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INSTRUMENTATION AND MEASUREMENT
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We report the Srll optical lattice clock at the National Time Service Center (NTSC). In this system, a blackbody
radiation shield with movable lattice mitigates blackbody radiation shifts through active temperature control. A shallow
optical lattice with minimal tunneling minimizes AC Stark shifts. Phase-locked counter-propagating lattice beams and
conductive vacuum viewports further reduce systematic uncertainties and a novel initial-state preparation method simplifies
the system. Clock transition spectra achieve a linewidth of 2.5 Hz with a 400 ms clock pulse, and self-comparison stability
reaches 5.1x 10710 at 1 5. These advancements give this clock the potential to be a critical platform for realizing outstanding

systematic uncertainties in the future.
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1. Introduction

Precise time measurement is a cornerstone of mod-
ern physics, with far-reaching implications for fundamental
physics, navigation and geodesy.I!! Optical atomic clocks,
leveraging electronic transitions in atoms, have surpassed tra-
ditional microwave clocks by two to three orders of magnitude
in both stability and accuracy.!>* Among these, the strontium
optical lattice clock developed at JILA has achieved a remark-
able systematic uncertainty of 8.1 x 1071%,15] setting the mile-
stone for neutral-atom clocks. These advancements not only
enable precision tests of fundamental physics, including dark
matter interactions!®”! and gravitational redshift predicted by
general relativity,[®° but also drive efforts to redefine the SI
second based on optical transitions. [10-1%]

The roadmap towards a redefinition of the second spec-
ifies that at least three different optical clocks (either in dif-
ferent laboratories or of different species) have demonstrated
validated uncertainties of about two orders of magnitude better
than the best Cs atomic clocks of the time, i.e., with an uncer-
tainty below 2 x 10~'8. For most optical lattice clocks, the
blackbody radiation (BBR) shift and the lattice light AC Stark
shift are the main contributors to systematic uncertainties, and
mitigating these shifts is critical for achieving a clock uncer-
tainty of 101924513171 Ty address the BBR shift, precise
temperature measurements and thermal homogeneity around
the atomic ensemble are essential.[>!7l Researchers have
demonstrated the effectiveness of techniques such as BBR
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shield and vacuum chamber temperature stabilization. 813181
For the AC Stark shift, reducing the lattice trap depth below
20E; (where E; is the lattice photon recoil energy) can signif-
icantly suppress this effect, as demonstrated by JILA, which
achieved an AC Stark shift uncertainty of 3.5 x 10719 15:19]
However, shallow lattices introduce challenges, such as tun-
neling and decoherence, which can be mitigated by using grav-
ity to lift the degeneracy between the adjacent lattice sites that

form ‘Wannier—Stark states’.[19-20

1 Despite these advances,
few optical lattice clocks have combined BBR shielding and
shallow lattice techniques to achieve systematic uncertainties
on the order of 10719,

In this study, we present the Srll optical lattice clock
at NTSC, an upgraded system incorporating a temperature-
controlled BBR shield, movable optical lattice, and shallow
lattice with minimal tunneling. Additional innovations in-
clude a conductive vacuum viewport, phase-locked counter-
propagating lattices, a unique initial-state preparation method
and a compact optical design. These enhancements collec-
tively reduce systematic uncertainties.

2. Experimental setup

The physical system for cooling and exciting the atoms
in the optical clock is illustrated in Fig. 1(a). Specifically,
a vacuum oven houses high-purity solid strontium within a
ceramic hollow column, surrounded by a multilayered heat

shield to optimize the thermal efficiency. A nichrome wire
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coiled around the column heats the assembly, producing a col-
limated atomic beam through capillary clusters at the oven
aperture. This atomic beam first passes through a 2D optical
molasse to reduce the radial divergence angle using a 461 nm
collimating beam. Subsequently, the atoms enter a Zeeman
slower, interacting with a counter-propagating 461 nm laser to
increase the number of low-speed atoms. The slowed atoms
then enter a titanium science chamber, assembled with three
Conflat flanges with a 35 mm diameter window (CF35) and
twenty-four Conflat flanges with a 16 mm diameter window
(CF16). The indium tin oxide (ITO) coating on the vacuum
side of the viewports enhances the surface conductivity, pre-
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venting stray charge accumulation. The surface resistances
of the BBR shield’s inner oxide layer and the ITO coating
were measured to be below 5 kQ and 40 kQ, respectively,
demonstrating their ability to prevent surface charge accumu-
lation. The vacuum viewports, the BBR shield and the cham-
ber as a whole form a Faraday cage, thereby suppressing DC
Stark shifts.[?!) The water-cooled anti-Helmholtz coils are po-
sitioned symmetrically above and below the chamber to pro-
vide the magnetic field for the MOT. Lasers from the optical
system are delivered into the physics system via fibers, with
standardized screw holes around each window for mounting
the caged optical structural elements.
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Fig. 1. (a) Schematic of the physics package, integrating an oven, a Zeeman slower, science chamber, magnetic coils and a BBR shield.
The system is tilted so that the longitudinal axis of lattice forms a 75° with gravity. (b) Blue magneto-optical trap (MOT) is imaged with an
electron-multiplying charge-coupled device (EMCCD), and the aperture of the BBR shield is 8 mm away from the MOT. (c) Temperature data

