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The experiments on the laser cooling and trapping of ytterbium atoms are reported, including the

two-dimensional transversal cooling, longitudinal velocity Zeeman deceleration, and a magneto-optical

trap with a broadband transition at a wavelength of 399 nm. The magnetic field distributions along

the axis of a Zeeman slower were measured and in a good agreement with the calculated results. Cold

ytterbium atoms were produced with a number of about 107 and a temperature of a few milli-Kelvin.

In addition, using a 556-nm laser, the excitations of cold ytterbium atoms at 1S0–
3P1 transition were

observed. The ytterbium atoms will be further cooled in a 556-nm magneto-optical trap and loaded

into a three-dimensional optical lattice to make an ytterbium optical clock.
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1 Introduction

With the help of laser cooling and trapping, especially
the optical lattice technique, the optical atomic clocks
with various atomic species developed in several insti-
tutes worldwide [1−4]. The alkaline-earth-metal atoms
as well as the ytterbium atoms are promising candidates
for optical frequency standards, owing to the existence
of the milli-Hertz linewidth transitions between their sin-
glet and triplet states [5, 6]. Recent experimental results
show that the fractional frequency uncertainties of the
strontium optical clocks are better than that of the ce-
sium fountain atomic clocks [3, 7]. The optical frequency
standards may become the next generation of frequency
standards. Potentially, the optical frequency standards
may help improve the accuracy and resolution of any
present precision measurement results, such as the rel-
ative time variation of the fine-structure constant, the
gravitational red shift, etc. However, the present mea-
sured clock instabilities are still two orders of magnitude
away from the theoretical prediction, suggesting that we
need to narrow further the linewidth of the probe laser
and improve the signal-to-noise ratio. For the latter, it
requires maximizing the signal or minimizing the noise.

For this purpose, the experiments on the laser cooling
and trapping of ytterbium atoms have been carried out
for a while in several institutes around the world [4,
8−11].

Currently, we developed an apparatus for the laser
cooling and trapping of ytterbium atoms to obtain a
large number of cold atoms, expecting one order of mag-
nitude better for the clock signal than the reported re-
sults. After the giant cold atoms are produced, they will
be directly loaded into a three-dimensional optical lat-
tice. Then we will use the ultra-narrow linewidth 578 nm
laser to probe the clock transition. The observed ultra-
narrow linewidth will be used for the frequency stabiliza-
tion of the 578-nm laser, which will eventually provide
an optical frequency standard.

2 Experimental setup

We used ytterbium atoms to develop an optical frequency
standard. The whole system mainly consists of ultra-cold
ytterbium atoms, a three-dimensional optical lattice, an
ultra-narrow linewidth probe laser, and an optical fre-
quency comb. In this article, we only focused on the
experiments that produce cold ytterbium atoms.
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Unfortunately, the vapor density of ytterbium atoms
at room temperature is very low; usually, an ytterbium
sample needs to be heated up to a temperature of a few
hundred Celsius for vaporization. There are two meth-
ods to generate thermal ytterbium atoms for laser cool-
ing experiments. One is heating an oven near the vac-
uum chamber, which was found to be not good for opti-
cal clock experiments due to blackbody radiation effects,
and the other is using the Zeeman slowing technique,
which was adapted in many laboratories due to not only
providing a high-flux low-velocity atomic beam but also
keeping the chamber at room temperature. We chose the
latter to produce the thermal ytterbium atomic beam.

Generally, to obtain the ultra-cold ytterbium atoms, a
two-stage cooling technique is employed, which includes
broadband cooling and narrowband cooling. The rele-
vant energy levels for laser cooling, an optical lattice,
and a clock transition are shown in Fig. 1. It is well
known that the capture velocity of the magneto-optical
trap (MOT) is generally proportional to the linewidth of
the transition used for cooling.

Fig. 1 Ytterbium atomic energy levels for the relevant cooling,
trapping, and clock transitions.

Corresponding to the 1S0–1P1 transition with a
linewidth of 28 MHz, we estimated the capture velocity
to be about 10 m/s. The velocities of the thermal atoms
output from the Zeeman slower were about a few tens
meters per second, suggesting that the 1S0–1P1 transi-

