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We report the 87Sr optical lattice clock developed at the National Time Service Center. We achieved a closed-loop
operation of the optical lattice clock based on 87Sr atoms. The linewidth of the spin-polarized clock peak is 3.9 Hz with
a clock laser pulse length of 300 ms, which corresponds to a Fourier-limited linewidth of 3 Hz. The fitting of the in-loop
error signal data shows that the instability is approximately 5× 10−15τ−1/2, affected primarily by the white noise. The
fractional frequency difference averages down to 5.7×10−17 for an averaging time of 3000 s.
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1. Introduction
Over the past decade, the progress in optical clocks

has been of key importance for the advancement of science
and technology. Optical clocks can be used in the field of
scientific research, such as fundamental constants variation
measurement,[1–3] gravitational wave detection,[4] topological
dark matter hunting,[5] and space research and applications.[6]

In addition, optical clocks have been investigated for global
navigation satellite systems and geodetic applications.[7]

The fractional frequency instability and uncertainty of the
best optical clocks based on neutral atoms[8–11] and single
ions[7,12,13] have reached the unprecedented level of 10−18,
which can be employed to redefine the unit of second of the
international system of units (SI) using optical clocks. Ow-
ing to the smallest fractional frequency instability and un-
certainty as well as promising results from the extensive re-
search, 87Sr optical lattice clock is one of the most promis-
ing candidates for the redefinition of the unit of second. The
first optical lattice clock based on 87Sr has been developed at
the University of Tokyo.[14] 87Sr optical lattice clocks have
also been demonstrated at the National Metrology Institute of
Japan (NMIJ), Physikalisch-Technische Bundesanstalt (PTB),
Sytèmes de Référence Temps Espace (SYRTE), and the Na-
tional Institute of Information and Communications Technol-
ogy (NICT) in Japan. Recently, a research team of the Joint
Institute for Laboratory Astrophysics (JILA) obtained a mea-
surement precision of 5× 10−19 in an averaging time of 1 h
based on a 87Sr optical lattice clock,[15] which benefits from

the high correlated density of the degenerate Fermi gas in the
three-dimensional (3D) optical lattice to prevent on-site inter-
action shifts.

The first optical clock in China was constructed at the
Wuhan Institute of Physics and Mathematics (WIPM) of the
Chinese Academy of Sciences which was based on the sin-
gle 40Ca+-ion,[16–18] while the first 87Sr optical lattice clock
in China was constructed at the National Institute of Metrol-
ogy (NIM).[19] This was followed by the development of var-
ious types of optical clocks based on atoms of Yb[20–22] and
Hg,[23,24] ions of Hg+ [25] and Al+,[26,27] etc. Based on the
observation of the (5s2)1S0–(5s5p)3P0 transition spectrum of
bosonic 88Sr,[28] we began to develop an optical lattice clock
based on the fermionic 87Sr from August 2016. After approx-
imately one year of development, we achieved the closed-loop
operation of the 87Sr optical lattice clock. A fractional fre-
quency instability of 5.7× 10−17 was obtained for an averag-
ing time of 3000 s. In this paper, we describe in details the
setup of our strontium optical lattice clock, which can be ben-
eficial for future optical-clock experiments.

2. Principle of operation of the 878787Sr optical lat-
tice clock
The energy levels and transitions of 87Sr used for the

development of the optical lattice clock are illustrated in
Fig. 1. The 87Sr atoms are three-dimensional magneto-
optical trapped (MOT) with the transition of (5s2)1S0(F =

9/2)–(5s5p)1P1(F = 11/2) which corresponds to a wave-
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length of 461 nm. The natural linewidth of this transi-
tion is 32 MHz, leading to a cooling limit temperature at
the millikelvin level. Lasers with wavelengths of 679 nm
and 707 nm are used to repump the atoms in the levels of
(5s5p)3P2 and (5s5p)3P0 to (5s5p)3P1 through the (5s5p)3P0–
(5s6s)3S1 and (5s5p)3P2–(5s6s)3S1 transitions, which even-
tually decay to the ground state. The 87Sr atoms are further
cooled and trapped though the intercombination transition of
(5s2)1S0(F = 9/2)–(5s5p)3P1(F = 11/2) at 689 nm. The
Doppler limit is in the sub-microkelvin range owing to the nar-
row linewidth of 7.5 kHz. In order to increase the efficiency
of the laser cooling, another laser called stirring laser which
is slightly red-detuned from the transition of (5s2)1S0(F =

9/2)–(5s5p)3P1(F = 9/2) at 689 nm is used to provide pop-
ulation randomization among the different spin states. In ad-
dition, this laser is also used as the pump laser in the stage
of state preparation to ensure pure polarization. The 813-
nm lattice laser provides a clock-transition immunity against
recoil and AC Stark shifts. The transition of (5s2)1S0(F =

9/2)–(5s5p)3P0(F = 9/2) is the clock transition with a neu-
tral linewidth of approximately 1 mHz owing to the hyperfine
interaction effects. The absolute transition frequency of the
clock is 429228004229873 Hz, hence the Q-value of the 87Sr
optical lattice clock is approximately 4×1017. After the inter-
rogation by a 698-nm clock laser pulse, the excitation fraction
is detected by monitoring the florescence excited by the 461-
nm laser.