of two PT100 platinum resistors located in the BBR shield.

Inside the science chamber, a copper BBR shield provides
a uniform and well-characteristic temperature for atoms, as
shown in Fig. 1(b). Two apertures (1.00(3) mm diameter) are
used to transmit the lattice and clock lasers, where the small-
sized aperture minimizes exposure to room-temperature black-
body radiation. The BBR shield also avoids collision between
the lattice-trapped atoms and the thermal beam from the oven.
A four-stage Peltier cooler attached to the shield’s base ac-
tively stabilizes its temperature. Two thin-film platinum re-
sistors (PT100) monitor the temperature of the shield. One
sensor is near the MOT and the other is near the viewport.
The shield is blackened through high-temperature oxidation.
The potential temperature gradient in the BBR shield is esti-
mated to be below 1 mK. A polyether-ether-ketone (PEEK)
outer layer suppresses radiative and convective thermal cou-
pling. As shown in Fig. 1(c), the shield is temperature con-
trolled to 273.15 K with fluctuation of about +1.5 mK for an

hour, and fluctuation of about 10 mK for measurements over
a few days, with the calibration accuracy of the temperature
probe being 10 mK.

While reducing the BBR shift, it is also critical to ad-
dress another major shift of optical lattice clocks, the lattice
AC Stark shift.
ploy deep trap depths (typically more than 100E;) to suppress

Conventional optical lattices typically em-

the tunnelling. However, this kind of configuration amplifies
the lattice AC Stark shifts and reduces coherent time between
atoms and interrogation light. To resolve this trade-off, we im-
plement an optical lattice with a 75° angle between the longi-
tudinal direction and gravity to take advantage of the earth’s
gravity to improve the differentiation between lattice potential
sites and obtain the well-known Wannier—Stark states to real-
ize a shallow lattice with minimal tunneling.*’! By means of
a hydraulic support bar under the breadboard, the system can

be tilted to an arbitrary angle (here the longitudinal direction
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of the lattice is at an angle of 75° with respect to gravity).

A 20 L/s ion pump and an ion-gettering pump (contain-
ing a 100 L/s getter pump and a 5 L/s ion pump) are used
to maintain a pressure of 4 x 10~ Pa for the oven region.
An ion-gettering pump (containing a 75 L/s ion pump and a
300 L/s getter pump) is used for the science chamber region at
2 x 1078 Pa. A differential tube is set at the junction of these
two regions to isolate the two regions.

The optical system contains three optical breadboards
used for the first stage of laser cooling (blue MOT), the second
stage of laser cooling (red MOT) and the lattice realization,
respectively. In this experiment, trapping lights of the blue
MOT are provided by the 461 nm laser (TOPTICA SHG-pro),
which is delivered to the corresponding optical breadboard

(a) MOT3

by a single-mode polarization-maintaining (SMPM) fiber and
its frequency and power distribution in the breadboard are
shown in Fig. 2(a). The frequency of the 461 nm laser is
locked to the 552 'S — 5s5p 'P; transition of 3Sr by the fluo-
rescence detection method. A laser amplitude stabilizer (Thor-
labs NELO1/M) is added to the detection light used for excit-
ing fluorescence during the excitation fraction detection and
atom number measurement. Atoms in the 5s5p 'P; state can
leak into the long-lived dark state 5s5p>P;, reducing the cool-
ing efficiency. Thus, 679 nm (Precilaser) and 707 nm (TOP-
TICA DL-pro) lights are used to excite 5s5p 3P — 5s6s3S; and
5s5p3P, — 5s6s3S; transitions, respectively. Atoms can re-
turn to the 5s>'S ground state through the 5s5p3P; state with
a short lifetime.
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Fig. 2. (a) Optical breadboard used for the blue MOT. Beams pass through acousto-optic modulators (AOMs) with different detuning to satisfy
collimating, slowing, trapping and detecting beams. Optical shutters provide sub-microsecond beam blocking for timing control. (b) Optical
breadboard used for the red MOT. The 689 nm trapping and stirring beams are then input to the first cooling breadboard, merging with the 461 nm
trapping beam to be the laser part of the MOT. Two opposite circular direction polarized beams are used for the state preparation of atoms.

