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We propose a mechanism to realize high-yield molecular formation from ultracold atoms. Atom pairs are
continuously excited by a laser, and a collective decay into the molecular ground state is induced by a
coupling to a lossy cavity mode. Using a combination of analytical and numerical techniques, we
demonstrate that the molecular yield can be improved by simply increasing the number of atoms, and can
overcome efficiencies of state-of-the-art association schemes. We discuss realistic experimental setups for
diatomic polar and nonpolar molecules, opening up collective light matter interactions as a tool for
quantum state engineering, enhanced molecule formation, collective dynamics, and cavity mediated

chemistry.
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There is considerable interest in preparing and manipu-
lating ultracold ensembles of molecules for quantum
simulations, metrology, and the study of chemical reactions
in the ultracold regime [1-5]. Diatomic molecules in their
electronic and rovibrational ground state are routinely
produced using the coherent stimulated Raman adiabatic
passage (STIRAP) technique [6-10]. Alternatively, con-
tinuous formation of ground state molecules can be realized
by photoassociation via a weakly bound excited molecular
state [11-16]. While more sophisticated methods such as
photoassociation followed by pulsed population transfer
[17] or repumping of vibrationally excited molecules
[18,19] have been experimentally demonstrated, efficien-
cies of ground state molecular formation are usually lower
than those achieved with STIRAP and without rotational
state selectivity. It has recently been proposed that these
efficiencies can be increased by strengthening light-
molecule coupling rates to ground-state transitions using
a cavity [20] or a photonic waveguide [21]. Common to all
these schemes is the use of formation processes based on
single molecules.

Here, we propose a mechanism to exploit collective
effects to perform continuous high-yield molecular for-
mation from ultracold atoms in a cavity. Our scheme is
based on photoassociation to a collective excited bound
state followed by superradiant-type decay induced by the
cavity to the molecular ground state. We consider the
regime of large dissipation with negligible number of
cavity photons and electronic excitations, and derive an
effective master equation for the internal dynamics of N
atom pairs. We show that (i) a continuous laser gives rise
to enhancement of the fraction of ground state molecules
N /N ~[1 —1log(N)/(NC)] approaching 1, with NC the
collective cooperativity; and (ii) a chirped laser pulse that
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matches the time-varying excited molecular polar-
iton energies can lead to a final molecular yield
Ny /N ~1—T/k, with I" the excited state linewidth and
Kk the cavity linewidth. The two schemes are most useful
for weak and strong cavity couplings, respectively, for
which we provide concrete examples. With scheme
(i) collective effects always increase the molecular yields
at the cost of decreased transfer rates. In contrast, scheme
(i1) cannot be directly compared to the single particle
scenario with a cavity, but always has higher yields than
single-particle photoassociation without a cavity. Both
schemes can serve as alternatives to STIRAP that relax the
requirement for expensive, narrow linewidth, phase-
coherent lasers [22], and offer a natural way to contin-
uously populate a molecular lattice coupled to a cavity.
More broadly, this work exemplifies the opportunities for
state engineering using collective effects in the presence
of strong dissipation.

We consider a setup consisting of N identical pairs of
atoms and a single mode cavity. The external dynamics of
each pair is assumed to be frozen, e.g., by confining to an
optical lattice potential. We model each atom pair as a
four-level system with states |i),,le),,|9),, and |x),,
1 < n < N. The first three states correspond to a two-atom
initial state (e.g., a low-energy scattering state or preformed
Feshbach molecular bound state), a molecular excited state,
and the absolute electronic and rovibrational molecular
ground state, respectively [see Fig. 1(b)]. The fourth level
|x), represents a set of arbitrary excited molecular (e.g.,
vibrationally or rotationally excited) or free particle states,
whose population we want to avoid. The dynamics of the
system’s density matrix p is governed by the master
equation 0,p = —i[H,p|+ Dp, with H=H,, + Hc +
I:IO the system Hamiltonian and (72 = 1)
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FIG. 1. Basic setup for collective dissipative molecule forma-
tion. (a) Feshbach molecules are trapped in a lattice inside a
cavity and brought into deeply bound states by photoassociation.
An angle 0 between the lattice laser beams and the cavity (z) axis
ensures mode matching. (b) Scheme of energy levels and their
coupling for a single molecule. For RbCs the potential energy
curves can be identified with the ground state potential X'X+
(continuous line; dissociates to Ss + 6s), triplet ground state
potential >t (dash-dotted line; dissociates to 5s + 6s) and
excited state potential (A'Z* — H*IT)0* (dashed line; dissociates
to 55 + 6p). A molecule prepared in a Feshbach state |i) is laser
excited (coupling strength Q, detuning A) into the excited state
|e), which can decay back into |i), the rovibrational ground state
|g) or any other state (bound or not), here collectively called |x).
(c) Energy levels of a single molecule after adiabatic elimination
of the cavity and excited state with decay rates {, (@ = k, i, x, g).
(d) Evolution of the target ground state molecular fraction N,/N
as a function of rescaled time 7 (see text), for different 1 <N <
10° (log scale). The red dashed line in the inset indicates the
results without cavity.