(5s5p)1P1

(5s5p)3P2

(5s6s)3S1

(5s5p)3P1

(5s5p)3P0

(5s2)1S0

(5s4d)1D2

λ
=

68
9 

nm
, 
st

ir
ri
ng

 a
nd

 p
um

pi
ng

λ=
461 nm

, cooling, trapping and detection λ
=

69
8 
nm

,  
cl
oc
k

rep
um

pin
g

λ=
70

7 n
m,

λ
=

67
9 

nm
, 
re

pu
m

pi
ng

F=7/2
F=11/2
F=9/2

F=11/2
F=9/2
F=7/2

F=11/2
F=9/2
F=7/2

F=5/2

F=13/2

F=9/2

λ
=

68
9 

nm
, 
tr

ap
pi

ng

mF=+9/2

mF=-9/2

mF=+9/2

mF=-9/2

f+

f-

singlet triplet

λ
=

8
1
3
 n

m
, la

ttice F=9/2

Fig. 1. (color online) Energy-levels schematic of a 87Sr atom.

3. Experimental setup
A top view of the experimental setup of the 87Sr optical

lattice clock is shown in Fig. 2. The strontium atomic beam
effuses from an oven heated to a temperature of 500 ◦C. The
velocity of the atomic beam is decreased from approximately
460 m/s to 50 m/s by a Zeeman slower with ten coils. In gen-
eral, there are 30 laser beams at different wavelengths propa-

gating in the setup. Three trapping laser beams and their cor-
responding reflection beams at 461 nm are used to form a blue
MOT with a magnetic field produced by two anti-Helmholtz
coils. The laser beams at 679 nm and 707 nm are used to
increase the number of atoms in the blue MOT. The three trap-
ping laser beams at 689 nm are overlapped with the 461-nm
trapping laser beams to form a red MOT. The 813-nm laser
beam and reflected beam are focused on the atom cloud to
form a one-dimensional (1D) lattice, in order to load atoms
for the clock interrogation. A photomultiplier tube (PMT) is
used to detect the fluorescence signals of the 461-nm probe
laser. The temperature of the atoms in the MOT is measured
with an electron multiplying charge-coupled device (EMCCD)
using the time-of-flight (TOF) method.

PMT

EM
CCD

atomic beam

clock@698 nm trapping Y@461 nm
stirring Y@689 nm
trapping Y@689 nm

trapping X@461 nm
stirring X@689 nm
trapping X@689 nm
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stirring Z@689 nm
trapping Z@689 nm
pumping Z@689 nm

lattice@813 nm

probing@461 nm

repumping@679 nm, 707 nm

M1

Zeeman slowing@461 nm

M1

DM1

M2

Fig. 2. (color online) Top view of the experimental setup. M1: 0◦-high-
reflection mirror at 461 nm and 689 nm; M2: 0◦-high-reflection mirror at
461 nm, 679 nm, and 707 nm; DM1: 0◦-dichroic mirror with a high reflec-
tion at 813 nm and high transmittance at 698 nm.

3.1. First stage of cooling and trapping

The experimental setup of the first stage of cooling and
trapping is shown in Fig. 3. The 461-nm laser produced
through a second-harmonic generation from a 922-nm external
cavity diode laser (ECDL) is locked to the (5s2)1S0–(5s5p)1P1

transition of the 88Sr atomic beam, owing to the largest natu-
ral abundance of 82.56%, and exhibits a detuning of 51.8 MHz
from the (5s2)1S0(F = 9/2)–(5s5p)1P1(F = 11/2) transition
of 87Sr. The locked laser is used to produce the Zeeman slow-
ing laser, trapping laser and atomic-states probe laser with
detuning values of −560 MHz, −40 MHz, and 0 MHz, re-
spectively, by acousto-optic modulators (AOMs); their output
powers are 50 mW, 40 mW, and 1 mW, respectively. The 87Sr
atoms from the strontium thermal atomic beam are cooled us-
ing the Zeeman slower and trapped in the blue MOT with an
axial magneticfield gradient of 50 Gs/cm (1 Gs = 10−4 T).

