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Two-photon optical shielding of collisions between ultracold polar molecules
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We propose a method to engineer repulsive long-range interactions between ultracold ground-state
molecules using optical fields, thus preventing short-range collisional losses. It maps the microwave
coupling recently used for collisional shielding onto a two-photon transition, and takes advantage
of optical control techniques. In contrast to one-photon optical shielding [Phys. Rev. Lett. 125,
153202 (2020)], this scheme avoids heating of the molecular gas due to photon scattering. The
proposed protocol, exemplified for 2*Na®*°K, should be applicable to a large class of polar diatomic

molecules.

I. INTRODUCTION

The full understanding and modelling of few-body sys-
tems remains a long-standing challenge in several areas
of science, like for instance in quantum physics. The
possibility to create and manipulate dilute gases at ul-
tracold temperatures, composed of particles with kinetic
energies £ = kT < 1 mK, opened novel opportuni-
ties in this respect. The growing availability of quan-
tum gases of ultracold polar molecules (i.e. possessing a
permanent electric dipole moment (PEDM) in their own
frame) in several labs revealed a very peculiar situation
in the context of few-body physics: at ultracold energies,
two such molecules in their absolute ground level (i.e. in
the lowest rovibrational and hyperfine level of their elec-
tronic ground state) collide with a universal collisional
rate, even if they have no inelastic or reactive energeti-
cally allowed channels, so that they leave the molecular
trap with a short characteristic time. Such a four-body
system, which may look rather simple at first glance, is
not yet fully characterized. It is currently interpreted as
a "sticky” four-body complex [1, 2], with a huge density
of states, for which various statistical models have been
developed [3-5]. However, the experimental observations
reported up to now regarding the molecular loss rates [6—
9] cannot yet be consistently reproduced by these models
[10-13].

Instead of attempting to fully describe this four-body
system, with the aim of identifying the exact cause of
the universal loss rate, one can design protocols where
molecules would simply not reach short distances in the
course of their collision. Several options have been pro-
posed and experimentally demonstrated, based on the
modification of the long-range interaction (LRI) between
molecules using static electric fields [14-18] or microwave
(mw) fields [19-23], in order to ”shield” their collisions.
In a previous paper [24] we proposed an alternative way
to engineer LRIs using a laser with a frequency blue-

detuned from the one of a suitable molecular rovibronic
transition. Such a one-photon optical shielding (1-OS),
inspired from previous works on cold atoms [25, 26], re-
sults in the laser-induced coupling of the attractive col-
lisional entrance channel to a repulsive one, thus pre-
venting the molecules from reaching short distances, and
from creating a sticky complex. One limitation of the
1-OS could be the heating of the molecular quantum gas
due to the continuous scattering of off-resonant photons
of the 1-OS laser.

In this paper we propose a two-photon optical shield-
ing (2-OS) scheme, aiming at overcoming the above lim-
itation, while mapping the case of the microwave (mw)
shielding (Fig.1). As described below, such a scheme
combines the best features of the 1-OS (no restriction
for the field polarization, convenient laser power, tun-
ability, geometrical versatility, broad compatibility) and
mw shielding (no spontaneous emission or photon scat-
tering). The scheme relies on coupling three molecu-
lar states |g1), |¢) and |g2) of the collisional complex,
with R-dependent energies (i.e. the long-range poten-
tial energy curves (PECs) of Fig.1a) via a two-photon
transition from |g1) to |g2) occurring preferentially at
the intermolecular distance R = R (Fig. 1b). In the
dressed state picture (Fig. 2a), this maps the mw shield-
ing scheme [20, 21] onto an effective optical coupling of
the states |g1) and |g2) (i.e. the dressed states).