Hip= Q\/N(Sie + Sei)? (1)
He = gVN(a'S,, + 8,,0). (2)

Here, A, , and A represent the coupling of the transition
dipole moments of the transitions |i), <> |e), and |e), <>
|9), to the laser and cavity fields with Rabi frequency Q
and vacuum Rabi frequency ¢, respectively. S(,/,» =
> b, () 5/ VN are collective operators that couple the
1nterna1 states of each pair n via 0((, 5= B, (a.p=1i,
e, g, X). H is defined in a rotating frame [23] with the
detunlngs of the laser and the cavity, A = w;, — w; and
0=wc— a)g,, respectlvely These are included in
Hy = AN, +5a a, where N, = =>, aaa) are total state
populations, a is the cavity photon annihilation operator,
and w;, wc, and w,; are the frequencies of the laser, the
cavity, and the transitions, respectively.
Dissipative terms are described by the superoperator

N

Dp = L[L Z

n=1

S+ LIE e 3)

with 3N + 1 decay channels, each governed by a Lindblad
term L[L]p = —{L'L,p} + 2L p L'. Here we include cav-
ity decay with rate 2, L, = /&, and spontaneous
emlss10n from the excited state |e),, for each pair n, L,"
\/ﬁaae with rates 2y, for a =i, g, x. We define I' =
> a7« and the complex detunings A=A —il" and
6 =0—ix.

In the regime of strong dissipation, both the excited
states and the cavity mode are weakly populated (N, +
a'a)y <1 and can be adiabatically eliminated [23,31].
Then, the dynamics reduces to an effective master equation
for the sub-systems {[i),,|9),.|x),} [see Fig. 1(c)]. We
find that the new effective Lindblad operators read

L = \/’Txgggi [:Zé "= \//1{1( EA 5z(x % Sei)- (4)

The terms L5 and 2" in Eq. (4) result from a virtual

excitation of the states |e), being lost via the cavity or via
spontaneous emission, respectively. Here, A, = Q%k/g’

and 47 = Q?y,/A? are the respective rates, while &=

VN (N,g* — A5)~" is a collective dimensionless operator
stemming from the excited state propagator, which captures
the effects of virtually excited superradiant states [in
the weak light-matter coupling regime (N, + 1)g* <
(x =T)2/4] or virtually excited polaritons [in the strong
coupling regime (N, + 1)g* > (x —I')?/4]. Thus, Eq. (4)
gives rise to collective, dissipative, and unidirectional
population transfer from the states |i), to the desired
molecular bound states |g), and the loss states |x), [see
Fig. 1(c)], with rates that depend on the many-body state
via §S
We find a new effective Hamiltonian

ey

Q2 . & 5t
off = _ﬁ (N, + \/ﬁsiggsgi) +H.c. (5)

The first term —Q2N,/(2A) in Eq. (5) corresponds to the
usual ac Stark shift for a small coupling Q. The second term
corresponds to the self energy due to a molecule being
virtually excited by the laser and exchanging this excitation
with the cavity. Since [N, H.] = 0, H g cannot drive any
coherent population transfer and thus we find that all
interesting dynamics is driven by dissipation. In the
following, we simulate the effective equations of motion
first on bare resonance A = § = 0, then on resonance with
a (virtual) polariton.