tion is quite suitable for trapping and cooling ytterbium
atoms in a MOT at the first stage; here, the wavelength
of the corresponding cooling laser is 399 nm. On the
other hand, according to the Doppler cooling theory, the
Doppler-limited temperature of atoms after cooling is
proportional to the transition linewidth, and the theoret-
ically predicted temperature of ytterbium atoms cooled
with the 1S0–1P1 transition is about 0.7 mK, which is not
low enough for the clock experiments, suggesting that
further cooling process is necessary. Fortunately, the
1S0–3P1 transition with a linewidth of 182 kHz is well
adapted for this purpose due to the following reasons:
the corresponding capture velocity is greater than the
velocities of most atoms in the 1S0–1P1 MOT, and the
Doppler-limited temperature of atoms cooled with the
1S0–3P1 transition is about 4 µK, which is very helpful
for the efficient loading of atoms into the optical lattice.
In addition, the linewidth of clock 1S0–3P0 transition
with a wavelength of 578 nm is about a few milli-Hertz.
Eventually, we will use a 578-nm ultra-narrow linewidth
laser to probe this clock transition precisely. The dashed
line in Fig. 1 shows the virtual transition for the optical
lattice with a wavelength of 759 nm.

The schematic diagram of the experimental setup for
laser cooling ytterbium atoms is shown in Fig. 2, includ-
ing an oven, a Zeeman slower, a collimating chamber
with a pressure below 10−7 Pa, an interaction chamber
with a pressure below 10−8 Pa, and the lasers with wave-
lengths of 399 nm (solid lines) for the first-stage cooling,
556 nm (dashed lines) for the second-stage cooling, 759
nm (dashed and dotted lines) for a three-dimensional op-
tical lattice, and 578 nm (thin solid lines) for probing the
clock transition.

Thermal ytterbium atoms were effused from an oven
heated with a temperature of 773 K and went through
two collimators with a separation of 12 cm and diameters
of 3 and 6 mm, respectively. Entering the collimating
chamber, the thermal atomic beam was further colli-
mated by transversal cooling with the 399 nm laser light
in two-dimensional optical molasses (2D-OM). Once the

Fig. 2 Schematic of the experimental setup.
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collimated atomic beam entered the Zeeman slowing re-
gion, where the magnetic field along the axis varied in
distance, so that at any position the induced Zeeman
shifts were exactly matched with Doppler shifts induced
by the counter-propagating σ− gaser beam, it was con-
tinuously decelerated. Finally, when the slowed atomic
beam went into the MOT, the atoms were cooled and
trapped by the six laser beams with a red detuning at
a wavelength of 399 nm and the quadrupole magnetic
field with a gradient of 5 mT/cm along the vertical di-
rection at the center of the trap. Here, the 399 nm laser
beams all came from the laser system, which was SYST
TA–SHG 110 (Toptica Photonics), and were composed
of an extended-cavity diode laser, a tapered amplifier,
and a second harmonic generation. The output power
of this laser system was about 120 mW at 399 nm. In
addition, the compensated coil in Fig. 2 was used to
compensate the magnetic field produced by the Zeeman
slower at the MOT region. In this experiment, the laser
beam output from second harmonic generation was split
into two parts by a polarizing beam splitter. One was
sent to the ytterbium MOT apparatus called as the main
laser beam and the other was sent to the frequency lock-
ing system. The latter was first double-passed through
an acousto–optic modulator, with a center frequency of
80 MHz and a bandwidth of 40 MHz for frequency tun-
ing, and then sent to the frequency stabilization system
where the modulation transfer spectroscopy was applied
for frequency locking. The main laser beam was split into
three beams by two polarizing beam splitters. The first
beam was for 2D-OM called as the collimating beam, the
second beam was for Zeeman slowing called as the Zee-
man beam, and the third beam was for the MOT called
as the MOT beam. The MOT beam was split into three
beams by another two polarizing beam splitters, which
again were sent into the interaction chamber along the
three orthogonal directions. The Zeeman beam passed
through a set of acousto–optic modulators and was fre-
quency shifted to satisfy the Zeeman slowing condition.
The collimating beam went through a set of lenses, so
that it had a rectangle profile to interact with the yt-
terbium atomic beam along the propagation direction as
long as possible.

3 Experimental results

There are many configurations of the Zeeman slower. We
adapted a field-increasing configuration, suggesting that
the magnitude of the magnetic field along the axis of the
slower increased with distance; here, the distance is de-
fined from the entrance of the slower as shown in Fig.
3.

We designed the slower with an effective length of 25
cm. For slowing the atoms from about 300 to 15 m/s

Fig. 3 Measured (dark dots), calculated (solid line), and re-
quired (dotted line) magnetic fields as functions of the distance
along the axis of Zeeman slower.

within a distance of 25 cm, the required magnetic field
distribution along the axis of the slower is shown in Fig.
3 as the dotted line. Based on the required distribu-
tion, we made a slower with the multilayer coils having
a tapered shape. The measured and calculated magnetic
field distributions are shown as dark dots and solid line
in Fig. 3, respectively. We found that the measured, cal-
culated, and required magnetic field distributions were in
good agreement with each other.