II. MODEL

A. Interaction Hamiltonian

We consider the Hamiltonian of the molecular pair H!
at a given R, namely, including the PECs in the space-
fixed (SF) frame and ignoring the kinetic energy in this
static point of view, its matrix H!(R) being expressed in
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FIG. 1: Schematic view of the proposed two-photon
optical shielding (energies not to scale). (a) Sketch of
the long-range adiabatic potential energy curves (PECs)
in the space-fixed frame, describing the interaction
between two polar molecules in the lowest vibrational
level vx = 0 and rotational level jx =0 or jx = 2 of
their electronic ground state (X), and a
(vx =0,jx = 0) ground state molecule and a molecule
in an electronically-excited one in state e. The sign at
the asymptotes denotes the total parity (+) or (-) of the
pair states. The photon energies Aiw; and hw, are
represented by the vertical dashed lines, with their
detunings AA and 7. When two X (jx = 0) molecules
collide with an initial energy E.,; in the attractive pair
state |g1), they acquire a kinetic energy Ejp, and
undergo a two-photon transition (solid vertical arrows)
toward the |go) pair state at the Condon point R = R
(with kinetic energy E},, ), via the excited pair state
|g). Due to the R-variation of the potential energies
Twg, , Twg,, and hwg, RA and hd also vary with R. The
|g2) state has a repulsive PEC (R, is the turning point
corresponding to Ej, ).(b) The three-level coupling
scheme at a given intermolecular distance R.
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FIG. 2: (a) The PECs of Fig.1 (a) in the dressed-state
framework involving the states |§1) and |g2): Rc is the
crossing point between the attractive and repulsive
PECs, resulting from the effective detuning Aqg (see
text) at infinity. (b) The effective two-level scheme after
applying the unitary transformation and the adiabatic
elimination on the Hamiltonian (see text) at a given R.

the (|g1), |g2), |q)) basis (see Fig. 1)

wg, (R) 0 Q4 (R) coswyt
HY'(R)=h 0 wg, (R) Q2(R) cos wat
01 (R) coswit a(R) coswat wq(R)

(1)
where Awg, (R), Tuwg,(R), hwy(R) are the PECs of |g1),
lg2), |q), respectively, and hw; and 4 (R) (resp. hiws and
Q5(R)) the energy and Rabi frequency of laser 1 (resp.
laser 2) defined as:

Qi(R)/(2m)(MHz) = 35.12x\/I;(W/cm?) X dg,4(R)(ea)

(2)
with ¢ = 1 or 2, I; the intensity of laser ¢, and dg,,(R)
the transition dipole moment between state g; and q. Fol-
lowing a standard approach for the treatment of a three-
level system [27], we apply a unitary transformation

dU - JSPNDA S
ihEU*1 + UH'U™? that makes H' time-independent

by working in the so-called rotating frame, with

R e—iwlt 0 0
U= 0 eto]. (3)
0 0 1

After neglecting the rapidly varying terms using the ro-
tating wave approximation, we obtain the new Hamilto-
nian matrix H!(R) written in the basis of the dressed

states (|g1), [g2), |4))

] 0 0 Qu(R)/2
H'(R)=h 0 §(R)  Q2(R)/2 ,
2 (R)/2 Q2(R)/2 A(R)
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where A(R) = [wg(R) — wg, (R)] — wy is the detuning
of the laser coupling the initial state |g1) to the in-
termediate electronically excited state |g), and J(R) =
[wg, (R) — wg, (R)] — (w1 — we) (Fig. 1). By convention,
we define red detuning as A(R),d(R) > 0. The R depen-
dence of the detunings originates from the R-dependent
dipole-dipole interaction (DDI) between the molecules,
determining their long-range PECs. Additionally, as R
varies, the state composition also varies as shown later
on in Appendix VIC, which results in a R dependency
on the Rabi frequency. In the following, we thus define
Q=01 (R — 00), Q2=0s(R — 00), A=A(R — 00) and
d=6(R — o).

