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Due to its low sensitivity to blackbody radiation, neutral mercury is a good candidate for the most accurate optical
lattice clock. Here we report the observation of cold mercury atoms in a magneto–optical trap (MOT). Because of the high
vapor pressure at room temperature, the mercury source and the cold pump were cooled down to −40 ◦C and −70 ◦C,
respectively, to keep the science chamber in an ultra-high vacuum of 6×10−9 Pa. Limited by the power of the UV cooling
laser, the one beam folded MOT configuration was adopted, and 1.5×105 Hg-202 atoms were observed by fluorescence
detection.
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1. Introduction

Recently, the performance of the optical atomic clock has
largely surpassed that of microwave fountain clocks.[1–4] Com-
pared with the optical clock with a single ion, the optical lat-
tice clock with neutral atoms has a better signal to noise ratio
(SNR).[5–8] However, one of the fundamental limitations of the
performance of the optical lattice clock is the black body ra-
diation (BBR) shift.[9] The fractional uncertainties of the BBR
shift for strontium (Sr) and ytterbium (Yb) are 7×10−17 and
3×10−16, respectively.[9] Mercury (Hg) with a low sensitiv-
ity to BBR has been regarded as a good candidate for the
most accurate optical lattice clock.[10] As the heaviest non-
radioactive atom that can be laser-cooled,[10–12] the mercury
atom has the advantages of testing the variation of fundamen-
tal constants[13] and the CP violatation of permanent electric
dipole moments (EDM).[14] So far, several groups have re-
ported the observation of the mercury magneto–optical trap
(MOT).[10–12] Furthermore, the clock transition,[11] the narrow
Lamb–Dicke spectroscopy, and the magic wavelength of the
lattice laser[15] have been measured. Very recently, the abso-
lute clock frequency (Hg-199) with a fraction uncertainty of
5.7×10−15 has been reported.[16]

This paper is organized as follows. In Section 2, we
briefly introduce the properties of neutral mercury atoms. In
Section 3, our experimental setup of the MOT is described in
detail. Finally, we present the experimental results on the ob-
servation of the trapped mercury atoms.

2. Properties of neutral mercury atoms
Mercury has seven natural stable isotopes, two fermions

(Hg-199, Hg-201) and five bosons (Hg-196, Hg-198, Hg-200,
Hg-202, Hg-204). The mercury atom has an electronic struc-
ture and an energy level structure similar to those of Sr and
Yb, as shown in Fig. 1. In principle, three transitions can be
used for Doppler laser cooling, the singlet transition between
1S0 and 1P1 (184.9 nm), the intercombination transition be-
tween 1S0 and 3P1 (253.7 nm),[17] and the transition between
the meta-stable state 3P2 and state 3D2 (365 nm). For Sr and
Yb atoms, thermal atoms are first slowed by a Zeeman slower
due to the strong singlet transition (1S0–1P1), and are then
loaded into an MOT operated with the intercombination tran-
sition (1S0–3P1).[18–21] The two-cascade cooling technique,
however, cannot be used for Hg atoms because the singlet tran-
sition 1S0–1P1 has a large linewidth (120 MHz) and a deep-UV
wavelength (185 nm). Therefore, the intercombination transi-
tion is used for MOT loading with a linewidth 2π×1.27 MHz,
saturation intensity 10.2 mW/cm2, and Doppler limited tem-
perature 30 µK. Due to no fine or hyperfine splitting in the
ground state, the repumping laser is not required in the laser
cooling of mercury atoms.

The high vapor pressure of mercury (0.3 Pa at room
temperature[22]) makes the mercury source easy to obtain,
which can reach a high optical density with a few-mm-long
cell. Compared with other metal atomic gases, no heating
is required, and the mercury source should be cooled below
−50 ◦C and kept at ultra-high vacuum.[10–12,23]
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Fig. 1. (color online) Energy level diagram of Hg. The transitions of 1S0–
3P1 and 1S0–3P0 are used for cooling and clock transitions, respectively.

