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We present a simple, robust, space-adjustable dark magneto-optical trap (MOT) for the efficient production of
heteronuclear molecules. Double-mixed beams made up of repumping beams and depumping beams propagate in
nearly opposite directions in the dark MOT. This optical arrangement can easily adjust the spatial positions of
two clouds by changing the power ratio of the two repumping beams, and ensure a good overlap, which is very
necessary for the production of heteronuclear molecules. The imaging of cold atoms by camera and the collision-
induced loss rate obtained by recording the loading curve of the cold atoms show that we obtain a perfect overlap
of atom clouds. The number of RbCs molecules with the double-mixed beams is improved by 70%, which is
higher than the one with the single-mixed beam.
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In recent years, ultracold atoms have played a key role in
advancingmany research fields[1,2]. Ultracoldmolecules also
have attracted the attention of many research groups
around the world that study cold atoms[3–5]. In particular,
the preparation of ultracold heteronuclear molecules is an
important subject[6]. This is mainly because heteronuclear
molecules have abundant rovibrational levels, tunable
dipole–dipole interaction, and permanent electric dipole
moment, and they are easier to be controlled with an elec-
tric field. Heteronuclearmolecules have beenwidely used in
many fields, such as ultracold chemistry[7,8], precision mea-
surement[9], ultracold collisions[10], high resolution spectros-
copy[11], quantum computing[12], and quantum storage[13].
Most groups use photoassociation (PA) technology to

produce ultracold heteronuclear molecules because of its
higher efficiency in molecular production compared to
Feshbach technology[14] and its simple operation. It has
been operated in alkali atoms, such as KRb[15], RbCs[16],
LiCs[11], and rare-earth elements, such as YbRb[17]. During
the process of PA, two different ground-state atoms ab-
sorb a photon and form a bound excited-state molecule.
As the excited-state molecule is not stable, it will form
a stable ground-state molecule after spontaneous radia-
tion or stimulated radiation, or will return to separate
atoms. Compared to the preparation of homonuclear
molecules by PA, it is much more difficult to produce
heteronuclear molecules due to the potential energy
characteristics of the ground state and excited state. The
free-bound Frank–Condon factor of PA for heteronuclear
molecules is significantly smaller than that for homonu-
clear molecules. So the former process needs a larger
atomic density and a lower collision-induced loss rate,
which are two main influencing factors in the production

process. Researchers always use a dark magneto-optical
trap (MOT) to solve these problems. Ketterle et al.[18]

confined about 1012 sodium atoms per cubic centimeter
in a dark MOT, whose atomic density is much higher than
that in a normal MOT. Our group also studied ultracold
atoms and molecules in a dark MOT via depumping the
cesium cold atoms into the dark hyperfine ground state,
and found that the collision rate decreases by half and
the density of the atom clouds increases by one order[19].

When dark MOT technology is used in the production
of heteronuclear molecules, researchers exert a lot of effort
on the overlap of two clouds, which is necessary for the
efficient production of heteronuclear molecules. The diffi-
culty of the overlap problem arises from the optical
arrangement of trapping beams and mixed beams (depu-
mping beam and repumping beam) for the two species of
atoms. Two independent series of trapping beams are usu-
ally designed to easily adjust spatial positions; However,
this initially induces bad overlapping for the two clouds in
the MOT. When the mixed beam is added along one
direction or perpendicular directions in a normal dark
MOT, the scattering forces on the two species of atoms
are unbalanced, which will induce the two species of atoms
to separate much more. In addition, the low utilization
efficiency of the repumping beam will lead to a lower
number of initial atoms produced in MOT and in the
dark state.

We propose here a method that can easily control the
spatial positions of two special atoms by using double-
mixed beams in near-counter propagation. The spatial
positions of two clouds are adjusted to realize a complete
overlap by changing the power ratio of two repumping
beams. By calculating the overlap ratio, we defined and
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measured the collision-induced loss rate of atoms, with
which we can confirm whether the overlap of atoms is
qualified. We will compare the intensity of produced
RbCsþ molecule ions in double-mixed beams with the
intensity in a single-mixed beam.
The experiment is operated in a commercially available

stainless-steel chamber. The vacuum background pressure
in chamber is about 1.3 × 10−7 Pa. The quadrupole mag-
netic field is provided by a pair of anti-Helmholtz coils
with a magnetic gradient of 15 G/cm in the center of
the trap.
The Rb and Cs atoms are trapped in a dark MOT.

