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Resonant Coupling in the Formation of Ultracold Ground State Molecules via Photoassociation
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We demonstrate the existence of a new mechanism for the formation of ultracold molecules via pho-
toassociation of cold cesium atoms. The experimental results, interpreted with numerical calculations,
suggest that a resonant coupling between vibrational levels of the 01

u �6s 1 6p1�2� and �6s 1 6p3�2�
states enables formation of ultracold molecules in vibrational levels of the ground state well below the
6s 1 6s dissociation limit. Such a scheme should be observable with many other electronic states and
atomic species.

DOI: 10.1103/PhysRevLett.86.2253 PACS numbers: 33.80.Ps, 32.80.Pj, 33.20.–t, 34.20.–b
Efficient formation of long-lived cold molecules, via
single-color photoassociation (PA) of a cold atom pair fol-
lowed by spontaneous emission, has recently been ob-
served for Cs2 [1]. The formation process relies upon
particular double-well features in Cs2 excited potential
curves, as was also observed for Rb2 [2]. A more elaborate
0031-9007�01�86(11)�2253(4)$15.00 ©
two-color PA scheme is required to achieve a comparable
efficiency in K2 [3]. In the present paper, we propose for
Cs2 the existence of a more general formation mechanism.

In the quoted experiments, the first step is a PA reaction
between a pair of atoms of relative kinetic energy Ek �
kBT (at a temperature T � 1024 K), which for cesium can
be expressed as
2Cs�6s� 1 Ek 1 h�n0 2 DL� ! Cs�
2���Vu,g�6s 1 6pj; y, J���� , (1)
where n0 is the frequency of the 6s ! 6pj resonance line
( j � 1�2, 3�2) and DL (.0) is the red detuning of the
laser. Reaction (1) can be understood as a vertical transi-
tion from the continuum of the ground molecular state to a
rovibrational level �y, J� of the excited state Vu,g. Because
of the 2C3�R3 long-range behavior of this potential and
the ultralow temperature of the atoms, the transition occurs
mostly at a large interatomic distance RL � �C3�hDL�1�3,
corresponding to the outer turning point of the excited
potential, where the vibrational wave function is mainly
localized [see Fig. 1(a)]. In most cases, this short-lived
photoassociated molecule decays back, by spontaneous
emission of a photon of frequency n0 2 D2, into a pair
of atoms:

Cs�
2 ! 2Cs�6s� 1 E0

k 1 h�n0 2 D2� . (2)

The gain in relative kinetic energy [E0
k 2 Ek � h�D2 2

DL� . 0] generally allows both atoms to escape from the
trap. The stabilization into a ground state molecule with a
binding energy Ey00 � h�DL 1 D3� 2 Ek ,

Cs�
2 ! Cs2���1,3S1

g,u�6s 1 6s; y00, J 00���� 1 h�n0 1 D3� ,
(3)

requires a favorable overlap between the vibrational wave
functions of both the excited and ground molecular states.
Because of the shorter range of the asymptotic 2C6�R6

ground state potential, only the uppermost levels of the
ground state can be populated via reaction (3) [4,5]. Effi-
cient mechanisms for formation of cold molecules in lower
vibrational levels are offered by the double-well structure
[Fig. 1(b)] of the Cs�

2 02
g or 1u �6s 1 6p3�2� long-range
potentials, where the vibrational wave function can dis-
play a high probability of presence both at large (R .

100 a.u.) and intermediate (R � 15 25 a.u.) internuclear
distances [6,7].