The thermal atomic beam was first collimated in 2D-
OM, then decelerated in the Zeeman slower, and finally
flown into the 399-nm MOT to be trapped and cooled.
Figure 4 shows an image of cold 174Yb atoms in the MOT
taken by a video camera. The power of each MOT laser
beam was about 10 mW with a beam diameter of 25
mm, the power of the Zeeman laser beam was about 25
mW with a beam diameter of 10 mm, and the power of
the collimating laser beam is about 30 mW with a beam
size of 10 × 25 mm. We measured the loading and decay
of the MOT at 399 nm by a photon detector through a
lens system as shown in Fig. 5 where the signal-to-noise
ratio was about 30. During the loading process, the ther-
mal ytterbium atoms were captured and cooled by the
399-nm MOT from the slowed ytterbium atomic beam

Fig. 4 Image of cold ytterbium 174Yb atoms in the 399-nm MOT.
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continuously as shown in the left side of Fig. 5. After the
399-nm MOT has been on for 2 s, the B-field was turned
off, and all laser beams were still kept on. Consequently,
the cold atoms previously trapped in the MOT started
to escape from the center of the MOT, so that the fluo-
rescence signal decreased with time as shown in the right
side of Fig. 5. The experimental data (solid line) were
fitted very well by y = y0[1 − e−t/(tl)] for the loading
process, where tl is the loading time, and y = y0 ·e−t/(td)

for the decay process, where td is the decay time; all fit-
ting curves were shown as dashed lines. We estimated
the number and temperature of cold 174Yb atoms in the
399-nm MOT to be about 107 (from the release-and-
recapture measurement) and a few milli-Kelvin (from the
time-of-flight measurements), respectively, at the first-
stage cooling period.

Fig. 5 Loading and decay curves in a 399 nm MOT. The experi-
mental results are shown as filled circles, and the fitting results are
shown as dashed lines.

We built the 556-nm laser system by direct frequency
doubling of a fiber laser at 1111.6 nm with a periodi-
cally pooled MgO:LiNbO3 waveguide. We sent the well-
collimated laser beam with a power of 0.1 mW and a
diameter of 2 mm into an additional ytterbium atomic
beam apparatus, and the laser beam orthogonally in-
teracted with the collimated ytterbium beam. The fre-
quency of the 556-nm laser was scanned around the
resonance frequency of the 1S0–3P1 transition of the
174Yb atoms. The fluorescence signal was collected by a
photo-multiplier tube through a lens system. The photo-
multiplier tube was located at a position that was per-
pendicular to the plane formed by the laser and atomic
beams. The fluorescence signal as a function of the de-
tuning of the 556-nm laser is shown in the bottom part of
Fig. 6. On the other hand, we sent another 556-nm laser
light with a power of about 10 mW into the interaction
chamber interacting with the cold atoms in the 399-nm
MOT. The laser beam was collimated with a diameter
of 10 mm. The fluorescence signal of atoms in the 399-
nm MOT was detected by a photon detector through a

lens system. The top part in Fig. 6 shows the 399-nm
fluorescence signal as a function of the detuning of 556
nm laser, which interacted with the cold atoms in the 399
nm MOT. Clearly, there was a peak corresponding to the
resonance frequency of the 1S0–3P1 transition, suggest-
ing that cold ytterbium atoms were excited to 3P1 and
finally lost from the MOT. In other words, the 556-nm
laser is ready for the second-stage cooling. Note that in
Fig. 6 the ripples in the two sides of the top curve were
induced by the 50 Hz noise, which we are now going to
minimize.

Fig. 6 Fluorescence signals of cold ytterbium atoms in the 399-
nm 1S0–1P1 MOT (top curve) and the ytterbium atomic beam
(bottom curve) with respect to the detuning of the 556-nm laser
relative to the resonance frequency of the 556-nm 1S0–3P1 transi-
tion.

4 Conclusions

We studied the laser cooling and trapping of 174Yb
atoms in the 399-nm 1S0–1P1 MOT. The cold atoms
were excited at the 1S0–3P1 transition by the 556-nm
laser. We will further studr the second-stage cooling
of 174Yb atoms in the 556-nm 1S0–3P1 MOT and load
the ultra-cold atoms into the three-dimensional optical
lattice. Finally, we will lock the frequency of an ultra-
narrow laser at the 1S0–3P0 transition of cold atoms in
the optical lattice to obtain an ytterbium optical fre-
quency standard, which could be applied in precision
measurements and metrology.
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