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We report experiments on the observation of the 1S0 − 3P0 transition spectrum of 88Sr in the Lamb-Dicke regime.
After going through a two-stage magneto-optical trap (MOT), 88Sr cold atoms with number of about 1 × 105 and
a longitudinal temperature of 8.4 μK are loaded into a one-dimensional (1D) optical lattice, which is realized
with a semiconductor laser at 813.4 nm. Using the magnetic field-inducing 3P1 state mixing into 3P0 state, the
spectroscopy of the 1S0 − 3P0 transition with a linewidth of 180 Hz is detected.
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The appearance of the atom optical lattice clock has
strongly promoted developments in the area of optical fre-
quency standards[1–4]. Due to the high performance in its
stability and accuracy, the optical frequency standards
may improve the level of measurement of basic physical
constants[5], such as the measurement of the fine-structure
constant and temporal drifts[6]. Furthermore, the im-
proved timing standards open up some new applications,
including chronometric leveling-based geodesy[7], naviga-
tion[8], and space travel[9]. So far, there are lots of institutes
researching the optical lattice clock with different species
of atoms, such as strontium (Sr)[10–15] and ytterbium
(Yb)[16–20]. Optical lattice clocks with many ultra-cold
atoms confined in optical lattices operating on the magic
wavelength[21] have great precision. To date, the best
optical lattice clocks have been achieved to a 10−18 level
with total uncertainty[22,23]. Among these optical lattice
clocks, fermionic 87Sr has an ultra-narrow transition when
realizing high-precision optical lattice clocks[24–27]. On
account of the natural abundance and the simplicity of
the energy structure of bosonic 88Sr, some institutes also
selected it to make the optical lattice clock, which has
resulted in a much easier cooling process and higher cool-
ing efficiency[28,29].
In this Letter, we demonstrate our experiments on the

observation of the 1S0 − 3P0 transition of 88Sr in the
Lamb-Dicke regime. We have prepared cold atomic sam-
ples, confined atoms in the Lamb-Dicke regime with the
magic wavelength, and probed the 1S0 − 3P0 transition
spectrum with a normalized detection method.
The energy level scheme of strontium is shown in

Fig. 1. The strontium atoms are cooled in a two-stage
magneto-optical trap (MOT). The first stage MOT is
based on the strong transition of 1S0 − 1P1, whose emis-
sion wavelength is at 461 nm, and whose Doppler cooling
limit temperature is 108 μK. To prevent the loss of atoms

via 1P1 −
1D2 −

3P2, two lasers at 679 and 707 nm are em-
ployed to repump the atoms to the 3P1 state. Then, the
atoms decay to the 1S0 state. The second stage MOT is
based on the inter-combination transition of 1S0 − 3P1,
which has an emission wavelength of 689 nm and has a
natural linewidth of merely 7.6 kHz, corresponding to a
Doppler cooling limit temperature of 180 nK. For
bosonic strontium, the 1S0 − 3P0 transition is rigorously
forbidden[30]. A static magnetic field can be used to induce
the 3P1 state into the 3P0 state and make the 1S0 − 3P0

transition possible in 88Sr[31].
The experimental setup is shown in Fig. 2. The system

for the first stage MOT had been reported in detail in
Ref. [32]. The number of atoms in the first stage MOT
is achieved to the 108 level, and the temperature is about
3 mK. Exploring 1S0 − 3P1 narrow line dynamics at
689 nm requires a laser system whose linewidth needs
to be narrow compared to the 7.6 kHz natural transition
linewidth. In our experiment, the 689 nm laser is narrowed
by locking it to a stable, optical reference, ultra-low expan-
sion (ULE) cavity (Finesse 12000) via the Pound–Drever–
Hall (PDH) technique. The linewidth of the 689 nm laser is

Fig. 1. Energy level scheme of the 88Sr atom.
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narrowed to about 200 Hz[33]. A one-dimensional (1D) op-
tical lattice is realized with an 813 nm laser, which is a
diode laser with tapered amplifier (TA) laser system. After
passing through a single-mode polarization-maintaining
fiber, the maximum output power of the 813 nm laser
is 950 mW. The lattice laser is tightly focused by an ach-
romatic lens that has a focal length of 200 mm, and the
beam waist is about 38 μm. Then, the incident beam is
retro-reflected by the same lens and a reflector. In order
to make the returning beam overlap and maintain the
same beam parameters as the original incident beam,
the fiber splitter is used to make sure the incident beam
strictly overlaps the retro-reflected beam. Then, a horizon-
tally oriented 1D optical lattice is realized with the 813 nm
diode laser. A 698 nm commercial laser is used as the clock
laser. The frequency of the 698 nm laser is locked to a ULE
cavity (Finesse 400,000) via the PDH technique. The line-
width of the clock laser system is 0.5 Hz, and the fractional
Allan deviation is 1 × 10−15 at 1 s.
The experiment for the 698 nm clock transition is con-