Following recent work on channel coupling between the
01

u �ns 1 npj� states of the heavy alkali dimers [8,9], we
discuss in this paper the efficiency of a new scheme tak-
ing advantage of this coupling. For small detunings DL
below the 6s 1 6p1�2 limit, PA can proceed from the con-
tinuum of the X1S1

g ground state to a vibrational level of
the 01

u �6s 1 6p1�2� state. Because of the coupling with
the 01

u �6s 1 6p3�2� state, a resonance phenomenon can
occur between the two vibrational series and is manifested,
close to the 6s 1 6p1�2 dissociation limit, by a vibra-
tional wave function showing a noticeable density proba-
bility at intermediate distances as well as at large distances
[Fig. 1(c)]. Such a behavior favors spontaneous emission
towards lower-energy bound levels of the X1S1

g state.
The experimental setup was described in detail in

Refs. [1,6]. To summarize, a magneto-optical trap is
loaded with about 5 3 107 cesium atoms, at a density of
nat � 4 3 1010 cm23 and temperature of 130 6 10 mK.
PA is achieved by continuously illuminating the cold Cs
atoms with the beam (�200 W�cm2) of a Ti:sapphire
laser pumped by an argon-ion laser, slightly red-detuned
from the 6s� f � 4� ! 6p1�2� f 0 � 4� atomic transition
(l � 894 nm). This method is now well established for
long-range molecular PA spectroscopy [7,10].

Two detection methods are used to monitor the PA pro-
cess. First, we measure the fluorescence yield, collected
by a photodiode, from the trapped atoms. Variations in the
2001 The American Physical Society 2253
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FIG. 1. Photoassociation from the cesium 6s 1 6s continuum
[reaction (1)] to (a) a typical potential; (b) a double-well poten-
tial [e.g., 02

g �6s 1 6p3�2�]; (c) two coupled states [e.g., 01
u �6s 1

6p1�2,3�2�]. The system decays by spontaneous emission either
back to the continuum [reaction (2)] or to a bound level of the
ground state [reaction (3)]. For case (a), reaction (3) is usually
unlikely.

intensity of this yield are due to trap losses induced by
the PA process. Second, Cs2

1 ions are detected in a
time-of-flight mass spectrometer, after photoionization of
the cold Cs2 molecules produced by reaction (3). The ion-
izing photons are provided by a pulsed dye laser (l �
716 nm, 7 ns duration, 1.5 mJ�pulse) pumped by the sec-
ond harmonic of a Nd:YAG laser. The resonance-enhanced
multiphoton ionization (REMPI) process uses as the inter-
mediate step the vibrational levels of an electronic molec-
ular state correlated to the 6s 1 5d dissociation limit. As
in previous experiments [1], we have verified that Cs2

1

ions are still produced a few ms after the PA laser has been
turned off, indicating that the signal comes from molecules
in the ground state and not in the short-lived (�20 ns)
excited state.

Both spectra thus obtained are shown in Fig. 2, as
a function of the detuning DL of the PA laser below
6s 1 6p1�2, in the range 1 # DL # 9 cm21 (no signal is
recorded for DL , 1 cm21 as the PA laser then strongly
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FIG. 2. Photoassociation spectra as a function of the laser de-
tuning DL below the 6s 1 6p1�2 dissociation limit. (a) Trap
loss spectrum. Markers indicate peaks assigned to the 02

g (�),
01

u (1), and 1g (3) states. (b) Cs2
1 ion signal resulting from

the ionization of cold ground state molecules. Arrows indicate
peaks associated to the 02

g �6s 1 6p1�2� state.

perturbs the atom trap). In the trap fluorescence signal
(already shown for DL # 14 cm21 in Ref. [11]), normal-
ized to the total number of atoms, vibrational progressions
corresponding to the 1g, 01

u , and 02
g attractive states are

identified by their energy spacing and calculated width
due to the hyperfine structure, 3 GHz, 200 MHz, and
200 MHz, respectively. The position of the 02

g lines
has been fitted using the semiclassical LeRoy-Bernstein
law [12], which confirms that due to the cancellation
of the C3 coefficient, the leading term in the multipolar
expansion of the 02

g �6s 1 6p1�2� potential is 2C6�R6,
with C6 � 99 900 6 6300 a.u., in good agreement with
the theoretical value of C6 � 94 480 a.u. [13].

