, M) to characterize the scattering channels
[45]: For i = 1, 2, the quantum numbers ¢; = X, or b, j;,
and p; = %1, respectively, describe the electronic state, the
total angular momentum j;, and the parity of each mol-
ecule. If e; = X, then p; = (=1)/i, while if ¢; = b, both
parities p; = =1 exist for a given j;. The angular momenta
J1 and j, are coupled to give j;,, itself coupled with L to
give the total angular momentum of the complex J and its
projection J, on the SF z axis (with quantum number M).

We use the dressed-state model [55] to account for
photon absorption and stimulated emission, introducing the
basis vector |n) associated with the number n of photons of
the OS field. It is sufficient to restrict the calculation within
the Floquet block |n = 0) for X + X, and |n = —1) for
X + b [46]. For bosonic molecules, the dressed sym-
metrized basis functions are related to the unsymmetrized
ones by

ler. j1s P1s€as jos P2. 12, €. 0. M) |n)
1

\/2(1 +5€1€25/1j25171172)
X [ley(ji. p1)s e2(jas P2)s J12- €5 T, M) |n)
+ €lex(j2. p2). €1 (1. P1)s J1os €. T M), (2)

with ¢ = (—=1)/1+27/2+ Tt imposes ¢ = 1 for molecules in
the same rovibrational level of the same electronic
state [45].

The Hamiltonian (1) expressed in the basis (2) generates a
set of close-coupled Schrodinger equations which are num-
erically solved [46] with a log-derivative method [56,57]
over the interval [Rn; Rmax] = [10 a.u.; 10000 a.u.]. We
assume that the scattering flux toward short distances is fully
absorbed as in Ref. [58], as successfully applied to simulate
the observed reactive or nonreactive ultracold molecular
collisions [13,14,22]. The S matrix is extracted at R ,,,,, and
rate coefficients are obtained.

We consider two 2*Na®’Rb molecules prepared in their
absolute ground state |e; =X,j; =0,p; =1,e; =X,
j2 :O,pz = 1,j12 :O,f,.] = f,M: 0>|I’l :0> In typl-
cal experimental conditions [18], the temperature 7 =
E.,/kg ~ 400 nK only involves £ = 0, 2. In the field-free
case, the states correlated to the (jxy =0)+ (jx =0)
asymptote are restricted to J =0 and J = 2. The DDI
couples different j; and £ such that |ji—j;| =1,
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FIG. 2. The dressed adiabatic long-range PECs of

2Na%’Rb-2Na¥’Rb for A = 100 MHz and Q = 10 MHz, in
linear polarization. The Condon point (not displayed here) lies
around R¢ = 400 a.u.. The curves are labeled with their domi-
nant J character. Note that the asymptotic spacing between the
(jx =0)+(jx =0) and (jx =0)+ (j, = 1) asymptotes is
slightly larger (by 7.7 MHz) than A due to the presence of the
stationary laser field [31]. For the same reason, the (jx = 0) +
(j, = 1) asymptote is split by 3.85 MHz as all the relevant states
do not interact in the same way due to the laser.

pipi =—1,and [ — ¢| = 0, 2. The long-range adiabatic
PECs resulting from the diagonalization of the field-free
Hamiltonian [Eq. (1) without I:If and H,] in the basis of
Eq. (2) (without |n = 0)) are presented in the Supplemental
Material [46]. They are calculated for j; € [0, jn.] and
£ € [0, €max), where j .. =4 and £, = 4 to ensure the
convergence of the rate coefficients.

In Fig. 2 we present the 2*Na®’Rb-’Na®’Rb dressed
adiabatic long-range PECs in the presence of z light with
A =100 MHz and © = 10 MHz. The PECs are similar for
o light [46]. The states correlated to (jy = 0) + (jx = 0)
with n = 0 (with quantum numbers J and M) are directly
coupled to those correlated to (jy =0) + (j, = 1) with
n = —1 (with quantum numbers J’ and M"). Note that the
(jx =1)+ (j, =0) asymptote is distant by about h x
20 MHz from (jy =0)+ (j, =1) due to the almost
identical values of the b and X rotational constants [46],
so that it must be included in the calculations. The DDI
induces the strong repulsive character of the upper mani-
fold. Restricting the dressed-state approach to single-
photon transitions, the laser-induced couplings obey the
electric dipole selection rules, |J//—J| =1 and M' =M
(resp. |[J/'=J| =0, 1 and M' = M £ 1) for x (resp. 6=)
light [39]. We performed our study for M =0, as the
entrance channel is (jy = 0) + (jy = 0) dominated by the
s wave (£ = 0) at ultracold energies.