Figure 1 is the simple schematic diagram of the energy
levels that are used to obtain the atoms in the lowest hy-
perfine states in our experiment. The trapping laser and
depumping laser for the Rb atoms are produced by the
same diode laser. The case is similar for Cs atoms. The
repumping lasers for Rb and Cs are produced by another
two diode lasers. The detunings of the trapping laser for
Rb and Cs with acousto-optic modulators are 12.5 MHz
below the 85Rb 52S1∕2ðF ¼ 3Þ → 52P3∕2ðF0 ¼ 4Þ resonance
transition and 15 MHz below the 133Cs 62S1∕2ðF ¼ 4Þ →
62P3∕2ðF0 ¼ 5Þ resonance transition, respectively. The
frequencies of the repumping lasers for Rb and Cs are
the 52S1∕2ðF ¼ 2Þ → 52P3∕2ðF0 ¼ 3Þ resonance transition
and the 62S1∕2ðF ¼ 3Þ → 62P3∕2ðF0 ¼ 4Þ resonance transi-
tion, respectively. The frequencies of the depumping lasers
for Rb and Cs are stabilized to the 52S1∕2ðF¼3Þ→
52P3∕2ðF0¼2Þ resonance transition and the 62S1∕2ðF¼4Þ→
62P3∕2ðF0¼4Þ resonance transition, respectively. They are
used to make the Rb and Cs atoms in the 52S1∕2ðF ¼ 2Þ
and 62S1∕2ðF ¼ 3Þ hyperfine states in the dark MOT.
Figure 2 is a brief diagram of the optical elements in the

near-vacuum chamber. The trapping beams and repump-
ing beams of Rb and Cs are combined in order to use the
same optical path and optical components. This arrange-
ment not only saves space, but also makes the initial atom
clouds in the MOT have a good overlap in the space loca-
tion. The trapping beams of Rb and Cs are combined
together by a dichroic mirror and then are divided into
three pairs by polarizing beam splitters (PBSs) and

half-wave plates. The powers of the trapping beams, both
of which have diameters ∼20 mm, for Rb and Cs are ∼26
and ∼35 mW, respectively. There are two repumping
beams, both with powers of ∼10 mW and diameters of
∼20 mm. The two repumping beams are combined to-
gether by the PBS and half-wave plates. The powers of
the depumping beams, both of which have diameters of
∼3 mm, for the Rb and Cs atoms are 60 and 70 μW, re-
spectively. We also combine the two depumping beams
with the PBS and half-wave plates. Then, we put a black
dot with a diameter of 3 mm at the center of the combined
repumping beams to produce the dark region. The
combined depumping beams fill the dark region of the
combined repumping beams and make the cold atoms
transfer to the lower hyperfine state in the dark MOT.
At the same time, we use a PBS to divide the mixed beam
into two beams before it enters the chamber. Then, the
double-mixed beams both finally pass through a pair of
lenses into the vacuum chamber. The power ratio of the
two repumping beams, labeled as P1 and P2, as shown
in Fig. 2, can be controlled by changing the degrees of
the half-wave plate for each atom. Here, the total powers
of the repumping beams for both atoms are constant.
Thus, the scattering force acting on the atom clouds
can be controlled, which leads to the movement of the
two clouds. This method can ensure a good spatial overlap
of the mixed atoms.

The numbers of Rb and Cs atoms we produced in the
dark state is about 8 × 107 and 1 × 108, respectively.
There are three CCD cameras, two of which are placed
in the horizontal direction, and one of which is placed in
the vertical direction to expediently verify the spatial
overlap of the two clouds. The atomic fluorescence signal
is collected by a Si-avalanche photodiode module
(Licel APD–1.5).

