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Photoassociation of ultracold RbCs molecules into the (2)0− state
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Ultracold polar RbCs molecules are produced via photoassociation in a laser-cooled mixture of 85 Rb and 133 Cs atoms.
The a3 Σ+ state molecules which decay from electronically excited (2)0− state RbCs molecules are detected by resonanceenhanced two-photon ionization. The new rovibrational levels (v = 189, 190) in the (2)0− state are also observed, which
exist in theory and have not been observed in experiments yet. The corresponding rotational constants are measured by
photoassociation spectroscopy, which are consistent with theoretical calculations using a nonrigid rotor model.
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1. Introduction
Ultracold polar molecules have been of special interest because of their low temperatures, permanent dipole moments, and long-range anisotropic dipole–dipole interactions,
which allow the formation of molecular Bose–Einstein condensate (BEC), manipulation with external electric fields, and
preparation of entangled quantum states, respectively. Ultracold polar molecules have been widely used in high-resolution
spectroscopy,[1] ultracold collisions,[2] ultracold chemistry,[3]
quantum information, and quantum computing.[4]
There are two primary methods used to produce
molecules in the sub-milli-kelvin temperature range, which are
magnetically tunable Feshbach resonance[5] and light-assisted
photoassociation (PA).[6] Although the Feshbach resonance is
a highly sufficient method to produce molecules in vibrational
levels of the electronic ground state, this method has a high
demand on the atomic sample. On the contrary, the photoassociation technique can be realized in all cases of homonuclear[7]
and heteronuclear molecules.[8] The PA technique has been
used to form many polar species with two different alkali
atoms, for example, RbCs,[1] KRb,[9] NaCs,[10] and LiCs.[11]
With the help of the PA technique, we can obtain ultracold
molecular information of excited states and the ground state,
which is useful for characterizing molecular level parameters
and investigating the molecular dynamic properties.
We choose RbCs molecules as our research sample for
several reasons. As RbCs molecules are bosons, they are suitable candidates for a BEC of polar molecules. The RbCs
molecules in the ground state are stable and do not have an

atom exchange reaction in the form of RbCs + RbCs → Rb2 +
Cs2 in the rovibrational ground state. RbCs molecules each
have a large Frank–Condon factor (FCF)[12] and can serve as
a qubit in quantum information processing. Recently, experiments based on RbCs molecules have been conducted and
some exciting results have been obtained. A stimulated Raman adiabatic passage (STIRAP) scheme was used to produce RbCs molecules in the rovibrational ground state with
high phase-space density.[13,14] The methods of resonance coupling, either (1)1 Π ∼ (2)1 Π[15] or A1 Σ+ ∼ b3 Π,[16] were explored for the formation of RbCs molecules in the lowest
rovibrational ground state. A detailed investigation has been
made for the photoassociative formation of RbCs molecules
in the excited (2)3 Π state correlated to v = 8, (5)0+ vibrational level.[1] A different formation path of triplet RbCs
molecules was reported, which involves the PA near the previously non-investigated region of the Rb(5S1/2 ) + Cs(6P3/2 )
dissociation limit followed by radiative stabilization. The produced molecules were detected by resonance-enhanced twophoton ionization (RETPI) through the previously unobserved
(3)3 Π ← a3 Σ+ band.[17] From the PA spectrum of the (2)0−
state, we can have a good knowledge of the structure of the
lowest excited state of RbCs. It is meaningful to choose the
most suitable path to produce ultracold RbCs in the ground
state.
In this paper, we report on the photoassociative production of electronically excited polar RbCs∗ molecules correlated to Rb(5S1/2 ) + Cs(6P1/2 ) dissociation and the detection of RbCs molecules in the triplet state. The triplet state
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Figure 1 shows the formation and ionization scheme of
RbCs molecules. Two colliding ultracold 85 Rb(5S1/2 , F =
2) and 133 Cs(6S1/2 , F = 3) atoms are photoassociated into
a weakly bound, electronically excited (2)0− state molecular level correlated to the Rb(5S1/2 ) + Cs(6P1/2 ) dissociation limit. As the excited-state molecular life is short, these
molecules will soon decay either to the metastable a3 Σ+
ground state or back to free Rb and Cs atoms. Then, molecules
in a3 Σ+ state are ionized by the RETPI through the 33 Π intermediate state correlated to the Rb(5S1/2 ) + Cs(5D3/2 , 5/2 )
atomic asymptote.
The experimental setup is shown in Fig. 2. We cool
and trap 85 Rb and 133 Cs atoms in a dual-species, forced
dark magneto-optical trap (MOT),[18] which is produced in a
stainless-steel chamber with a background pressure of about
4.6 × 10−7 Pa. A pair of coils with anti-Helmholtz configuration generates a magnetic gradient of 12 G/cm, and three
other pairs of coils generate a compensate geomagnetism at
the position of cold atom clouds. Trapping and repumping beams are provided by four Littrow external-cavity diode
lasers (DL100, Toptica), which are locked by the saturated absorption spectroscopy technique. Rb and Cs trapping beams
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Fig. 1. (color online) (a) Formation and detection scheme of ultracold RbCs molecules produced by a photoassociation laser. Two colliding ultracold 85 Rb(5S1/2 , F = 2) and 133 Cs(6S1/2 , F = 3) atoms are
photoassociated into a weakly bound, electronically excited (2)0− state
molecular level correlated to the Rb(5S1/2 ) + Cs(6P1/2 ) dissociation
limit. (b) The spontaneous radiation is followed to form a metastable
a3 Σ+ state molecule. (c, d) The metastable a3 Σ+ molecules are ionized by resonance-enhanced two-photon ionization through the 33 Π intermediate state correlated to the Rb(5S1/2 ) + Cs(5D3/2 , 5/2 ) atomic
asymptote.
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2. Experimental scheme and setup