B. Adiabatic elimination

When A(R) is much larger than Q4(R) and Qa(R),
and the radiative decay rate Ty of |¢), H'(R) can be
reduced, by adiabatic elimination of the |G) state [28],
to the matrix H;(R) of an effective two-level system
expressed in the (|g1),]g2)) basis,

0 —Qeu(R)/2
Hyg(R) = h(_QeH(R)/Z Aef;((R))/ )|g1>,§2>7 °
where
Qe (R) = 91(212)332)(1%)’ ©
and

O1(R) — 95(R)

Aeff(R) = 6(R) + 4A(R)

(7)

This scheme is equivalent to the mw shielding (Fig. 2),
with an important difference: the initial and final states
have the same total parity, so that the channels relevant
for 2-OS will be different from those of the mw shielding.
Nonetheless, the same requirement still holds: identify-
ing a channel with a repulsive PEC which could be cou-
pled to the entrance channel via a two-photon transition.
Moreover, it is worth noting that there is no intrinsic lim-
itation on the magnitude of A.g, which could be taken
arbitrarily large, as long as it does not reach the next
rotational level.

If we now set 6(R) = 0 at a given distance, the Ra-
man resonance is achieved so that one of the eigen-
vectors of the Hamiltonian in Eq. 4 is a dark state,
Waark) = [(R)G) — Q0 (R)[32)] /R (R) + B(R),
ensuring that the excited state |¢) is not populated at
this distance, thus exactly cancelling spontaneous emis-
sion and photon scattering. Two options can be consid-
ered:

(i) § = 0 for R — oco: the individual molecules are
then protected against photon scattering, so the
ultracold molecular sample in the trap will not be
heated while applying the 2-OS scheme (Fig.2a);

(ii) 0(Rc) = 0: the molecular pair is less protected
against photon scattering while the 2-OS is indeed
active at the crossing point between the PECs of
the two dressed channels.

At ultracold temperatures, the molecules spend most
of their time at very large distances. As argued in [24],
the shielding dynamics proceeds with a characteristic
time shorter than the radiative lifetime of a suitable |g)
state. Therefore, option (i) is preferable in most exper-
imental realizations. We thus assume 6 = 0, while the
variation of the detunings A(R), 6(R), and A.g(R) for
the realistic case described below are detailed in appendix
VIB. To ensure a crossing between |§1) and |gz) and that
the population distribution of the dark state at R — oo
is predominantly in |g1), which is the case for Qs > 4,
we chose A > 0 and Az < 0.

C. Basis set and selection rules

In the presence of an external field, the molecu-
lar states [g1), |g2) and |g) of the pair of identical
molecules are appropriately described in the SF frame,
and expanded over the basis set of symmetrized vectors
|[£iaji7pi7gkajkapk]ajikagv Ja M>7 where gia ji7 Di (resp.
&k, Jk, Pk) are the quantum numbers for the electronic
state, the rotational state, and the parity Q'f molecule 1
(resp. molecule 2). The angular momenta j; and j; are
first coupled to yield j;k with the quantum number j;,
which is then coupled to the relative angular momentum

—

¢ (thus the partial wave £) to build up the total angular

momentum J with quantum number J and projection M
on the field polarization axis (z axis of the SF frame). We
assume that the molecules occupy the lowest vibrational
level v; = vy, = 0 of their electronic state, and this label
will be omitted in the rest of the paper.

The potential energy operator includes the dominant
DDI, which couples basis vectors satisfying & = &,
|AGil = i —dil = 1, pip; = =1, & = &, |Ajk] =
lik—Jrl =1, pip), = —1, and |Al] = [{—¢'| = 0,2 [29]. All
higher order multipolar interactions are neglected. The
diagonalization of this operator yields the PECs schema-
tized in Fig.1a associated with the eigenvectors |g1), |g2)
and |¢), and detailed in section IIT A. When the shielding
lasers are present, they impose selection rules for the one-
photon transitions |g1) — |g), |¢) — |g2), resulting from
those on the basis vectors themselves, and depending on
the laser polarization. At large distances, the Coriolis
effect is small, leaving ¢ unaffected by the lasers. We as-
sume that the collision energy is small enough to proceed
in the s-wave regime (£ = 0). The selection rules are:

e Circular polarization (o): Af = 0, AJ = 0=+ 1,
AM = +1 (%), or AM = —1 (67), and for the
quantum numbers of the individual molecules, £, #

s |Ajal =1, pap, = —1, applying for a =i or k,
but not both simultaneously.