For detunings 4 # DL # 9 cm21, we detect up to 40
molecular ions per photoionization laser pulse, emerging
from a background of about 20 ion counts [14]. Three
small peaks of the ion spectrum are assigned to PA into
02

g �6s 1 6p1�2� levels, at DL � 4.5, 6.9, and 7.9 cm21,
and will not be considered in this paper. As noted above,
the 2C6�R6 behavior of this state, similar to that of
the ground state, makes reaction (3) in Fig. 1(a) more
probable. A series of 14 other peaks are identified as
corresponding to 01

u �6s 1 6p1�2� levels.
For the theoretical interpretation, Born-Oppenheimer

potentials for Cs2 were constructed from ab initio curves
(for R & 25 a.u.) [15] connected to an asymptotic part
(for R * 30 a.u.) obtained from C3, C6, . . . , coefficients
[16], with an R-dependent spin-orbit coupling [15] for
the 01

u �6s 1 6pj� states. The vibrational wave functions
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are calculated using the mapped Fourier grid Hamiltonian
method, which is particularly well suited for the calcula-
tion of highly elongated bound levels located just below
the dissociation limits as well as resonant levels [17].
Because of the very low kinetic energy of the atoms, we
describe the motion of the atom pair in reaction (1) by
a single continuum wave function jx�kBT ��, calculated
using standard Numerov integration, for an energy of
E�kB � T � 140 mK above 6s 1 6s. A small shift of
the repulsive wall of the 01

u �6s 1 6p3�2� potential (up
to R � 8.3 a.u.) by 10.01 a.u. allows one to reproduce
correctly the observed energy value of the corresponding
vibrational levels. The effects of the hyperfine structure
are neglected and rotation is not considered.

The PA rate per atom to a vibrational level jy�01
u ��

populated at a detuning DL below 6s 1 6p1�2 is obtained
from a perturbative approach [18],

RPA�DL� �

µ
3l

2
th

2p

∂ 3
2 h

2
natK

2Aj�y�01
u � jx�kBT ��j2,

(4)

in the current experimental conditions, with lth �
h

p
1��3mkBT � the thermal de Broglie wavelength (m is

the reduced mass of the system), 2K � 9.9 3 109 s21

the atomic Rabi frequency (in effect considering an
R-independent transition dipole moment) for a PA laser
intensity I � 200 W�cm2, and A � 35�3888 is an an-
gular factor including hyperfine degeneracies [11,18]. The
cold molecule formation rate per atom is then obtained
by considering the branching ratio to the bound levels
jy00�X1S1

g ��,

Rmol�DL� � RPA�DL�
X
y00

j�y�01
u � jy00�X1S1

g ��j2, (5)

where the sum runs over all vibrational levels of the X1S1
g

state, again neglecting the R dependence of the transition
dipole moment.

Results for 01
u �6s 1 6p1�2� as the lone excited state and

for the two coupled 01
u �6s 1 6pj� states [corresponding to

Fig. 1(a) and Fig. 1(c), respectively] are given in Fig. 3(a).
We see an oscillation in the rate value attributable to the
oscillations of jx�kBT ��, the minima at DL � 12.8 cm21

and 3.4 cm21 corresponding to the nodes of jx�kBT ��
at R � 61.2 a.u. and 95.4 a.u., respectively; PA can take
place between those minima.

Calculations indicate that two vibrational levels of
the 01

u �6s 1 6p3�2� state lie in the region 0 # DL #

20 cm21, at DL � 18 cm21 and 7 cm21, almost coincid-
ing with maxima in the PA rate to the 01

u �6s 1 6p1�2�
state. The wave functions of 01

u �6s 1 6p1�2� vibra-
tional levels coupled to a level of the 01

u �6s 1 6p3�2�
state show an important probability density at the outer
turning point of the latter [Fig. 1(c)], allowing a better
overlap with the bound levels of the X1S1

g state, which
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FIG. 3. (a) Ultracold ground state Cs2 formation rate Rmol
(per second per atom) through the 01

u �6s 1 6p1�2,3�2� electronic
states, with detuning DL given with respect to the 6s 1 6p1�2
dissociation limit. Circles: calculated values, starting from the
X1S1

g continuum at T � 140 mK; crosses: same without the
coupling between the 01

u channels. (b) Cs2
1 ion count for

molecules formed through the coupled channels. Solid line:
experimental signal (65 uncertainty); circles: calculated Rion
values (arbitrarily scaled).