Numerically, the master equation evolution with terms
from Egs. (4) and (5) can be efficiently simulated by
exploiting the permutation symmetry among the N three
level systems, which allows for utilizing a collective spin
basis [32]. In practice we furthermore employ a quantum
trajectory method [23,32,33]. In the numerical simulations,
the initial state is the product ®|i),,.

n
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For A =0, we choose typical parameters for RbCs
as measured in Ref. [34] [see also Fig. 1(b) and
Ref. [23]]. We consider up to N = 10 molecules trapped
in a three-dimensional optical lattice created by a laser with
wavelength A, = 1064.5 nm. Two lattice beams are
placed at angles £6 (6 = arccos|dj,y/(24¢,)] = 57°) with
respect to the cavity axis in order to match a desired cavity
mode [Fig. 1(a) and below]. The excited state has a half
linewidth I'/2z = 2.65 MHz. The branching ratios f, =
va/T for the decay from |e) into the states |x), |g), and [i)
are f,~0999, f,=13x107, and f; =13x107%
respectively, such that photoassociation without a cavity
leads to a maximal asymptotic value of ((N g)/ N)
(t > 00) = (Ny/N)(t > 00) =NF/N = f/(fy + [x)~
1.3 x 1073, The photoassociation laser (wavelength of
Apa = 1557 nm) has a Rabi frequency Q/2z =70 kHz
in the weak coupling regime. We assume a cavity of length
L = 280 um, free spectral range ¢/2L = 535 GHz, mode
waist wg = 12 um, and half linewidth x/27z = 5.4 MHz,
which is tuned in resonance with the A, =977 nm
transition |e) <> |g), resulting in a peak vacuum Rabi
frequency g/2n = dg\/ f j0,4./2hEyV /2 = 770 kHz with
the mode volume V = zw}L /4 and the electronic transition
dipole moment d,; = 0.1 a.u. [34]. We assume the temper-
ature to be small enough so that all molecules are in the
lowest lattice band. For a typical lattice depth of E, =
48ER [7], with ER = (2ﬂfl//11att)2/(2mRsz) the recoil
energy, this implies 7 <« 400 nK, but even for higher
temperatures the scheme may be beneficial [23].

For A =6=0, we find H.; =0 and the dynamics is
governed by dissipative Lindblad terms only, with
&=+/NC(1+N,C)~'. Figure 1(d) shows exemplary
results for the time evolution of the molecular ground state
fraction N,/N as a function of N, with 1 <N < 10° in
units of the characteristic time scale 7 = 'Q~2. For N = 1
the figure shows that the presence of a cavity (here
C~0.04) induces an enhancement of N{°/N from
~0.1% (no cavity, dashed red line) to ~4%, due to
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FIG. 2. On bare resonance: (a) Contour plot of the final
population fraction in the loss state |x), N/N, as a function
of the number N of molecules in the cavity and the single
molecule cooperativity C. (b) Contour plot of the time Tn needed
to transfer half of the population away from the state |i) in
7 =TQ™2. All axes are logarithmic.

increased state selectivity [20]. Strikingly, with increasing
N, we observe an enhancement towards N¢° /N — 1, at the
cost of an increased transfer time. Figure 2(a) is a contour
plot of the long-time population fraction N°/N in the loss
state |x) as a function of N and C. The plot shows that, for
increasing collective cooperativity NC, N/N rapidly
decreases from its bare (no-cavity) value ~1 towards O
[upper right corner in Fig. 2(a)].