e Linear polarization (w): Al = 0, AJ = =+1,
AM = 0, and for the quantum numbers of the indi-
vidual molecules, &, # &, |Aja| = 1, papl, = —1,
applying for o = 7 or k, but not both simultane-
ously.

III. APPLICATION TO BOSONIC NaK

We apply this proposal to 23Na3?K bosonic molecules
in the lowest vx = 0,jx = 0 rovibrational level of their
electronic ground state X'XF (noted X in short after-
wards).The molecular hyperfine structure is small [30]
and not considered here. In general, the experiments are
performed in the presence of an external magnetic field
imposed by the location of a Feshbach resonance used
to create the ground-state molecules. According to the
supplementary material of Ref. [20], the magnetic field
above which the hyperfine structure could be neglected
is generally small enough for most alkali-metal diatomic
species, opening the possibility to choose a suitable Fes-
hbach resonance. We formulate the 2-OS by relying on
the lowest excited electronic state of 23Na3?K (the b*IIy
state, noted b afterwards), as in [24]: the bottom of the
b PEC lies below all PECs dissociating to the first ex-
cited dissociation limit Na(3s)+K(4p), so that the two-
photon transition could be implemented with a detuning
A from the lowest vibrational level v, = 0. The b state is
weakly coupled to the excited A'YT state via spin-orbit
interaction (referred to as the A/b system afterwards),
yielding a pair of electronic states with Q = 0% symme-
try, 2 being the projection of the total electronic angular
momentum on the 2Na3%K molecular axis. The transi-
tion X <« (A/b) is thus dipole-allowed through the A
component of the lowest 0% state of the A/b system, re-
sulting in a transition electric dipole moment (TEDM)
of 0.0456 a.u. (or 0.116 Debye) [24] for the vx = 0 <>
vp = 0 transition.

A. Long-range potential energy curves

The long-range potential energy curves (LR-PECs) are
calculated in the SF frame following the same procedure
as in [24, 31]. They include the dominant DDI at first or-
der of perturbation, while the second-order van der Waals
terms varying as R~%, which results from the presence of
the electronically excited states inducing an additional
instantaneous small dipole to the system are neglected.
We use the same parameters as those reported in [24]
NaK: the permanent electric dipole moments (PEDMs)
d% = 1.095 a.u. and dj = 1.220 a.u, and the rotational
constants BY = 0.0950 cm ™! and BY = 0.0951 cm ™! for
the X1 (vx = 0) and b®Iy(vp, = 0) levels, respectively,
the transition electric dipole moment between these two
levels d%.,, = 0.0456 a.u. (all quantities in the body-
fixed (BF) frame, and with 1 a.u.=2.541 580 59 Debye).

Due to the bosonic character of 23Na??K, only even

partial waves £ = 0,2 are considered when the two
molecules are in the vx = 0,jx = 0 state, i.e., in the
entrance channel with J = 0,2. We include in our calcu-
lations for two ground state molecules colliding with jx
and j% even partial waves up to £ = 8 to describe states
with 7;, 7k = 0,1,2,3,4, with total angular momentum
up to J = 0,1,2. This yields 22, 33, and 61 basis vec-
tors |§iajivpi7 gkvjkvpk»jika ‘gv Jv M> for J = 07 ]-7 27 respec-
tively. As ¢ is conserved in our approach, and because the
DDI couples states satisfying A¢ = 0,2, we consider the
same range of variation for the quantum numbers when a
ground state molecule in a |X,vx = 0,jx) state collides
with another one in a |b,vg+ = 0, j,) state. The size of
the basis set is now 119 and 190, for J = 1 and J = 2,
respectively.