The laser frequency of the 707-nm ECDL with a mode
spacing of approximately 5 GHz is scanned using a frequency
of 1 kHz through the current control and piezoelectric trans-
ducer (PZT), in order to cover all hyperfine transitions. The
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frequency scanning range can be measured by the Cavity 1.
The laser beams at 679 nm (ECDL) and 707 nm are coupled
to an optical fiber for a spatial filtering, and used to repump
atoms for the cooling cycle in the first stage of cooling and
trapping. These laser beams have powers of 8 mW (679 nm)
and 10 mW (707 nm), respectively. The number of atoms can
increase approximately 15 times. After the first stage of cool-
ing and trapping, the temperature and number of atoms in the
blue MOT are 5 mK and 2.3×107, respectively.
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Fig. 3. (color online) Laser sources for the first stage of cooling and trapping.
(a) Laser source at 461 nm. (b) Laser sources at 679 nm and 707 nm. ISO1–3:
optical isolators at 461 nm, 707 nm, and 679 nm, respectively; PD: photodi-
ode; PBS1–5: polarizing beam splitters at 461 nm; PBS6–7: polarizing beam
splitters at 707 nm and 679 nm, respectively; λ/2: half-wave plate; λ/4:
quarter-wave plate; M3–5: 45◦-high-reflection mirrors at 461 nm; AOM1–
4: acousto-optic modulators at 461 nm with frequency shifts of +312 MHz,
−300 MHz, +220 MHz, and +260 MHz, respectively; AOM5 and AOM6
are acousto-optic modulators at 707 nm and 679 nm, respectively, with fre-
quency shifts of +80 MHz.

3.2. Second stage of cooling and trapping

The experimental setup of the second stage of cooling and
trapping is shown in Fig. 4. The 689-nm ECDL is locked to an
ultra-low-expansion (ULE) cavity with a fineness of approxi-
mately 10000 at 689 nm using the Pound–Drever–Hall (PDH)
technique. It is used to produce the second stage cooling and
trapping laser, stirring laser, and pumping laser. The linewidth
of the 689-nm laser is approximately 300 Hz, which is suitable
for a narrow-line cooling; its power is approximately 8 mW.
In order to increase the power of the 689-nm beam, two slave
diode lasers are injection-locked to the master laser; one of
them as a cooling and trapping laser, while the other one as
stirring and pumping lasers. The laser power for cooling and
trapping is approximately 7 mW, while those for stirring and
pumping are 3 mW and 0.2 mW, respectively. The typical
transfer efficiency of atoms from the blue MOT to the red
MOT is approximately 15%. The temperature and number of
atoms in the red MOT are 3.9 µK and 3.5×106, respectively.
The pump laser is used before the clock interrogation in or-
der to pump atoms from ten Zeeman levels to either stretched

states of mF =±9/2; the rotation direction of the pump beam
is switched between the σ+ and σ− polarizations by a liquid-
crystal variable wave-plate.
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Fig. 4. (color online) Laser sources for the second stage of cooling and trap-
ping. ISO4: optical isolators at 689 nm; FR1–2: Faraday Rotators at 689 nm;
BS1–3: beam splitters with ratios between reflection and transmission of 3:7,
5:5, and 1:9, respectively; PBS8–13: polarizing beam splitters at 689 nm;
λ/2: half-wave plate; λ/4: quarter-wave plate; M6–10: 45◦-high-reflection
mirrors at 689 nm; EOM1: electro-optic modulator; AOM7–11: acousto-
optic modulators at 689 nm with frequency shifts of +100 MHz, −244 MHz,
+1026 MHz, +195 MHz, and +195 MHz, respectively; GP1: Glan prism;
LCWP: liquid-crystal wave-plate.

3.3. Lattice loading and clock transition probing

The experimental setups of the lattice loading and clock
transition probing are shown in Fig. 5. Approximately 104

atoms are loaded into a 1D optical lattice at a magic wave-
length of 813 nm. The frequency of the 813-nm laser is
locked to the low-fineness (F = 200) Cavity 2. The 1/e waist
diameter of the 813-nm laser is designed to be approximately
120 µm, while its power is 300 mW, indicating a trap lattice
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Fig. 5. (color online) Laser sources for lattice loading and clock-transition
probing. (a) Source for the 813-nm lattice laser. (b) Source for the 698-nm
clock laser. ISO5 and ISO6: optical isolators at 813 nm and 698 nm, respec-
tively; FR3: Faraday Rotators at 698 nm; PMT: photomultiplier tube; DDS:
direct digital synthesizer; PBS14 and PBS15–17: polarizing beam splitters
at 813 nm and 698 nm, respectively; λ/2: half-wave plate; λ/4: quarter-
wave plate; M11: 45◦-high-reflection mirror at 813 nm; EOM2: electro-optic
modulator; AOM12: acousto-optic modulator at 813 nm with a frequency
shift of −200 MHz; AOM13–16: acousto-optic modulators at 698 nm with
frequency shifts of −220 MHz, −80 MHz, −199 MHz, and −208 MHz,
respectively; GP2: Glan prism.
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depth of approximately 56Er, where Er is the lattice-photon

