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Abstract We have successfully implemented the first si-
multaneous magneto-optical trapping (MOT) of lithium
(6Li) and ytterbium (174Yb) atoms towards production of
ultracold polar molecules of LiYb. For this purpose, we de-
veloped the dual atomic oven which contains both atomic
species as an atom source and successfully observed the
spectra of the Li and Yb atoms in the atomic beams from
the dual atomic oven. We constructed the vacuum chamber
including the glass cell with the windows made of zinc se-
lenium (ZnSe) for the CO2 lasers, which are the useful light
sources of optical trapping for evaporative and sympathetic
cooling. Typical atom numbers and temperatures in the com-
pressed MOT are 7 × 103 atoms, 640 µK for 6Li, 7 × 104

atoms, and 60 µK for 174Yb, respectively.

PACS 37.10.De · 42.50.-p · 42.62.Fi

1 Introduction

Researches of ultracold gases of atoms have revealed the
nature of the quantum degenerate gases since the first re-
alization of the Bose–Einstein condensates (BEC) [1, 2] and
the Fermi degenerates (FD) [3] of atoms. As a next impor-
tant step, an ultracold gas of molecules has recently attracted
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much attention due to their unique properties and prospects
for many applications [4]. In particular, molecules consist of
two atomic species with different mass may have large elec-
tric dipole moments called polar molecules. Electric dipole–
dipole interactions of polar molecules are anisotropic and
in a long-range, different from the contact interactions of
atoms. In addition, dipole–dipole interactions of electric di-
pole moments are considered to be much stronger than those
of magnetic dipole moments of atoms. Due to these strong
long-range anisotropic interactions, many applications of
polar molecules have been theoretically proposed [5]. Polar
molecules in optical lattices have particularly been worthy
of attention for their applications including a quantum com-
putation [6], the study of the frustrated states in the trian-
gular lattices [7], and the quantum simulator of lattice-spin
models [8].

Among the various combinations of atomic species, we
have focused on ultracold gases of molecules composed of
Li and Yb [9]. The molecule has the largest mass ratio (∼29)
among the combinations of atomic species that have already
been cooled to quantum degenerate regime. The most im-
portant advantage of molecules of LiYb is the existence of
a spin degree of freedom in the electronic ground molec-
ular state (2Σ ), which enables us to implement the quan-
tum simulator of lattice-spin models. In contrast, molecules
composed of alkali atoms in the singlet electronic ground
molecular state (1Σ ) have no electron spin degree of free-
dom. RbYb molecules, as well as LiYb molecules, have a
spin degree of freedom in the 2Σ state and have recently
been studied [10]. However, LiYb molecules have further
advantages:

1. Li and Yb have both bosonic and fermionic isotopes and
this leads to the study of various molecules composed of
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Fig. 1 Schematic setup of the experiment. The Li and Yb metals are
put in the dual atomic oven. Li and Yb atomic beams from the dual
atomic oven are decelerated through the Zeeman slower coils by ap-

plying Zeeman slowing beams. These atoms are loaded to a MOT in
the glass cell with ZnSe windows. MOT beams propagate along the
three axes and the MOT coils are set in the vertical axis

fermionic–fermionic, fermionic–bosonic, and bosonic–
bosonic atoms. In contrast, Rb has only bosonic isotopes.

2. Due to their large mass ratio, weakly bound LiYb mole-
cules of both fermionic isotopes are expected to be colli-
sionally stable and promising for the study of the three-
body system such as Efimov trimer states [11].

The expected processes for generating ultracold mole-
cules of LiYb are as follows: First, Li and Yb atomic
beams from an atomic oven are decelerated by the Zee-
man slowing method and these cooled atoms are loaded
to a magneto-optical trap (MOT) in a main chamber. Sec-
ond, these trapped atoms are transferred to a optical trap
and evaporatively cooled with sympathetic cooling of atoms
between different atomic species [12]. Third, evaporatively
cooled Li and Yb atoms are adiabatically associated to
weakly bound LiYb molecules by employing magnetically
tunable Feshbach resonances [13]. Finally, weakly bound
molecules are coherently transferred to the rovibrational
ground state of the electronic ground molecular state by em-
ploying a step of STIRAP (STImulated Raman Adiabatic
Passage) [14].