are tuned by acousto-optic modulators (AOMs) to 12.5 MHz
and 15 MHz below (5S1/2 , F = 3) → (5P3/2 , F 0 = 4) transition and (6S1/2 , F = 4) → (6P3/2 , F 0 = 5) transition, respectively. The trapping beam powers are 30 mW and 50 mW
for Rb and Cs atomic clouds. The Rb and Cs repumping
beams are adjusted to (5S1/2 , F = 2) → (5P3/2 , F 0 = 3) and
(6S1/2 , F = 3) → (6P3/2 , F 0 = 4) transition, respectively.
Each repumping beam has a power of 2 mW. Both trapping
and repumping beams are 15 mm in diameter. The depumping beams are separated from the trapping beams by passing
through two polarizing beam splitters (PBSs). With the adjustment of other two AOMs, the frequencies are tuned to
(5S1/2 , F = 3) → (5P3/2 , F 0 = 2) and (6S1/2 , F = 4) → (6P3/2 ,
F 0 = 4) transitions, respectively. The depumping beams each
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RbCs molecules are observed by the RETPI technique. We
observe the rovibrational levels of (2)0− state (v = 189, 190),
which exist in theory but have not been observed experimentally before. According to the nonrigid rotor model, we analyze the photoassociation spectrum and obtain corresponding
rotational constants, which are consistent with the theoretical
calculations.