recoil energy. The 698-nm laser is locked to a ULE Cav-

ity 2 whose fineness is approximately 4× 105 using the PDH

technique. Therefore, the linewidth of the 698-nm laser is ap-

proximately 1 Hz. The 698-nm laser is directed to the atoms

with a 5-m optical fiber using a fiber phase-noise cancella-

tion system. The frequency of the clock laser is tuned by an

AOM15, which provides a scanning across the resonance fre-

quency of the 87Sr-clock transition. The waist of the 698-nm

clock beam is approximately 600 µm, which is suitable for

homogeneously exciting the atoms;[29] its power is approxi-

mately 100 nW.

3.4. Timing sequence

The timing sequence in the 87Sr optical lattice clock ex-

periment is shown in Fig. 6. Once the blue MOT switched off,

the axial magnetic-field gradient is decreased from 50 Gs/cm

to 3 Gs/cm in 1 ms. The magnetic field gradient of 3 Gs/cm

is maintained for 10 ms, and then it is increased to 10 Gs/cm

slowly during a period of 90 ms in order to compress the cloud

of cold atoms. In order to decrease the atomic temperature,

the 689-nm laser is set to a single-frequency mode. Dur-

ing the second cooling, the atoms with a temperature below

the lattice-depth temperature are trapped in the optical lattice

formed by the 813-nm laser. The atoms in all mF states will

be set to the (5s2)1S0(mF = +9/2) or (5s2)1S0(mF = −9/2)

states using the polarized pump laser at 689 nm. The clock is

interrogated using the 698-nm clock laser and probed with the

461-nm laser. In order to increase the signal-to-noise ratio and

decrease the effect of the fluctuation of the atomic number in

each cycle, a normalized shelving detection scheme is used.

With four cycles, the error signal can be calculated from the

excitation fraction of the two stretched states.
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Fig. 6. (color online) Timing scheme in the 87Sr optical lattice clock experi-
ment.

4. Recent experimental result
4.1. Lifetime of atoms in the lattice

The number of atoms trapped in the lattice can be mea-
sured through the fluorescence intensity of the atomic cloud in
the optical lattice using the PMT. The fluorescence intensity as
a function of the holding time is recorded and shown in Fig. 7.
The black points represent the experimental data, while the
curve represent the exponential-decay fitting function. The fit-
ting shows that the 1/e lifetime is approximately 1.6 s, mainly
affected by the background-gas collisions, Sr-atoms collisions,
and intensity noise of the 813-nm lattice laser. For the optical
lattice clock, for a longer lifetime of the atoms trapped in the
lattice, a longer interrogation time can be used.

0 1 2 3
0

1

2

3  experimental data
exponential fitting

F
lu

o
re

sc
e
n
c
e
 s

ig
n
a
l/

a
rb

. 
u
n
it
s

Time/ms

Fig. 7. (color online) Lifetime of the atoms trapped in the 1D optical lattice.

4.2. Clock transition spectra of 878787Sr
4.2.1. Resolved sideband spectroscopy and high-

resolution carrier spectroscopy of the clock tran-
sition

Resolved sideband spectroscopy of the 87Sr (5s2)1S0–
(5s5p)3P0 transition is performed and shown in Fig. 8, by
scanning the frequency of the clock laser though AOM15 us-
ing the normalized detection method.[30] It consists of a nar-
row carrier peak in the center, red sideband and blue sideband.
The pulse length of the clock laser is 150 ms with a Fourier-
limited Rabi linewidth of 6 Hz. The full width at half maxi-
mum of the resolved sideband spectra is 455 Hz mainly owing
to the power broadening; a scan step of 200 Hz and scan range
larger than 160 kHz were employed. The power of the 698-
nm clock laser is 400 µW, while the beam waist is 120 µm.
The trap frequency along the longitudinal direction is approx-
imately 75 kHz; the longitudinal temperature of the atoms can
be estimated from the relative heights of the blue and red side-
bands. The spectra in Fig. 8 reveals that the temperature along
the longitudinal direction is approximately 4.2 µK.