In this paper, we report the first simultaneous MOT of Li
and Yb atoms, towards production of ultracold polar mole-
cules of LiYb. For this purpose, we developed the dual
atomic oven which contains both atomic species and suc-
cessfully observed the spectra of Li and Yb atomic beams
from the dual atomic oven as described in Sect. 2. The laser
systems and a glass cell as a main chamber are described
in Sect. 3. In particular, the windows made of zinc selenium
(ZnSe) are attached to the glass cell for the CO2 laser, which
is a useful light source of optical trapping for evaporative
and sympathetic cooling as well as trapping of cold LiYb
molecules. The procedures and experimental parameters of
the simultaneous MOT of 6Li and 174Yb are discussed in
Sect. 4.

2 Dual atomic oven

2.1 Atomic oven

We first developed the dual atomic oven which contains both
Li and Yb atoms as an atom source. Developing the dual
atomic oven is important to make experimental systems sim-
ple and compact. While temperatures of Li and Yb atoms are
equal in the dual atomic oven, the saturated vapor pressure
of Yb is at most an order of magnitude larger than that of
Li at around 400◦C. The configuration of the dual atomic
oven is shown in the left side of Fig. 1. This oven consists of
three parts: the body part which contains Li and Yb atoms,
the curved part, and the nozzle part where atoms pass out
through as the atomic beams. We designed the body part
vertical because it is heated above the melting point of Li
(180◦C). Approximately 60 thin tubes, each of which has a
inner diameter of 0.3 mm and a length of 10 mm, are assem-
bled at the nozzle part which limits the divergence of the
atomic beams by approximately 0.03 rad.

2.2 Spectroscopy using the atomic beams

One may expect that atoms could not pass out as the atomic
beams because of reactions between Li and Yb in the atomic
oven. To check the performance of the dual atomic oven,
we employed the spectroscopy of Li and Yb atomic beams
from the dual atomic oven. The light source for the Li spec-
troscopy is an extended cavity laser diode (ECLD) in the
Littman configuration with a wavelength of 671 nm. For the
Yb spectroscopy we also used an ECLD in the Littrow con-
figuration with a wavelength of 399 nm. The Li and Yb met-
als with natural abundances were put in the body part of the
atomic oven, which was heated to 460◦C by wires wound
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Fig. 2 The fluorescence signals of the atomic beam of Li (a) and
Yb (b). The Li and Yb metals with natural abundances were used
in this measurement. Transitions of the D2 line of 6Li and the D1
line of 7Li (λ = 671 nm) are observed (16 times integration) (a) and
(6s2) 1S0–(6s6p) 1P1 transitions of Yb isotopes (λ = 399 nm) are ob-
served (b). Each peak of signals is indicated by an isotope and a tran-
sition and F and F ′ denote hyperfine states of the ground state (S) and
the excited state (P ), respectively

around. The vapor pressures of Li and Yb at this tempera-
ture are 1×10−3 and 7×10−3 Torr, respectively. The output
laser beams of ECLDs with their laser frequencies tuned to
2s–2p transitions of Li and (6s2) 1S0–(6s6p) 1P1 transi-
tions of Yb were applied perpendicular to the atomic beams
and fluorescence from the atomic beams were detected by a
photomultiplier tube (PMT).

In this way we observed the spectra of Li and Yb atomic
beams by measuring the fluorescence as shown in Fig. 2.
The fluorescence signals of the D2 line of 6Li and the D1

line of 7Li in Fig. 2a were obtained with 16 times integration
and those of 1S0–1P1 transitions of Yb isotopes were also
obtained (Fig. 2b). The Doppler widths of the fluorescence
signals resulted from the angular divergence of the atomic
beams are consistent with the configuration of the thin tubes
at the nozzle part of the dual atomic oven. Thus the perfor-
mance of the dual atomic oven was properly checked and
the dual atomic oven was prepared for the experiment. The
relative intensities of the each lines are consistent with the
expectation [15].