Fig. 2. (color online) Experimental setup. SAS: saturation-absorption spectroscopy, OI: optical isolator, AOM: acousto-optic modulator, PBS: polarization
beam splitter.
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have a power of 40 µW and a diameter of 3 mm. Two black
spots with 3 mm in diameter are placed separately in the centre
of the repumping beams, which are combined with depumping
beams. By focusing the composite beams, Rb and Cs atoms
populate in the lowest states (F = 2 for Rb atoms and F = 3
for Cs atoms). Atomic clouds are observed by two chargecoupled device (CCD) cameras placed along the horizontal
and vertical direction. The atomic density n and atom number
N are measured to be nRb = 3 × 1011 cm−3 , NRb = 2 × 108 ,
nCs = 6 × 1011 cm−3 , and NCs = 3 × 108 . Temperatures of the
Rb and Cs atomic clouds are measured to be about 100 µk and
70 µk by time-of-flight absorption imaging.
The PA transition is driven by a Ti:sapphire laser with a
typical linewidth of less than 100 kHz and output power up to
∼600 mW. This beam is focused on the atomic cloud with a
Gaussian radius of 500 µm, which can completely cover the
ultracold atomic cloud. The frequency of PA is monitored by
using a commercial wavelength meter (WS/7R) with an absolute accuracy of 60 MHz. In order to ensure the accuracy of
frequency measurement, the wavemeter is calibrated by the Cs
atomic hyperfine structure transition.
The ionization laser is a 715-nm pulsed dye laser pumped
by a second harmonic of 532-nm Nd:YAG laser at a rate of
10 Hz. The output energy is about 1 mJ with 8 ns duration.
Using a lens, the ionization laser is focused on the atomic
cloud with a diameter of 1 mm. The typical peak intensity is
2.4 × 107 W/cm2 . After ionization, the formed ions are accelerated by the electronic field and detected by a micro-channel
plate (MCP). These detected ion signals are disposed by a
boxcar integrator (SRS-250) and recorded by an NIPCI1714
board. The master clock of the trapping, repumping, PA and
ionization laser are controlled by two external delay/pulse generators (SRS, DG 535).

3. Experimental results
We have observed rovibrational serial RbCs∗ levels corresponding to the Ω = (2)0− potential dissociation from the
6P1/2 limit. Figure 3(a) shows the photoassociation spectrum
of RbCs molecules at the v = 189 vibrational level, which is
obtained by detecting the triplet ground state RbCs molecules.
The PA laser is extinguished 100 µs before the ionization
pulse so that all the excited molecules have enough time to
decay to the triplet states. The frequency of the PA laser is
scanned from 11105.9400 cm−1 to 11106.0241 cm−1 which
belongs to a Ω = (2)0− vibrational level for RbCs. The selection rules prohibit the path that molecules in the Ω = (2)0−
excited state decay spontaneously to the X1 Σ+ ground state,
which has only a Ω = 0+ component in Hund’s case (c) coupling. However, molecules in the Ω = (2)0− excited state can
decay to the a3 Σ+ state, which has Ω = 0− and Ω = 1± components. According to the selection rules and molecular potential

curve, we can infer that the observed RbCs+ signal arises from
a3 Σ+ → (3)3 Π transition through RETPI. There is no coupling
between angular momentum and nuclear spin for molecules in
the Ω = (2)0− state. Hence, we can recognize clearly the rotational structure from the spectrum. The molecular ion intensities of different rotational levels are different. One reason is
that different rovibrational levels have various PA rates, which
is dependent on the Frank–Condon factor (FCF)[19] between
the atomic scattering state and the molecular bound state. Another reason is that the spontaneous radiations[20] between the
excited state and the ground state molecules are also different
for different rotational levels.
According to the nonrigid model,[21] the molecular rovibrational energy can be expressed as
Ev
= Bv J(J + 1) − Dv J 2 (J + 1)2 , J ≥ 0,
(1)
hc
where Ev is the rovibrational energy eigenvalue, h is Planck’s
constant, c is the speed of light, Bv is the rotational constant
of the v vibrational state, Dv is the corresponding centrifugal
distortion constant, v is the vibrational quantum number, and
J is the rotational quantum number.
The adjacent rotational level interval ∆E reads
Ev (J) − Ev (J − 1)
= 2Bv J − 4Dv J 3 , J ≥ 1.
(2)
hc
Usually, Dv is typically several orders of magnitude smaller
than Bv , so we ignore the higher-order term. Thus, formula (2)
can be simplified as
∆E =