The LR-PECs for two molecules in vx = 0, or one
molecule in vy = 0 interacting with another one in v, =
0, are displayed in Fig.3 and Fig.4, respectively. We note
in Fig.4 the quasi-degeneracy of the two limits X (jx =
1) + b(jp = 0) and X(jx = 0) + b(jp = 1) resulting
from the almost equal rotational constant of the vx =0
and v, = 0 levels. This induces a strong mixing between
the states correlated to these asymptotes. This pattern is
actually present in all heteronuclear alkali-metal diatomic
molecules [24]. Note that the lowest dissociation limit
jx = 0+ j, = 0 is not appropriate for our 2-OS scheme
as it possesses only a J = 0, 2 manifold of states and thus
would not be coupled by light to the entrance channel.

B. Mapping the MW-S

In order to map the mw shielding scheme, we build the
2-0S scheme by choosing the |g2) state among the molec-
ular pair states correlated to the [jx = 0 + jx = 2],
which exhibits several repulsive LR-PECs (the A’, B’ and
C’ curves in Fig. 5).The components of these adiabatic
states associated with the three repulsive LR-PECs A’
B’, C’ (for J = 2), are reported in Table III of appendix
VIC, expressed on a basis set limited to 15 vectors.Note
that these curves varies as Cg/R® with "giant” Cg co-
efficients, with magnitude of about —10%a.u. for the A’
curve, and a few —10%a.u. for the B’ curve (see for in-
stance Refs. [29, 32, 33]). In the entrance channel we
calculated the LR-PECs for J = 0,2. The J = 2 curve is
entirely determined by the centrifugal barrier £ = 2 with
a height of about kg x 63.26 ©K, much higher than the
typical collision energy in ongoing cold molecule experi-
ments (E.;/kp of a few hundreds of nK). We thus only
considered the channel J = 0 as |g1), composed of a single
basis vector. To comply with the selection rules, the |g)
state is taken from the set of adiabatic states correlated
to the [jx = 044, = 1]7) and [jx = 1+, = 0]7) quasi-
degenerate dissociation limits. The adiabatic states, and
the related PECs, are obtained from the diagonalization
of the DDI in the basis sets above for every intermolecular
(large) distance R. The coupling of the adiabatic states
by the OS lasers is determined by the non-zero matrix
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FIG. 3: Adiabatic long-range potential energy curves of
two 22Na? K molecules in the vy = 0 level of their
electronic X!¥1, for the lowest combinations of internal
rotational states jx, and for J = 0,2 with M = 0.

elements of the X < b TEDM between basis vectors
fulfilling the selection rules. After eliminating the inter-
mediate |¢) state, the 2-OS scheme results in a crossing
point R¢ between an attractive entrance PEC and a re-
pulsive rotationally excited one, corresponding to a given
value of the effective detuning Aeg.

We illustrate the selected LR-PECs for the 2-OS of
collisions between two ground state 23Na?°K molecules
in Fig.5a. Assuming an adiabatic connection of |g1), |g2)
and |g) to their dissociation limit, the 2-photon transition
can be labeled as [g1)[jx = 0+ jx = 0]'") — [g)[jx =
04y = 1)) = |g2)ix = 04 jx = 2]V, After in-
vestigating the composition of all the adiabatic states on
the above basis set and by taking into account the selec-
tion rules, we can characterize an efficient scheme with
a pair of o polarized photons connecting the appropriate
components (listed in Table I for Asg = —70 MHz) of
|g1) to those of the T and K excited states, and in turn to
those of the A’, B’, and C’ repulsive states (Fig.5a). In
appendix VIC, we display a similar table for other values
of Acg (or Re values), showing that the variation in R of
the composition of the adiabatic states is weak enough to
keep the same character at all distances larger than R¢.
Equivalently, a pair of 7w polarized photons can be used
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FIG. 4: Adiabatic long-range potential energy curves of
two 23Na??K molecules, one in vx = 0, and the other in
the level v, = 0 of the b3II, state, for the lowest
combinations of internal rotational states jx and jp,
and for J = 1,2 with M = 1, due to our choice of
polarization (o) for the OS lasers. Note that the J =0
states are not visible as we chose M = 1. As the
molecules are in different states, all curves correspond
to degenerate states of + and - parity.