To gain further insight, we obtain an analytical solution
of the dynamics in the limit of large collective
cooperativity NC > 1 and large but finite ground state
molecule number N, > 1. In the quantum trajectories
picture, the decay rate of a state |y) is given by
(p| =23 LisLe|w). With these assumptions, we can
restrict the discussion to the symmetric Dicke states,
assume (N, + 1)C> 1, and neglect fluctuations by
approximating operators by their expectation values
N, = (N,). We then obtain the following rates for the
decays via the different channels [23]

N;

2
2L L) ~ m = (rs (6)
2f, N,
2Z<Leff( )TLeTf >N ;}: m C (7)

For (N, + 1)C > 1, the cavity-decay dominates, {, > {,.
Dynamics is then governed by the nonlinear rate equations
N;=-(; _Cg_z:lc’ N,=¢,, and Ng = é:g_"z:/o for
which we provide analytical solutions in Ref. [23] for
the time dependence of the populations, N, (). For large
N;", we find for the loss state fraction

N®  fiIn(N)Nc>oo
R 0, 8
N~ N T ®)
demonstrating a collective improvement over the single
molecule result f,/(C + 1) of Ref. [20]. The half time

T, = N/ : v dN;/ N for population transfer out of state |i)
is well approx1mated by

T, ~NCr. (9)

This scaling is observed as straight contours for large NC in
the numerical simulations of Fig. 2(b). The demonstration of
increased molecular yield in the ground state due to
collective dissipative effects, at the cost of decreased transfer
rates, is one of the central results of this work.

We find that the slowdown of T| in Eq. (9) is due to terms
« 1/[(N,+1)C] in Egs. (6) and (7), caused by Zeno
blocking of the virtually excited superradiant states and
detuning from the virtually excited polaritons. The latter
usually dominates and is captured by Fig. 3(a), which is a
contour plot of N; as a function of N, and A, with § =
For A = 0, the figure shows that N decreases rapidly Wlth
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FIG. 3. Chirped pulse: (a) Contour plot of the decay rate of
Feshbach molecules N, (in units 7~!, for symmetric Dicke states),
as a function of the laser detuning and the number of ground state
molecules. The cavity is kept at resonance with the transition
energy (6 = A). (b) Simulated time evolution of the ground state
population for different cavity decay rates k. The parameters are
chosen for 10> Rb, molecules inside a cavity [13,20], i.e.,
I'/2n = 6 MHz and ¢/27 ~ 50 MHz. Dashed lines: analytical
fits of Egs. (13) and (14).

increasing N,. The rate N; is instead maximized for an
optimal choice of detuning,

1'*2 2 1/2
Afpt::t[max<0,(Ng+l)gz— ;KH . (10)

This reflects the formation of two polaritons with energy
E* ~ Ag, for large enough N, % (I +«%)/2¢%. To cir-
cumvent the slowdown, we propose to chirp the laser
detuning to stay resonant with the polariton energy, which
depends on the (time dependent) ground state population
N ,(t). This adjustment can be adiabatic since the dynamics
of N,(1) is slow compared to I [O(Q*/I')], and thus it is
sufficient to consider a time dependent A(f) and &(¢) =
A(?) in Egs. (4) and (5).

For g<x+I'< /N, + lg, the decay rates of the
different channels assume the simple form [23,35]

ot o 2Q%k
Kt Fr \ ~ _
2(Lege L) ~mNi = (, (11)
2
ra(n)ipaln)y o 22Va o
ZZn:<chf Loz ") NmNi = (o (12)
and the rate equations N i gx above are solved as
N;(t 2Q%(k 4y, + 7o)t
M) _ g [ 2 A brl) g
N (k+T)

These results are formally similar to those of Ref. [21] for a
single molecule coupled to a photon waveguide, however,
here the cavity decay rate x is fully tunable. We note

that while collective effects are present in the polariton
formation, the final rate is independent of N [36]. For
K> y,, the ground state population approaches N as
NP /N ~1—y,/x, at the cost of an increasing timescale
~k/Q?, due to the continuous Zeno effect [37].

Figure 3(b) shows a comparison of numerical and
analytical results (continuous and dashed lines, respec-
tively) for the increase of N,/N as a function of time ¢, for
different values of x. We find good agreement for large
values of 7/7 and kr in the regime of validity of Egs. (13)
and (14), as expected. In addition to this dynamics, a few
molecules are trapped in so-called “dark states” |d) that
cannot decay via the cavity (L%;|d) = 0). This minor effect
is caused by the breaking of permutation symmetry through
spontaneous emission [23,38,39], and responsible for a
time delay in reaching the asymptotic N¢°, as magnified in
the inset of Fig. 3(b).