Fig. 3 Energy levels and transitions for laser cooling and probing of
6Li (a) and 174Yb (b) atoms

3 Experimental setup

3.1 Laser systems

Energy levels and transitions for laser cooling and probing
of 6Li and 174Yb atoms are shown in Fig. 3. We use transi-
tions of the D2 line of 6Li atoms for laser cooling and prob-
ing. The wavelength and the natural linewidth (Γ ) of the D2

line are 671 nm and 2π × 5.9 MHz, respectively. As a light
source we used a CW ring dye laser (Coherent, 899-21) with
LD688 dye pumped by a CW green diode-pumped solid-
state laser (Coherent, Verdi-V8) with wavelength of 532 nm
and power of 6 W. The output power of the CW ring dye
laser is 400 mW. The output beam of the dye laser is divided
into laser beams for MOT, MOT repumping, Zeeman slow-
ing, probe, probe repumping, and frequency locking of the
dye laser. The use of repumping beams (MOT repumping
beam and probe repumping beam) is essentially important
because the hyperfine splittings of the excited state (2P3/2)
are comparable with the natural linewidth. The frequency of
each laser beam is shifted by using acousto-optic modulators
(AOM). The frequency of the dye laser is locked to the trans-
fer cavity, which is a 50-cm-length confocal cavity whose
spacer is made of invar, a nickel steel alloy with low thermal
expansion. Furthermore the transfer cavity is locked to the
556 nm laser light whose frequency is highly stabilized for
laser cooling of Yb atoms as described below. The powers of
MOT beam and MOT repumping beam are 11 and 12 mW,
respectively, and each of these beams is divided into three
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beams with diameters of 10 mm, which produce the average
peak intensities of each MOT beam and MOT repumping
beam of 1.4 Is and 1.6 Is, respectively, where Is is the sat-
uration intensity of the D2 line, 2.54 mW/cm2. The power
of Zeeman slowing beam is 60 mW. MOT repumping beam
is also used as probe repumping beam and the frequencies
of the probe beam and probe repumping beam are set to the
resonances of the transitions.

We use the transitions of 1S0–1P1 and 1S0–3P1 for laser
cooling and probing of 174Yb atoms. Zeeman slowing of the
atomic beam is done by using the strongly allowed 1S0–1P1

singlet transition, whose wavelength and natural linewidth
are 399 nm and 2π × 29 MHz, respectively. The LD chip
is installed to the ECLD in the Littrow configuration and
the wavelength is tuned to 798 nm by grating feedback. The
output beam of the ECLD with a power of 10 mW is am-
plified to 480 mW by the TA with the operating current of
1.5 A. To convert the amplified laser light to 399 nm light,
we used a periodically poled potassium titanyl phosphate
(PPKTP) nonlinear crystal. The PPKTP crystal is put in a
crystal oven made of copper whose temperature is stabilized
by the Peltier unit. This crystal oven is set in a ring cav-
ity to enhance the efficiency of second harmonic generation
(SHG) and 399-nm laser beam with a power of 40 mW is
generated. The frequency of the 798 nm ECLD is locked to
the transfer cavity and shifted by using the AOM.

Probing of 174Yb atoms is also done by using the 1S0–
1P1 transition. Because we need a frequency stable laser
light with good transverse mode to properly probe atoms,
we adopted an ECLD with optical feedback to a filter cav-
ity [16]. The ECLD is constructed in the Littrow configu-
ration and the wavelength and the standard output power of
the LD chip (NICHIA) are 399 nm and 65 mW, respectively.
The output beam of the ECLD with a power of 4.5 mW is
injected to the filter cavity and then partially retroreflected
(≈4%) by a wedge plate to stabilize the laser frequency by
optical feedback. In addition, long-term stability of the fre-
quency of the laser is obtained by 1f –3f electric feedback
with modulation frequency (f ) of 40 kHz. The output beam
in TEM00 mode is obtained with a power of 2.1 mW. To lock
the frequency of this laser system, we constructed a vacuum
chamber with an atomic oven of Yb. The frequency stabi-
lized output beam of the filter cavity is partially divided and
applied to the atomic beam from the atomic oven, which
contains 50 g of the natural Yb metals. The fluorescence
from the atomic beam of Yb are detected by the PMT and
the frequency of the laser system is locked to the resonance
of 174Yb.