| State [|[&, Ji, pi, &k, Jk Pr), Jik, £, J, M) [Component |

lg1) [[X,0,1,X,0,1],0,0,0,0) 99.95%
) (D) [[X,0,1,b,1 —1],1 0,1,1) 33.06%
|9} (K) | |[X,0,1,b,1,—1],1,0,1,1) 16.74%
g2) (&) X,0,1, X,2,1],2,0,2,0) 10.90%
g2)(B) X,0,1,X,2,1],2,0,2,0) 9.89%
g2)(C) X,0,1,X,2,1],2,0,2,0) 78.88%

TABLE I: The components (in %) of the |g1), |g2) and
lg) adiabatic states which fulfill the selection rules for
the two-photon transition in ¢ polarization at
Ro =~ 240 a.u., assuming A.g = —70 MHz.

as it also fulfills the selection rules, with the appropriate
change of angular factors.

By comparing panels (a) and (b) in Fig. 5, we real-
ize that our 2-OS scheme nicely maps onto the one-mw-
photon shielding approach proposed in [20, 21] based on
the mw transition jx = 0 — jx = 1, and observed
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FIG. 5: (a) The two-optical-photon dressed PECs for
two ground state 22Na3°K molecules in R¢ ~ 240 a.u.,
(or Aegg = —70 MHz). (b) The one-mw-photon dressed
PECs for the same detuning of A, = —70 MHz
following [20].

experimentally with 23Na?’K molecules with A, =
—2m x 8 MHz and Quw = 27 x 11 MHz [19]. Choos-
ing here the same values for A.g and Qeg, €1 and
Q5 can be evaluated for different values of A and ¢ as
QQ = 2AQeﬁ/Ql and

0 = \/ﬂ\/(Aeﬁ —0)+ \/(Aeff — 82+ 0% (8)

IV. DISCUSSION AND CONCLUSION

The working principle of 2-OS and its mapping onto
MW-S is best explained by the “cleanest” coupling of
the (weakly dipole-allowed) X-b transition: the b state
is the lowest electronic state accessible via a dipole-
allowed transition, leading to the most isolated, or clos-
est to the idealized 3-level scheme. Considering the
weak TEDM of the quasi-forbidden one-photon transi-
tion vy = 0 — wvp+) = 0, the range of €y and €y
values varying with A (with 6 = 0) displayed in Fig.6),
leads to quite large laser intensities. However, as the
Raman condition § = 0 is fulfilled at infinity (i.e. for
individual molecules), one can significantly reduce the
value of A without hampering the efficiency of the 2-OS
scheme. Moreover, as the proposed scheme can be gen-
eralized to any intermediate state |G), excited electronic
states with large TEDM can be readily used, allowing for
moderate laser intensities I; and I,. For example, cou-
pling via the A'S7T state in 22Na3?K yields the desired
Qe /(2m) ~ 10 MHz with an estimated Iy (>> I;) on the
order of 10* W/cm? for Q;/Qy ~ 1072, and a loss prob-
ability due to off-resonant scattering below 10~6 per col-
lision. Note that the two-photon coupling scheme allows

using a common laser source in combination with fre-
quency modulation for driving both optical transitions.
Thus, the optical phase noise is common mode and the
overall phase stability is determined by the purity of the
microwave modulation source. Therefore, we expect that
the proposed scheme could be successfully implemented
in a forthcoming experiment, helped by full dynamical
calculations extending those of Ref. [24] to the 2-OS
case.
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FIG. 6: The one-photon Rabi frequency (a) £ /27 and
(b) Q2/27 as functions of the one-photon detuning
A/2m, with § =0, Qeg/2m = 11 MHz and
Acg/2m = —8 MHz, identical to the experimental values
of [19] for the mw shielding.