The inset of Fig. 8 shows high-resolution carrier spec-
troscopy results of the clock transition observed with a pulse
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length of the clock laser of 150 ms and scan step of 2 Hz.
The black points represent the experimental data, while the red
curve represents the Lorentzian fitting function. The linewidth
of the spectrum is 6.7 Hz, very close to the Fourier-limited
Rabi linewidth of 6 Hz.

-80 -40 0 40 80

0

0.2

0.4

-20 0 20
0

0.1

0.2

0.3
experimental data
lorentz fitting

Laser detuning/kHz

E
x
c
it
a
ti
o
n
 f
ra

c
ti
o
n

E
x
c
it
a
ti
o
n
 f
ra

c
ti
o
n

Laser detuning/Hz

Fig. 8. (color online) Resolved sideband spectroscopy of the 87Sr clock tran-
sition. High-resolution carrier spectroscopy of the clock transition is shown
in the inset.

4.2.2. Resolved Zeeman spectra and spin-polarized
spectra

With a small bias magnetic field along the polarization
axis of the clock and lattice lasers, ten separated distinct π-
polarized Zeeman transitions[31] from the individual mF states
are shown in Fig. 9. The labels shown in the figure correspond
to the transitions from the ground sublevel states; the inten-
sities of the individual π-polarized transitions are determined
using the Clebsch–Gordan coefficients.
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Fig. 9. (a) Resolved Zeeman spectrum of the π transitions. (b) Spin-
polarized spectra of the transitions from mF = +9/2 to mF = +9/2 and
from mF =−9/2 to mF =−9/2.

In order to increase the signal-to-noise ratio and excita-
tion fraction, we pump the atoms into either stretched states of

mF =±9/2 at the ground state using a weak 689-nm laser res-
onant with the (5s2)1S0(F = 9/2)–(5s5p)3P1(F = 9/2) tran-
sition. The pump-laser beam propagates along the vertical di-
rection perpendicular to the direction of the lattice and clock
lasers. With a σ+ or σ− polarized 689-nm laser, the atoms
in all mF states will be prepared in the (5s2)1S0(mF =+9/2)
or (5s2)1S0(mF =−9/2) states, respectively. More than 90%
of the atoms are pumped to either of the two stretched states;
the excitation fraction is approximately 7 times more than that
achieved without a pumping laser.

For the pulse length of the clock laser of 300 ms,
the linewidth of both peaks is 3.9 Hz, obtained by the
Lorentzian fit of the data, which corresponds to a Fourier-
limited linewidth of 3 Hz.
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Fig. 10. (color online) Spin-polarized spectra of the transition from
mF =+9/2 to mF =+9/2.

4.3. Closed-loop operation of the 878787Sr optical lattice clock

Using the spin-polarized spectra of mF = +9/2–mF =

+9/2 and mF =−9/2–mF =−9/2 Zeeman transitions as the
reference of frequency, the first-order Zeeman shift and vec-
tor Stark shift can be canceled.[19] Using the differences of the
excitation fractions at the half maximum points of each spin-
polarized spectrum in Fig. 9(b), the error signal can be calcu-
lated and the frequency of the clock laser can be locked to the
clock transition of the 87Sr atom using the AOM15. The probe
period is 1 s, while the feedback cycle of the clock is 4 s. The
optical lattice clock can run continuously for more than 5 h.

Using the error signal from the clock laser locking to the
clock transition, we can evaluate the in-loop instability of the
87Sr optical lattice clock by calculating the Allan deviation.[20]

The in-loop fractional frequency instability is 5.7×10−17 at an
averaging time of 3000 s, which represents the best level for
our interleaved measurement (Fig. 11). The fitting shows that
the instability is 5×10−15/τ1/2, affected mainly by the white
noise.
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Fig. 11. (color online) In-loop fractional frequency instability of the
87Sr optical lattice clock.

5. Conclusion and perspectives

We achieved a closed-loop operation of an optical lattice
clock based on 87Sr atoms for more than 5 h. The linewidth of
the spin-polarized spectra was 3.9 Hz with a pulse length of the
clock laser of 300 ms, which corresponds to a Fourier-limited
linewidth of 3 Hz. The fitting of the in-loop error signal data
shows that the instability is 5× 10−15/τ1/2, affected mainly
by the white noise. The fractional frequency difference aver-
ages down to 5.7×10−17 at an averaging time of 3000 s. The
described setup and key technologies could be of benefit for
future optical-clock experiments. The instability of the 87Sr
optical lattice clock may be further improved experimentally,
which would be very important for science and technology.
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