MOT of 174Yb atoms is done by using the intercombina-
tion 1S0–3P1 transition [17], whose wavelength and natural
linewidth are 556 nm and 2π × 182 kHz, respectively. The
natural linewidth is so narrow that we use the high-power
narrow linewidth laser with a wavelength of 556 nm [18]

as a light source. This laser system consists of a commercial
1 W fiber laser and a lithium triborate (LBO) nonlinear crys-
tal in a ring cavity for SHG. The ytterbium-doped fiber laser
with a wavelength of 1112 nm is frequency locked to an
ultralow-expansion (ULE) cavity mounted in a temperature-
controlled vacuum chamber. This laser system generates
556 nm laser light with a linewidth of less than 100 kHz. The
transfer cavity is locked to this frequency stabilized 556 nm
laser light as described above. The power of MOT beam is
75 mW and divided into three beams with a diameter of
16 mm. This means that the average peak intensity of each
MOT beam is about 90 Is where Is is the saturated intensity
of the 1S0–3P1 transition, 0.14 mW/cm2.

3.2 Glass cell

A main experimental region needs some conditions. It needs
good optical accessibility for many laser beams used for
laser cooling and probing of both atoms. It also needs to be
compact because MOT and Feshbach coils put closer to the
center of the main chamber can yield larger magnetic fields.
To meet these conditions, we designed a octagonal glass cell
made of TEMPAX Float (SCHOTT) as the main chamber as
shown in the right side of Fig. 1. The pressure in the glass
cell is estimated to be an order of 10−9 Torr.

As light sources for optical trapping we chose the CO2

lasers with a wavelength of 10.6 µm. The CO2 lasers have
significantly longer wavelength than atomic transitions of
Li and Yb, therefore electric fields of the CO2 laser beams
are considered to be quasistatic electric field. This means
that the CO2 lasers are useful for trapping Li and Yb atoms
as well as LiYb molecules. For the CO2 laser beams, we
attached four windows made of ZnSe that are AR coated
at 10.6 µm by using the adhesion bond (Epoxy technology,
EPO-TEK 353ND) compatible with the ultrahigh vacuum.

4 Simultaneous magneto-optical trapping of Li and Yb
atoms

In the experiment, more than 95% 6Li enriched Li metals
and the natural Yb metals are put in the dual atomic oven,
whose body part is heated to 400◦C. Li and Yb atomic
beams from the dual atomic oven are decelerated through
the Zeeman slower coils by applying Zeeman slower beams
of Li and Yb atoms as shown in the middle of Fig. 1. The
Zeeman slower coils are in a increasing magnetic field con-
figuration along the atomic beams and the maximum value
of the magnetic field is designed approximately to be 520 G.
Both Zeeman slowing beams are gradually focused towards
the nozzle part of the dual atomic oven in accordance with
the angular divergence of the atomic beams. The Zeeman
slowed Li and Yb atoms are then loaded to a MOT in the
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glass cell. MOT beams propagate along the three axes and
the MOT coils (anti-Helmholtz coils) are set in the verti-
cal axis as shown in the right side of Fig. 1. The axial (ra-
dial) magnetic field gradients for the MOT are 16 G/cm
(8 G/cm). The detunings of MOT beam, MOT repump-
ing beam of Li and MOT beams of Yb are 24, 24 MHz
(∼4.1 Γ ), and 4 MHz (∼22 Γ ), respectively. Zeeman slow-
ing and MOT beams of Li and Yb atoms are overlapped
at dichroic mirrors and then go through quarter-wavelength
plates designed for both wavelengths of laser beams in front
of the glass cell. In these conditions, we have successfully
observed the fluorescence from the simultaneous MOT of
6Li and 174Yb atoms by a charge-coupled-device (CCD)
camera. Loading of atoms to the simultaneous MOT is satu-
rated within a few seconds, which is mainly limited by col-
lisions of atoms with the background gases.