3. Experimental setup of the magneto–optical
trap for neutral mercury atoms
The vacuum system consists of two chambers, a source

chamber and a main chamber, which are linked by a gate valve.
The thermoelectric cooled mercury source is the key compo-
nent in the source chamber, which is shown in Fig. 2. The
mercury cup is cooled by a multi-stage thermoelectric cooler
(TEC), and the TEC is glued onto a water cooled heat sink.
When the temperature of water is kept at 10 ◦C, the mercury
cup can be cooled to −80 ◦C. For daily operation, the cup
cools down to −70 ◦C. For MOT operation, the temperature is
kept at −50 ◦C, which corresponds to mercury’s vapor pres-
sure of 3.5×10−5 Pa.

The science chamber has eight indium-sealed UV-
fused silica (UVFS) windows with anti-reflection coatings at
254 nm, six of them for MOT beam access, and two for de-
tection and monitoring. An ion pump and a cold pump are
placed at the end of the science chamber to keep a vacuum
of 2×10−8 Pa when the gate valve is closed. The cold pump
is used to collect the background mercury atoms, which has
a pump speed of 47 L/s for mercury when the plate tempera-
ture is −70 ◦C. When the gate valve is open, the vacuum of
the science chamber raises to 8×10−7 Pa (2×10−6 Pa) as the
source chamber works at −70 ◦C (−50 ◦C). A pair of anti-
Helmholtz coils are mounted on the two sides of the science
chamber to generate a quadruple magnetic field with an axial
magnetic field gradient of 5.38 Gs/(cm·A) along the gravity
(1 Gs = 10−4 T).

A commercial diode laser system (Toptica TA-FHG-
1030) is used to generate the cooling laser. The seed laser
operates at 1014.9 nm with a linewidth smaller than 150 kHz.
The laser is amplified to 1 W by a semiconductor taper ampli-
fier. After two cascaded stages of cavity enhanced frequency
doubling with LBO and BBO crystals, the output power is

about 30 mW at 253.7 nm. The output UV laser is split to
two beams by a polarization beam splitter (PBS), one for satu-
rated absorption spectroscopy (3 mW), and the other for laser
cooling (25 mW).

multipin feedthrough
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heat sink
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Fig. 2. (color online) Schematic diagram of the TEC cooled mercury
source and cold pump. Two Pt100s are glued on the cup and the heat
sink respectively. The heat sink, which is silver-plated to prevent the
corrosion of the water, has a ring configuration in the bottom served as
the gasket. For the cold pump in the main chamber, the OFC cup is
replaced with a 15-mm×20-mm×2-mm OFC plate.

The schematic diagram of the saturated absorption spec-
troscopy (SAS) is shown in Fig. 3. A home-made 2-mm-
length UVFS mercury cell is used. The powers of the pump
and the probe lasers are 2 mW and 0.4 mW, respectively, and
they have the same diameter of 2 mm. Because of the high
vapor pressure at room temperature, the SAS can be realized
by using a few-millimeter cell, this can make the setup of SAS
for mercury much smaller.
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Fig. 3. (color online) Schematic daigram of saturated absorption spec-
troscopy. Here M stands for mirror, PBS for polarization beam splitter,
BS for beam splitter, HWP for half wavelength plate; PDs for photo-
diode detectors (Hamamatsu, S1336). The Hg-cell is a 2-mm long cell
made of UVFS; the differential signal is used to enhance the SNR.
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The cooling beam is magnified to 15 mm in e−2 diame-
ter by a Kepler telescope. To save the UV power, we use the
folded cooling beam with one shot for the MOT. We use the
fluorescence imaging method to detect the MOT signal. In or-
der to enhance the signal-to-noise ratio, we use two stages of
spatial filters with two lens and two irises to avoid the back-
ground scattering light, as depicted in Fig. 4. The MOT sig-
nal is detected by a photomultiplier tube (PMT, Hamamatsu,
H9305-01) or an alternative electron multiplying CCD (EM-
CCD, Andor, iXon3 885). The signal from the PMT is am-
plified by a low-current amplifier (SRS, SR570) to count the
atom number. The shape and the size of the atomic cloud are
recorded by the EMCCD. In our imaging system, the fluores-
cence collection efficiency is 0.1%, and the magnification is
0.5. The cathode radiant sensitivity of the PMT is 60 mA/W
at 254 nm.