The shielding possibility is clearly visible in Fig. 2. The
dressed entrance channels correlated to (jy =0)+
(jx = 0) now undergo avoided crossings with the repulsive
channels correlated to (jy =0)+ (j, = 1) so that the

incoming flux is repelled, as demonstrated below. The
picture is similar for both 6% and 7 light, in striking contrast
with the molecular MW shielding [27,28] or with the
atomic case [33]. Indeed, the permutation symmetry
selection rules allow the d wave to be coupled to
(jx =0) + (j, = 1) states not only in circular polarization
but also in a linear one.

The OS efficiency requires that the elastic collision rate
k. induced by the repulsive PECs in the entrance channel
dominate over the loss rates, namely, k. for the short-range
reactive collisions and k;, for the photoinduced inelastic
collisions  (jx =0) + (jx =0) = (jx =0) + (j, = 1).
We look for conditions maximizing the ratio
¥ = ka/(kye + kiy), often referred to as the “good”-to-
destructive collisional rate ratio [60].

In Fig. 3 we display the variation of the rate coefficients
and y with Q at fixed A = 100 MHz for both polarizations.
In the field-free case, the computed £k, = 4.0
10719 cm?s~! is consistent with the experimental total
loss rate [4.5(2) x 1071 cm?s™'] and the theoretical one
(3.8 x 1071% c¢m3 s7!) reported in Ref. [22]. The computed
value y ~ 0.3 confirms the inefficiency of evaporative
cooling, which requires y 2 1000 [22]. The k,. rate dras-
tically decreases with increasing €, stabilizing to k. =~
3.0x 1077 ecm3s! for Q > 40 MHz After reaching a
maximal value of about 107'° cm?s~!, the k;, value also
strongly decreases, down to 5x 107'* cm?s™! (resp.
3x 10713 cm?s7!) for circular (resp. linear) polarization
at Q = 50 MHz. The y ratio is as high as 8000 and 2000 for
circular and linear polarizations, respectively. We computed
a transition dipole moment between (jxy = 0) and (j, = 1)
equal to 0.1918 a.u. [46] so that this regime is reached for a
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FIG. 3. Variation with the Rabi frequency Q of the rate coef-

ficients ke, kin, Ky for (a) elastic, (b) photoinduced inelastic, and
(c) reactive collisions, respectively, and (d) of the shielding
efficiency y, for both linear and circular polarizations. The collision
energy is kp x 400 nK and the laser detuning A = 100 MHz.
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FIG. 4. Variation of y in circularly polarized light (a) with €, at
A =100 MHz, and for T = 400, 600, 800 nK, and (b) with the
ratio Q/A (kept < 1), at T = 400 nK for A = 10, 50, 100, 200,
500 MHz.

moderate intensity of about 12 Wcm™2. Large y values
imply dominant elastic collision rate, so that OS should
allow an efficient evaporative cooling of the molecules.

The influence of T and A on y is illustrated in Fig. 4 with
o™ light as it appears more efficient (Fig. 3). In Fig. 4(a),
A = 100 MHz, and we see that y is insensitive to 7" as long
as the reactive rate dominates the inelastic one
(Q <20 MHz), meaning that the avoided crossing is
almost diabatic. When the reactive rate drops down
abruptly, the inelastic rate reveals its sensitivity to the
details of the avoided crossing: While k;, varies by order of
magnitude when Q is multiplied by 5, y varies at most by a
factor of 2 over the same range when changing the
temperature by a factor of 2 (reflecting that E.; < h€Q).
In Fig. 4(b), we fixed T = 400 nK, and y is displayed for
convenience as a function of Q/A for various values of A,
thus, all on the same scale. The restriction Q/A < 1 allows
us to keep valid and useful the representation of an avoided
crossing (Fig. 2). Again, no significant change is visible for
Q/A < 0.2 (the reactive rate dominates), while the details
of the avoided crossing are manifested above this value. At
A = 500 MHz, y reaches a maximum and then decreases,
which is caused by the enhancement of photoinduced
inelastic collision from the ground to the excited states.
Large A values seem beneficial for shielding, but this
implies large Q values, which may be problematic in terms
of the power of light sources.