Whether higher molecular yields are reached by staying
on bare resonance or chirping the laser depends on what
limits state selectivity. If transfer times are not a concern,
staying on bare resonance is usually best, as we estimate
N®(chirp) > N®(bare) for Ng*/[x*In(N)] > 1 [23].
If instead transfer times are a concern, due, e.g., to
background gas collisions, then the chirped scheme
may be better, as for a given 7) we find NY° (bare) ~
In(N)N{ (chirp) [23]. These behaviors, derived for
identical cavity coupling strengths g,, hold also
approximately for moderately varying g, due to, e.g,
inhomogeneity of the cavity mode, lattice geometry or
thermal motion [23].

For N = 10* RbCs Feshbach molecules (see parameters
above), the system is closer to the first scenario and we find
that staying on bare resonance (A = 0) provides the highest
yield. For a reasonable 1/e¢ lattice lifetime of 1 s, we obtain
a peak ground state population N,/N = 92% after 55 ms
with a transfer half time T% ~ 3.2 ms (98% for infinite
lattice lifetime). These results are essentially unchanged by
considering locally different coupling constants g, =
9(x,) = gexp[=(x; + yi) /@] c08(222, /deg), due to the
finite cavity mode waist @, and the different lattice
positions, with z, (x,, y,) oriented along the cavity axis
(in the perpendicular planes) [see Fig. 1(a)]. For example,
for a 20 x 20 x 25 lattice at angle § = 57° and assuming
perfect matching of lattice and cavity modes with
c0s(27z,,/Aeg) = 1 [40], we find a peak N,/N ~92%, a
transfer time 48 ms and T% ~ 2.7 ms, with infinite lattice
lifetime final fraction 97%. Thus, ground state populations
comparable to STIRAP (~90%) [7,8] can be achieved
without the need of time-dependent laser pulses. These
results are robust against reasonable lattice mismatches.
Even in a worst case scenario of complete positional
disorder [i.e., uniform and Gaussian (6., = 5 pm) distri-
butions in the z and x — y directions, respectively] we find a
peak N,/N ~71% (73% for infinite lattice lifetime) after
21 ms and T% ~ 0.4 ms.

193201-4



PHYSICAL REVIEW LETTERS 125, 193201 (2020)

For a scenario with 10° Rb, Feshbach molecules
(see Fig. 3, parameters as in Refs. [13,20]) we are in
the regime where the chirped pulse results in a higher
yield. For example, choosing a vacuum Rabi frequency
g/2x ~ 50 MHz, a laser Rabi frequency Q/2z = 200 kHz,
and a cavity half linewidth x/2z = 300 MHz, we obtain a
ground state population of N,/N =98% after 5 ms
(T% ~0.5 ms). Even for a spatially disordered worst
case scenario (uniform position distribution along z,
0., = 2.5 ym, mode waist of 5 ym), we reach a ground
state fraction of 89% after 5 ms (T ~ 0.3 ms). In both cases
this is a significant increase from 54% without cavity, and
can overcome typical STIRAP efficiencies [8].

Similar to STIRAP [7,22], the presence of additional
excited states in proximity to the |e) state might decrease
the transfer efficiency of our schemes. This can be avoided
by choosing an excited state with sufficiently large hyper-
fine and Zeeman splitting [7]. Once the rovibrational
ground state is reached, population transfer between the
hyperfine sublevels can be achieved with high fidelity [41].

In summary, we proposed two novel methods for high-
yield state selective preparation of ultracold molecules in a
cavity that exploit collective and dissipative effects. It is an
exciting prospect to investigate how similar collective
effects could be used to engineer generic state-transfer
schemes and even chemical reactions outside of the
ultracold regime [42-46], such as room-temperature
cavity-modified electron transfer reactions [47,48]. The
experimental setups proposed here—molecules trapped on
a lattice potential and embedded in a cavity—offer unique
opportunities to explore collective dynamics for measure-
ments [49], nonequilibrium quantum phase transitions
[50,51], or quantum information applications using long-
lived molecular states [52] and cavity-controlled gates
[53,54], while also allowing for a nondestructive detection
of the molecules [55,56].
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