The narrow linewidth (<60 kHz), tunable CW
Ti:sapphire laser (M Squared, Sols Tis) acts as the PA

Fig. 1. Energy levels diagram of (a) 85Rb and (b) 133Cs in dark
MOT. T: trapping laser, D: depumping laser, R: repumping
laser.

Fig. 2. Brief diagram of optical elements in near-vacuum
chamber. The angle between the double-mixed beams of the
repumping lasers and depumping lasers is 168°.
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laser. The output power is about 800 mW. The Gaussian
diameter of the PA beam is about 0.5 mm. The RbCs mol-
ecule is produced by PA in the dark MOT. The ionization
laser is provided by a pulsed dye laser (Spectra-Physics,
Sirah), which is pumped by a Nd:YAG frequency doubled
laser (532 nm). The pulse duration of the ionization
laser is 8 ns, and the repetition rate is 10 Hz. The dye laser
energy used in the experiment is 1.5 mJ. The absolute fre-
quency of the PA laser is measured by a wavelength
meter (HighFinesse-Angstrom, WS/7R). The accuracy
of the wavelength meter is 60 MHz. We use time-of-flight
(TOF) mass spectrometry technology to detect the ion-
ized atoms and molecules because they have the same
electrical charges, but different masses.
To observe the overlap of the two clouds, we use the

CCD to directly achieve the space location. By counting
the pixel point of the CCD, we can calculate the overlap
ratio of the two clouds, which is defined as

η ¼ 1−
d

RRb þ RCs
; (1)

where d is the center-to-center distance of the two clouds,
and RRb and RCs are the radii of the Rb and Cs atom
clouds, respectively.
Figure 3(a) shows the spatial positions of the Rb and Cs

atom clouds with different power ratios of the two re-
pumping beams of the double-mixed beams. The power

ratios P1∶P2 of the Rb repumping beams are set to be
0, 0.47, and 4.44 from left to right, and the overlap ratios
are measured to be 0, 0.65, and 1 based on the definition of
Eq. (1). The power ratios P1∶P2 of the Cs repumping
beams are measured to be 1.1, 0.1, and 0.067 for the three
cases. The narrow-range variety of the power ratios of the
Cs repumping beams result in less movement in the Cs
atom cloud, compared with the Rb atom cloud.

During the loading processes of the Rb atoms and Cs
atoms, the Cs atoms have a great influence on the Rb
atoms because of the inelastic collision between ultracold
atoms[20]. When the overlap is better, the collision is much
stronger. The inelastic collision-induced loss rate between
ultracold atoms cannot be directly detected, but it can
usually be calculated by recording cold atomic fluores-
cence in the loading process or decay process. Here, we
introduce the loading curves of Rb atoms to calculate
the loss rate of collision, which can also reflect the overlap
ratio of the two clouds.

The number of cold atoms N in the loading process
in the MOT along with the change of time t can be
expressed as[21]

dN
dt

¼ L− γbN − β

Z
r
n2ðr; tÞd3r; (2)

where L is loading rate of the cold atoms, γb is the collision
loss rate between the ultracold atoms and background gas,
β is collision rate of the ultracold atoms, and n is the
density of the ultracold atoms.

Under the constant density approximation, the density
of the cold atoms will be a fixed value and will not change
any more even as the loading time increases. Then, the
number of atoms increases with the increase of the atom
cloud’s volume[22]. Under such an approximation, we con-
sider the initial conditions of the cold atoms loading
(t ¼ 0, N ¼ 0), and the number of cold atoms at any time
in the MOT is

N ¼ Nsð1− e−ðγb−βnÞtÞ; (3)

whereNs is the number of steady-state atoms in the MOT.
To detect cold Rb atomic fluorescence in the dark

MOT, we use a narrow-band interference filter to elimi-
nate the influence of other light. Figure 3(b) records
the corresponding loading curves of the Rb atoms
immerged in cold Cs atoms for the three cases shown in
Fig. 3(a). From Fig. 3(b), we can see that the fluorescence
intensity in the steady state decreases with the increase in
the overlapping area of the two clouds, while the time of
the loading curve becomes shorter. According to Eq. (3),
we can calculate that the loss rates of collision are 0.14(1),
0.17(3), and 0.23ð3Þ s−1 under the corresponding overlap
ratios. It needs to be declared that the collision rate in the
dark MOT is smaller than the value in the normal
MOT (0.56 s−1).