raises the ratio of reaction (3) over reaction (2) in the
spontaneous decay of the excited molecules. Moreover,
we see in Fig. 4, for PA at DL � 7 cm21, that ground
state molecules formed through a resonantly coupled
vibrational level can be found well below the dissociation
limit (bound by 1 to 50 cm21), while only the uppermost,
highly elongated (�100 a.u.) vibrational levels, bound
only by a fraction of cm21, are reached after spontaneous
emission from an uncoupled 01

u �6s 1 6p1�2� state, as
was expected [4]. The maximum predicted in Fig. 3(a)
for DL , 2 cm21, unaffected by the coupling, is due to
the good long-range overlap of the excited wave function
with jx�kBT��, resulting in a higher PA rate. Here again,
molecules are formed only in the uppermost levels of the
ground state.

The computed rates for DL � 7 cm21, Rmol �
0.03 s21 and 0.06 s21 without and with coupling, respec-
tively (the corresponding PA rate is RPA � 1 s21), are
comparable to those obtained, under equivalent conditions,
for PA in the 02

g �6s 1 6p3�2� state (Rmol � 0.2 s21,
RPA � 3 s21) [11]. Our calculations predict a smaller
value of Rmol for DL � 18 cm21 and the resulting
molecules may be barely visible experimentally.

We simulate the Cs2
1 ion spectrum by calculating the

y00�X1S1
g � ! y0���1Pu�6s 1 5d���� transition probability,

assuming a uniform ionization probability for all y0 in the
second step of the REMPI process. We thus have
2255
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FIG. 4. Diamonds: ionization probability Pion�y00� of the
X1S1

g vibrational levels. Circles: Franck-Condon factors
between the 01

u �6s 1 6pj� vibrational level at DL � 7 cm21

and levels of X1S1
g . Crosses: same as circles, but for

01
u �6s 1 6p1�2� in the absence of coupling.

Pion�y00� �
X
y0

j�y0�1Pu� jDjy00�X 1S1
g ��j2f�ny00,y0� , (6)

with D the R-dependent 6s 1 6s ! 6s 1 5d transition
dipole moment [19] and f�ny00,y0� � exp�2c�ny00,y0 2

nion�2	 accounting for the width of the ioniz-
ing laser [c � ln2��1.0 cm21�2, ny00,y0 is the fre-
quency of the y00�X1S1

g � ! y0�1Pu� transition, and
nion � 14 060 cm21 is the frequency of the ionizing
laser used in the experiment]. We see in Fig. 4 that the
detection probability of molecules in the last few bound
levels of the ground state is almost nil. This means that
cold molecules formed in the absence of a resonance will
not be detected, as is the case for DL , 2 cm21. Defining
the Cs2

1 production rate for a given DL and nion as

Rion�DL� � RPA�DL�
X
y00

Pion�y00�

3 j�y�01
u � jy00�X1S1

g ��j2, (7)

we are able to reproduce the observed Cs2
1 ion signal, as

shown in Fig. 3(b). In the absence of the resonant cou-
pling, we obtain Rion , 10212 over the entire DL range
considered [using the same arbitrary scaling factor as in
Fig. 3(b)].

In conclusion, we find a strong indication that
resonant coupling allows for the efficient formation
2256
of cold molecules in vibrational levels well below the
ground state dissociation limit (around y00 � 132, with
Ey00 . 10 cm21). The resonant coupling mechanism ap-
pears fairly often as a non-Born-Oppenheimer interaction
in molecular systems and should be exploitable using
other excited electronic states as PA intermediates and
applicable to the formation of different species of cold
molecules, such as other alkali dimers.

Future work will focus on changes in the ionization
process in order to enhance the detection of the ground
state cold molecules, as molecules formed in the upper-
most vibrational levels are not detected by the current
REMPI scheme. We will also explore PA in the region
of DL � 18 cm21, where the next resonance between lev-
els of the 01

u �6s 1 6pj� states is predicted.
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