In summary, we have proposed a new scheme for shield-
ing of inelastic and reactive short-range collisions based
on two-photon transitions. It allows taking advantage of
optically driven transitions including insensitivity to po-
larization and flexibility in the choice of electronic states,
while suppressing undesired off-resonant photon scatter-
ing which was present in the previously proposed 1-OS.
Our method is applicable to a broad range of bialkali
molecules, with expected efficiencies comparable to the
previously demonstrated mw shielding scheme. Our re-
sults may be of importance in experiments where colli-
sional losses in general pose a major limitation to the
achievable lifetimes and densities of ultracold molecular
gases.
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VI. APPENDICES
A. Variation of the Rabi frequencies for the 2-OS

In Fig.7 we present a generalization of Fig.6, showing
the variation of the individual Rabi frequencies (a) €4
and (b) Q9 as functions of A and J, for fixed values of
Qe and Acg. We see that the variation with § is smooth,
so that the experimental realization of the 2-OS could
consider some flexibility on §, with a possible compromise
between the 2-OS efficiency versus the full cancellation
of the photon scattering rate.
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FIG. 7: The one-photon Rabi frequency (a) §23 /27 and
(b) Qy/27 as functions of the one-photon detuning
A/27, and of §/2m, with Qeg/2m = 11 MHz and
Acg/2m = —8 MHz, identical to the experimental values
of [19] for the mw shielding.

B. Variation of the detunings characterizing the
2-08

In Section IT A, we exposed the reasons for the depen-
dence of the detunings A, §, and A.g on the intermolecu-
lar distance R, i.e., as the collision between the molecules
develops. These variations are displayed in Fig. 8 when
the Raman condition 6 = 0 is fulfilled at infinity, thus for
individual molecules (case (i) in Section II B). We see that
the R variation of the PEC of the |¢) states, and thus of
A(R), does not affect the behaviour of the 2-OS: namely,
the variations of A.g and § remain weak for R > R¢,
and the magnitude of A dominates the process for all
distances. In other words, the conditions for adiabatic
elimination remain fulfilled at all relevant distances.

450 W
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C. Variation of the adiabatic states composition for
the 2-0OS

In Table II, we report, for several crossing distances
Re - or effective detunings Aeg-, the largest compo-
nents of the I and K excited states that can be cou-
pled to the entrance channel, and the largest compo-
nents of the A’, B’, and C’ states that can be coupled
to those I and K components. We see that the varia-
tion of the composition of the adiabatic states is smooth
over a broad range of distances, yielding flexibility to the
choice of laser frequencies and intensities which, for a con-
stant target shielding efficiency(Qeg/2m = 11 MHz and
Aeg/2m = —8 MHz), allows balancing between an opti-
mal suppression of residual off-resonant scattering and a
favorable composition of the dark state (that is, minimiz-
ing the [X(jx = 0) + X(jx = 2))] component).

We also present in tables III and IV the full compo-
sition of the adiabatic states at a Condon point Rc =
167.9a.u.  corresponding to an effective detuning of
Acg = —500 MHz.
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FIG. 8: Variation of A(R), Aeg(R) and §(R) with the
intermolecular distance R, fixing A = 2.5 GHz and
0 =0 for R — oo (case (i) in the main text), and
Acg = —70 MHz. The dashed blue line locates the
crossing point R ~ 240 a.u. between the dressed
scattering channels, where A.g(Rc) = 0. The dashed
black line shows the value of A(R.) = 2.09 GHz.
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