To verify the efficiency of our method, we compare the
signal intensities of the RbCsþ molecular ion from the
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Fig. 3. (a) Spatial position of Rb and Cs atom clouds with differ-
ent power ratios of two repumping beams in double-mixed
beams. The power ratios P1∶P2 of the Rb repumping beams
are set to be 0, 0.47, and 4.44 from left to right, and the overlap
ratios are measured to be 0, 0.65, and 1 based on the definition of
Eq. (1). (b) The corresponding loading curves of the Rb atoms
immerged in Cs atoms. The obtained collision-induced loss rates
are 0.14(1), 0.17(3), and 0.23ð3Þ s−1 according to the theoretical
fit of Eq. (3).
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single-mixed beam and the double-mixed beams when the
PA frequency is fixed at one rovibrational state of
ð2Þ3Π state (11724.083 cm−1)[23]. The other experimental
parameters remain the same. The ion spectra are detected
by TOF mass spectrometry and recorded by an oscillo-
scope, shown in Fig. 4. Comparing with the RbCsþ

molecular ion signal with the single-mixed beam, the
signal clearly increases with the double-mixed beams.
However, we do not observe any obvious enhancement for
the atomic ion intensities of the Rb and Cs atoms. So this
improvement benefits from the optimal overlap of the two
clouds in the double-mixed beams.
We also measure the RbCsþ molecular ion signals as a

function of the PA laser intensity with the single-mixed
beam and double-mixed beams. The range of the PA in-
tensity increases up to 200 W∕cm2. As shown in Fig. 5, the
dots are the RbCsþ signals from the single-mixed beam,
and the triangles are the RbCsþ signals from the
double-mixed beams. The two serial signals are fitted
independently by the PA rate[24]

jS j2 ¼ I · I S
1
4 ðI þ I SÞ2

; (4)

where I is the PA intensity, and I S is the PA saturation
intensity. From Fig. 5, we can see that under the same PA
laser intensity, the RbCsþ molecular ion signals from the
double-mixed beams are larger than that from the single-
mixed beam, and the largest signal from the double-mixed
beams is enhanced by 70% more than that from the single
beam. The two atom clouds usually overlap about 80%
and the RbCs molecular production rate in the metastable
ground state is estimated to be 2.5 × 104 s−1 when we use
a single-mixed beam[23]. After employing the double-mixed
beams, the overlap ratio reaches nearly 100%, and the pro-
duction rate is estimated to be 4.4 × 104 s−1. For both
cases, the RbCsþ ion signal decreases after the maximum
value as the PA intensity increases due to the saturation
effect[25]. What we found here is that the double-mixed
beams not only produce more molecules, but also build
an easier space-adjustable setup for the overlap of two
clouds. This indicates that the double-mixed beams have
a very good enhancement effect on the production of het-
eronuclear molecules, and the method of the double-mixed
beams of repumping beams and depumping beams we
proposed is very effective.

A space-adjustable dark MOT is adopted to produce
RbCs molecules from cold Rb and Cs atoms in the lowest
hyperfine state. The three-dimensional spatial positions of
the two clouds are adjusted by changing the power ratio of
the repumping beams in the mixed beams in near-counter
propagation. Using this technique, we finally have a per-
fect space overlap of atom clouds by imaging the cold
atoms and measuring the collision-induced loss rate with
the loading curves of the cold Rb atoms. Serial measure-
ments for the RbCsþ ion intensity as a function of the PA
laser intensity verify the efficiency of our method. The
ultracold RbCsþ ion intensity of the double-mixed beams
is enhanced by 70% more than the one of the single-mixed
beam under the same conditions. This powerful method is
not only useful for the production of all other heteronu-
clear molecules, but is also useful to researchers interested
in atomic interaction[26,27].
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