trolled by the time sequence shown in Fig. 3. After the first
stage MOT, the magnetic field gradient is rapidly reduced
from 50 to 3 G/cm. At a 50 kHz modulation frequency and

a 1.8 MHz frequency deviation, the 689 nm laser is modu-
lated into a broadband width to match the thermal distri-
bution of the atoms, which have been prepared in the first
stage MOT. Meanwhile, the magnetic field is ramped up
to 10 G/cm in 50 ms to compress the volume of the atomic
cloud. After the frequency modulation has been switched
off, within 50 ms of single-frequency laser cooling, the
loading efficiency into the second stage MOT is about
15%. Approximately 107 atoms are trapped at about
2 μK. At the end of the second stage MOT, the magnetic
field is switched off.

After two-stage MOT, we switched on the 813 nm laser,
and strontium atoms are loaded into the optical lattice
when their temperature is reduced to be lower than the
trap depth of the lattice. The magic wavelength of the
strontium optical lattice makes the first-order AC Stark
shifts of the ground and the excited states equal. Theoreti-
cally, with the 813 nm beam waist of 38 μm and a power of
850 mW, a trap depth of 95 μK can be realized, and the
longitudinal and transverse trap frequencies are 166 kHz
and 800 Hz, respectively.

Figure 4 is the picture of the atoms loaded into the 1D
optical lattice within 30 ms, which is recorded by an
electron-multiplying charge-coupled device (EMCCD,
Andor DU-897) with the 461 nm probe beam. Part of the
atoms, whose temperature is lower than the trap depth of
the lattice, are trapped in the optical lattice due to the
dipole potential, while the rest of the atoms fall down due
to gravity. The size of the picture recorded by the
EMCCD is 5.12 mm × 5.12 mm, the resolution ratio is
320 × 320, the pixel size is 0.016 mm, and the magnifica-
tion is 1. According to the atomic fluorescence intensity
distribution in the picture, we estimate the half width
of the atoms in the optical lattice to be about 40 μm, which
is close to 813 nm beam waist of 38 μm. This means that
part of the cold atoms are loaded into the near region of
the beam waist. Based on the number of atoms in the
second stage MOT, by comparing the atomic fluorescence
intensity distribution before and after loading, the number
of atoms can be estimated to be about 1 × 105.

Also, we use a photomultiplier tube to measure the fluo-
rescence intensity of the atomic cloud in the optical lattice
and evaluate the lifetime of the atoms. In order to elimi-
nate the stray light and obtain a high signal-to-noise ratio

Fig. 2. Experimental setup. PMT: photomultiplier tube.
EMCCD: electron multiplying charge-coupled device. OFC:
optical frequency comb.

Fig. 3. Time sequence of the experiment for the 698 nm clock
transition. Fig. 4. Picture of the optical lattice-loaded atoms.
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(SNR) for the fluorescence intensity, a 461 nm filter, a lens
group, and an aperture are used to eliminate the back-
ground noise. In this way, we measure the fluorescence
intensity of the atomic cloud in the optical lattice, as
shown in Fig. 5. The black points represent the fluores-
cence intensity of the atomic cloud in the optical lattice
at different probe times. The red solid curve is an exponen-
tial function fit to the data yields. The lifetime of the
atoms trapped in the 1D optical lattice is 500 ms.
Utilizing the ultra-narrow feature of the 1S0 − 3P0 as

the clock transition, and considering that an 88Sr clock
transition 1S0 − 3P0 is rigorously forbidden, we apply a
static magnetic field to mix a small and controllable
fraction of the nearby 3P1 state into the 3P0 state to
quench the forbidden transition, with a Rabi frequency[34],
as follows:

ΩR ¼ α
���
I

p
jBj; (1)

where αðSrÞ ¼ 198 Hz∕ðT
���������������������������
mW· cm−2

p
Þ, B is the mag-

netic field intensity, and I is the intensity of the probe
light at 698 nm.
The frequency of the 698 nm laser was accurately

measured by an optical frequency comb (OFC, Menlo
FC1500). Moreover, an acoustic optical modulator was
employed to shift the frequency of the 698 nm laser to
a reference frequency[35]. As shown in Fig. 3, after the two
stages of cooling, the anti-Helmholtz coils are changed into
a Helmholtz configuration by reversing one of the coils’
currents. The 698 nm clock laser is switched on to induce
the clock transition. In order to increase the SNR of the
Rabi excitation measurement, a normalized detection
method is applied. The first resonant 461 nm imaging
beam pulse (4 ms) is switched on to detect the atoms re-
maining in the 1S0 state after the clock transition interrog-
ation. The measured 1S0 atomic population is n1. At the
same time, the atoms in 1S0 are wiped out of the optical
lattice after the first 461 nm pulse. The atoms excited into
the 3P0 state by the clock laser beam are pumped back into
the 1S0 state within 4 ms by pulses at 707 and 679 nm.
After the second 461 nm pulse (4 ms), the 3P0 atomic

population is measured to be n2. Finally, the excitation
probability is given by the ratio r ¼ n2∕ðn1 þ n2Þ.