To increase the density and decrease the temperature of
the atoms, we have implemented the compressed MOT for
both atoms by increasing the magnetic field gradients and
decreasing the detunings and the intensities of MOT beams.
After the 2.5 s loading of atoms to the MOT, Zeeman slow-
ing beams are shut off and the detunings of MOT beams,
MOT repumping beams of Li and MOT beams of Yb are
switched to 12, 12 (∼2.0 Γ ), and 1 MHz (∼5.5 Γ ), respec-
tively. Then the axial (radial) magnetic field gradients are
linearly increased to 30 G/cm (15 G/cm) during a sweeting
time of some tens of ms. After ramping the magnetic field
gradients, the intensities of MOT beams of Li and Yb are de-
creased to approximately 1/10 and 1/20, respectively, and
the magnetic field gradients are kept at the maximum value
during the cooling time. The atom number and the tempera-
ture of atoms in the compressed MOT are measured by the
time-of-flight (TOF) method. The powers of probe beams of
6Li and 174Yb are 35 and 50 µW, respectively, and the di-
ameters of both probe beams are 6 mm. The density profiles
of atoms right after turning off the MOT beams were ob-
tained by absorption imaging technique as shown in Fig. 4.
Typical values of the compressed MOT are as follows: The
atom number (N ) and the temperature (T ) of the 6Li in the
compressed MOT are N = 7 × 103 and T = 640 µK. Those
values for 174Yb are N = 7×104 and T = 60 µK. These ex-
perimental parameters are listed in Table 1. Smaller number
of Li atoms in the trap compared with Yb atoms is mainly
originated from the fact that the configuration of the Zee-
man slower was optimized for Yb atoms because the larger
number of Yb atoms is necessary to sympathetically cool Li
atoms through the collision between Li and Yb atoms in the
optical trap. So far, we could not observe any additional dis-
advantage of simultaneous trapping on each atom number of
Li and Yb in the MOT.

Fig. 4 Absorption images of 6Li atoms a and 174Yb atoms b in the
compressed MOT. These density profiles of atoms right after turning
off the MOT beams were obtained by absorption imaging technique

Table 1 Experimental parameters of the MOT of 6Li and 174Yb:
Wavelength (λ) in vacuum, natural line width (Γ ), saturation inten-
sity (Is), detunings (�) of MOT beam (and MOT repumping beam of
Li), and typical values of the atom number (N ) and the temperature
(T ) of 6Li and 174Yb atoms in the compressed MOT

6Li 174Yb

MOT repumping MOT

λ (nm) 670.977 555.8

Γ/2π (MHz) 5.9 0.182

Is (mW/cm2) 2.54 0.14

I/Is 1.4 1.6 90

�/Γ 4.1 4.1 22

N 7 × 103 7 × 104

T (µK) 640 60

5 Conclusion

In summary, we have implemented the first simultaneous
MOT of 6Li and 174Yb atoms. The dual atomic oven which
contains both atomic species was developed and we have
successfully observed the spectra of Li and Yb in the atomic
beams from the dual atomic oven. Typical values of atom
numbers and temperatures of the compressed MOT are
7 × 103 atoms, 640 µK for 6Li, 7 × 104 atoms and 60 µK
for 174Yb, respectively. The realization of the simultaneous
MOT is the key to production of ultracold polar molecules
of LiYb.

The improvement of the vacuum of the main chamber
will reduce the atom losses of the MOT due to the back-
ground gases and this will increase the atom number of the
simultaneous MOT. In addition to this improvement, fur-
ther optimization of the compressed MOT are expected to
decrease temperatures of the compressed MOT closer to
the Doppler cooling limits of 6Li and 174Yb, T = 140 and
T = 4 µK, respectively. These improvements will increase
the phase space density of the simultaneous MOT and this
leads to the next process, optical trapping by CO2 lasers.
We can examine the collisional properties of Li and Yb in
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the optical trap and obtain the information for production of
LiYb molecules.
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