Ev (J) − Ev (J − 1)
= 2Bv J, J ≥ 1.
(3)
hc
Figure 3(b) shows the relationship between the rotational level interval and the rotational quantum number for
the molecules we observed. The rotational constant is about
0.00443 cm−1 by fitting formula (3). Taking into consideration the fitting error, level interval standard deviation, reference cavity stability error and the nonlinear error of the scan
frequency of the PA, the total error of the rotational constant
is about 0.00062 cm−1 . The (2)0− state is a weakly bound
state, which is bound by several wavenumbers and have outer
turning points with a value of about 25 Å. Consequently, the
rotational constant B ≈ h2 /8µπ 2 R2 is small (where µ is the
reduced mass, R is the nuclear interval between two atoms).
In 2003, Bergeman et al.[22] analyzed the Fouriertransform spectroscopy data from laser-induced fluorescence
of the coupled A1 Σ+ and b3 Π states of RbCs. In addition, they
assigned vibrational levels of the (2)0− state, and calculated
the corresponding rotational constants. In 2010, Docenko
et al.[23] analyzed two sets of experimental Fourier-transform
spectroscopy data of the A1 Σ+ –b3 Π complex. One set is from
mixed A-b → X transition, and the other is from (4)1 Σ+ →
A-b emission and extends to higher A-b energy levels. From a
detailed analysis of the spectroscopy data, they found that the
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vibrational number of the A state is raised by one quantum[23]

0.7
RbCs+ molecular ion
intensity/arb. units

over that reported by Bergerman et al.[22] Table 1 shows a
comparison between the calculated data and the experimental data of the rotational constant B for some vibrational level
positions (v = 188–194) of

(2)0−

state. The calculated vibra-

tional numbers are modified. In Table 1, the v = 189, 190
vibrational levels are observed for the first time. The observa-
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the internuclear distance. On the one hand, the photoassociation rate for heteronuclear molecules is lower than that for
homonuclear molecules, so it is difficult to measure the photoassociation spectrum of RbCs molecules in some vibrational
levels of (2)0− state by trap loss technique. On the other hand,
the spontaneous decay rate to the ground state for heteronuclear molecules is higher than that for homonuclear molecules.
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Fig. 3. (color online) (a) Photoassociation spectra of RbCs molecules
in the v = 189 vibrational level of (2)0− state. The inset shows the
Lorenz fitting to the photoassociation spectrum in the J = 0 rotational
state. (b) The corresponding rotational constant fitting for the observed
vibrational level with formula (3).

RbCs molecules. In addition, the time-of-flight mass spectrum used in our experiment is a highly-sensitive technique to
detect the molecules in the ground state. It can even detect a
single ion in the optimized conditions.

Table 1. Comparisons between the calculation results and experimental data of the rotational constants B for some
vibrational level positions (v = 188–194) of (2)0− state.
Calculating data
v

E/cm−1

Experimental data

B/cm−1

E/cm−1

B/cm−1
0.00460b)

188

–78.4131

0.00448

–78.485b)

189

–72.5735

0.00436

–72.458a)

0.00443a)

0.00426

–66.703a)

0.00422a)
0.00456b)

190

–66.9614

191

–61.5177

0.00421

–61.074b)

192

–56.3458

0.00404

–55.98b)

0.0041b)

0.00391

–51.099b)

0.00389b)

0.0038

–46.574b)

0.00356b)

193
194

–51.4537
–46.8061

a) Experimental measurements of our group; b) Ref. [24]. The trap loss technique was used to measure the photoassociation spectrum.

4. Summary
85 Rb

133 Cs

In summary, we cool and trap
and
atoms in
dual-species, force dark MOT. Then we produce ultracold polar molecules via the PA technique. We detect these molecules
in a3 Σ+ state using resonance-enhanced two-photon ionization. For scanning PA, we obtain high resolution spectra of
RbCs molecules in the v = 189 and v = 190 vibrational levels
of the (2)0− state, and calculate the corresponding rotational
constants (0.00443 and 0.00422 cm−1 ). We compare the calculated data with experimental data of rotational constants B
for some vibrational level positions (v = 188–194) of the (2)0−

state. From the study of ultracold polar RbCs molecules, we
can have a good knowledge of molecular level structure and
the interaction between RbCs molecules and dipolar effects.
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