The wide-scan spectrum obtained is shown in Fig. 6. It
was achieved by using a static magnetic field of B ¼
24 mT and a 698 nm clock laser intensity of 16 W∕cm2.
The Rabi frequency is estimated to be about 600 Hz.
We set the clock laser frequency to change with scan steps
of 1 kHz, and the pulse length of clock laser at 698 nm is
90 ms. The clock transition spectrum is composed of the
carrier and sideband transition, which are shown as
the black curve. The sideband transitions correspond to
the transitions to the þ1 and −1 motional states (the blue
and red sidebands). The full width at half-maximum
(FWHM) of the carrier transition is about 3 kHz from
the wide spectrum. The motional sideband spectrum ex-
hibits some features similar to the harmonically trapped
atoms. The trap frequency along the longitudinal axis
(νz , measured approximately from the peak of the side-
band to the carrier transition) is about 130 kHz. Thus,
our experiment corresponds to the Lamb-Dicke parame-
ters[34] of η ¼ �������������

νR∕νz
p

≈ 0.19, where νR ¼ h∕ð2Mλ2Þ is
the atomic recoil frequency shift associated with the ab-
sorption of a photon and λ ¼ 698 nm. The trap depth is
67 μK. This takes into account that the beam waist
and the center of the second stage MOT do not strictly
overlap. The experimental value of 67 μK is less than
the theoretical value of 95 μK. Moreover, the amplitudes
of the blue and red sidebands in the transition spectrum
are weighted by the population distribution. The atomic
sample temperature is given by the equation[36]

Pred

Pblue
≈
N 1

N 0
¼ e−

ℏνz
κBT ; (2)

where Pred and Pblue are the peak amplitudes of the red
and blue sidebands, and N 0 and N 1 are the atomic pop-
ulations in the ground and first excited 1S0 motional
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Fig. 5. Lifetime of the atoms in the 1D optical lattice.
Fig. 6. Clock transition spectrum. The black curve with the
resolved sideband is the clock transition’s wide spectrum swept
by a 1 kHz step size. The inset shows the narrow spectrum of the
transition with a FWHM of 180 Hz; the solid red curve is a
Lorentzian fit to the data yields.
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states. We calculated the longitudinal temperature of the
trapped atoms to be about 8.4 μK.
The narrow spectrum can be obtained by reducing the

laser intensity and the magnetic field B. Considering the
SNR, we kept the same pulse length of the clock laser at
698 nm with 90 ms. We also set the clock laser intensity
and the magnetic field B to about 5 W∕cm2 and 0.8 mT,
respectively. The inset in Fig. 6 is the narrow spectrum
observed under this experimental condition. The blue
points denote the values of the clock transition measure-
ment, and the red solid curve represents a Lorentzian fit to
the data yields. The linewidth of the narrow transition
spectrum is 180 Hz. In our experiment, the spectroscopic
linewidth is limited by the power broadening due to the
clock laser, lattice decoherence effects, and the effective
Rabi frequency.
With a static magnetic field ofB ¼ 24 mT and the clock

laser at 698 nm with an intensity of 3.6 W∕cm2, by chang-
ing the clock laser pulse length, the Rabi oscillations are
obtained. By fitting the Rabi oscillations, we get the Rabi
spectroscopy of the clock transition shown in Fig. 7. The
black points denote the values of the Rabi excitation
measurement with different clock pulse lengths. The red
solid curve is the result by fitting with the function
að1− cosð2πΩFITΔtÞ expðΔt∕τFITÞÞ. On the carrier, the
Rabi π-pulse excitation at 5 ms shows a nearly 65% exci-
tation of atoms, the measured atomic Rabi frequency ΩFIT

is 165 Hz, which is about 58% of the estimated Rabi fre-
quency ΩR calculated from the magnetic field and the
clock laser intensity (see Eq. 1). These results are owing
to the inhomogeneous excitation among the atoms by
some experimental factors[37], such as the residual mis-
alignment between the lattice beam and the 698 nm clock
beam axes, the 698 nm clock beam induced residual spatial
inhomogeneities and the transverse motion dependence on
the atomic temperature in the optical lattice. We can find
the decoherent time τFIT, which is relevant to the thermal
atomic collisions[36], is 5 ms with the fitting curve.

In conclusion, we load strontium atoms into a 1D opti-
cal lattice, and then use magnetic field-induced spectros-
copy on 88Sr to obtain the clock transition spectrum with
sideband. By reducing the magnetic field B and the inten-
sity of the probe laser, the spectrum of the transition at
180 Hz in the experiment is obtained. Upon observing
the Rabi oscillations, due to inhomogeneous excitation
among the atoms, we see that the Rabi π-pulse excitation
at 5 ms shows a nearly 65% excitation of atoms.
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