PMT

L1

f=60 mm f=40 mm

L2

180 mm 90 mm 80 mm 80 mm

main chamber

I1 I2

cooling laser

 

Fig. 4. (color online) Schematic diagram of the fluorescence imaging
system. Here L1 and L2 are the imaging lenses with focal lengths of
60 mm and 40 mm, respectively; I1 and I2 are the irises for the spatial
filter.

4. Results
Now we present our main experimental results. First we

observe the SAS signals of several mercury isotopes, as shown
in Fig. 5. Due to the isotope abundance, the signals for Hg-202
and Hg-200 are much better. The SAS signal is used to dis-
criminate the frequency of the UV laser in our experiment.
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Fig. 5. SAS signals of the 1S0 to 3P1 transition for several Hg isotopes.

Because the laser frequency cannot be locked on the 1S0–
3P1 transition in our experiment, we slowly sweep the UV
laser across the resonance of Hg-202 with 5.3 MHz/s to find
the MOT signal, and simultaneously monitor the laser fre-
quency by the SAS signal. Limited by the waist of the cooling
beam being 7 mm, the capture velocity is about 5.9 m/s for the
1S0–3P1 transition. The optimized axial magnetic field gradi-
ent is 13 Gs/cm, and the intensity of the cooling laser is about
13 mW/cm2 (1.3Isat). The fluorescence signal is collected by
the PMT and shown in Fig. 6. It is clear that the atoms are

loaded in the MOT when the laser is red-detuned. The sharp
falling edge of the MOT signal indicates the resonance of Hg-
202. The fluorescence images are also taken from the EM-
CCD, as shown in the inset of Fig. 6. In this image, the diam-
eters of the cold mercury atoms are 0.74 mm and 0.96 mm in
the vertical and horizontal directions, respectively.

The atom number in the MOT, NMOT, can be derived from
the PMT signal as

NMOT =UPMT/

(
ΓschνηdetT ηPMT

GPMT

Samp

)
, (1)
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where UPMT is the PMT signal in units of V, hν is the single
photon energy (253.7 nm), ηPMT is the cathode radiant sensi-
tivity of the PMT (60 mA/W), is the gain of the PMT which is
set to 2×104, Samp is the sensitivity of the SR570 (500 nA/V),
GPMT is the fluorescence collection efficiency 0.001, T is the
transmission coefficient of the imaging system (90%), and Γsc

is the scattering rate, i.e.

Γsc =
Γ

2
I(r)/Isat

1+ I(r)/Isat +4(∆)2/Γ 2 . (2)

By considering the sharp edge and the sweep rate, we can esti-
mate that the detuning is about 0.1 MHz–0.5 MHz at the peak
of the PMT signal. The mercury-atom number is estimated
to be 1.5× 105 in the MOT, and the atomic density is about
4.2×108 atom/cm3.
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Fig. 6. (color online) PMT and SAS signals of Hg-202. The UV laser
is swept across the resonance of Hg-202 at 5.3 MHz/s. The inset is the
image of the MOT taken from the EMCCD.

5. Conclusion

In conclusion, we observe approximately 1.5×105 atoms
of Hg-202 in a magneto–optical trap with one beam folded
configuration. The UV cooling laser is discriminated by sat-
urated absorption spectroscopy, and the fluorescence signal is
detected by a two-stage spatial filtered imaging system. The
vacuum of the science chamber can be kept at 2×10−8 Pa with
the TEC-cooled mercury source and the cold pump at −70 ◦C.
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