As noted in previous works on atoms, the spontaneous
emission (SE) from the excited state during the collision is
the main potential limitation of OS. If an excited >’Na%’Rb
molecule spontaneously emits a photon, it leads to a large
increase in kinetic energy, which is likely to damage OS. In
this respect, the MW-based shielding is advantageous as SE
is negligible for ground-state rotational levels. The present
choice of the b state fulfills this criterion: The lifetime of
the j, = 1 level is 7, = 6.97 us [46]. The classical picture
of Fig. 1 is useful in this matter. Following Ref. [61], the
duration zpp of the classical motion from the Condon

TABLE 1. Estimation of Q values and corresponding laser
intensities / to reach y = 1000, at 400 nK, with ¢* light and
A = 100 MHz, for bosonic alkali-metal diatomics. The LiNa and
KRb species are not listed as they do not have large enough DDI
to allow such a large value of y.

Species Q,_ 1000 (MHz) I,_1000 (Wem™2)
Li¥K 225.1 3294
"Li%’Rb 53.8 35
TLi'3Cs 36.1 14
23Na39K 92.8 265
23N287Rb 203 6.3
23Na133Cs 245 2.0
IKI33Cs 48.8 14
8$7Rb!33Cs 101.2 53

point Rc to the turning point Ryp
S {[dR)/[v(R", p)]} with (R,
velocity Wthh depends on the initial momentum p, and
local PEC. The SE probability Pgg during one collision can
be estimated as Pgp = P,e~%/™™® where P,, is the popula-
tion in the b excited state. This formula has been success-
fully employed in atomic trap loss studies and compared
with quantum results of Refs. [62,63]. Here we found zp =
0.79 ns for A=10MHz down to zrp =12 ps for
A = 500 MHz, indeed negligible compared to ,.

We predict that OS is also valid for all heteronuclear
alkali-metal diatoms except LiNa and KRb which do not
have a large enough PDM, and thus low DDI [43].
Assuming that the DDI is proportional to the product of
the PDM of the colliding molecules, one can scale it along
the series of species [46] and repeat the same calculations.
We found very similar variations of y shifted toward lower
or larger values of Q. In Table I we see that similar
shielding efficiency (y = 1000) can be obtained for exper-
imentally acceptable laser intensities (except for LiK).
Moreover, being very similar in terms of electronic struc-
ture, these species are all expected to possess a long-lived
electronic b state. Therefore, evaporative cooling appears as
experimentally feasible for all the reported species.

Just like in Refs. [27,28], the present proposal is
formulated in free space. We demonstrate in the
Supplemental Material [46] that a trapping laser and a
static magnetic field with a sufficient magnitude do not alter
the OS. However, most ongoing experiments with dipolar
particles are intended to exemplify anisotropic interactions
when they are exposed to a static electric field. Here an
electric field as weak as about 200 V/cm splits the closely
spaced jy =0+ j, =1 and jy =1+ j, = 0 manifolds
and induces the mixing of sublevels within the same M
subspace. Our preliminary investigation indicates that the
barrier used for OS surely exists for any field intensity due
to the interplay of DDI within these two manifolds. We do
expect a good OS efficiency even in the presence of an

is given by
p) the classical local
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electric field, provided that the OS laser frequency is
properly tuned. For instance, at 1.5 kV/cm, typical of
ongoing experiments, the OS laser frequency could be
changed by about 500 MHz compared to the field-free case.
Further calculations including an electric field will be
implemented in our next work.
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