Figure 2(b) shows the optical breadboard for the red
MOT, which is based on the 5s>'S— 5s5p>P; transition at
689 nm. The phase of the 689 nm laser (Precilaser) is locked
to an ultralow-expansion (ULE) cavity with a fineness of
20000, and its frequency is close to the trapping light of the
red MOT corresponding to the 5s2'S (F = 9/2) — 5s5p3P;

(F = 11/2) transition. A stirring light, corresponding to 5s> 'S
(F=9/2) —5s5p°P; (F = 9/2) transition is used for rapid
redistribution of atoms among the groundstate Zeeman sub-
levels, increasing cooling efficiency. The frequency differ-
ence of 1.46 GHz between the trapping and stirring lights is

achieved by a broadband AOM, instead of our previous injec-

023702-3



Chin. Phys. B 35, 023702 (2026)

tion locking method. The trapping and stirring lights of the red
MOT are combined via the polarizing beamsplitter (PBS), pu-
rified by the Glan—Taylor prism, coupled into an SMPM fiber,
and finally overlapped with the 461 nm trapping light shown
in Fig. 2(a). The polarization light, used for optically pump-
ing atoms into stretched states, is divided by 20% before the
AOM of the stirring light. The mp = +9/2 states are realized
by applying 6 polarized lights, which is achieved by switch-
ing the two polarization lights with 6 and o~ polarization,
respectively. This method can avoid using the liquid crystal
waveplate, where two polarizing beams are coupled into the
same fiber with orthogonal polarization directions.

The two beams of the lattice laser are frequency shifted
via respective AOMs driven by a common digital signal
source. As shown in Fig. 3, a high-power fiber laser (Pre-
cilaser) generates the lattice light, and a 0.2 nm bandpass filter
suppresses background spontaneous radiation.!??! The optical
lattice is formed by interfacing the two counter-propagating
lattice beams shown in Fig. 4, where the beam diameter of
both lattice lights is about 110 pwm at the MOT center. A partial
reflector with about 4% reflectivity is used to sample the phase
difference between two lattice beams detected by an avalanche
photodiode (APD) and the differential phase noise after lock-
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Fig. 3. Schematic diagram of the lattice laser breadboard. Laser is phase
locked to the optical comb at the ‘magic wavelength’. Lattice 2 contains two
orthogonal-polarization beams, where the beam divided before the AOM is
the reference light. Relative phase between lattice 1 and lattice 2 beams is
locked by intervening the lattice 2 and reference lights and feedbacking the
driving frequency of AOM2. AOMI is used to modulate the frequency of
lattice 1 during the moving of the optical lattice stage, inducing a controlled
differential detuning between the two lattice beams.

0
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Fig. 4. Polarizations of the clock and lattice lasers are parallel to the quantization axis defined by a bias magnetic field of z-direction Helmholtz
coils. Partial reflector mirror (M3) serves as a reference point for the DNC (Doppler noise cancellation) applied to the two lattice beams. LP
represents the linear polarizer, M1 is a dichroic mirror, M2 is a zero-degree reflector, and PMT represents the photomultiplier tube.

The clock laser (Precilaser) is frequency-stabilized to a
20 cm long ULE cavity with a finesse of 200000, and the ULE
cavity is housed within a precisely temperature-controlled vac-
uum chamber. The flicker noise floor of the clock laser is de-
termined to be 4 x 10716, The clock laser is kept resonant
with transition by frequency shifting through the AOM. Tim-
ing control is achieved by switching the frequency (detuning
at 1 MHz) and avoiding frequency shift and uncertainty due to
chirping. The 698 nm laser is delivered into the physics pack-
age via the SMPM fiber, and the phase noise of the fiber is

suppressed by partially reflecting the laser through the output

face of the fiber.

3. Experimental results
3.1. Preparation of atoms

Using the physical system and the optical system de-
scribed above, we demonstrate full control of 87Sr atoms
through the blue MOT, red MOT, state preparation, movable
lattice and normalized spectroscopic detection of atoms in the
Srll system. Interrogation by clock beam is achieved in the
BBR shield. A simple schematic of the timing sequence of the
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experiment is shown in Fig. 5 with corresponding EMCCD
atomic cloud images displayed above.

The experimental timing sequence initiates with a blue
MOT on the 180 — P, transition. The atomic beam is colli-
mated radially, and then decelerated to ~50 m/s via a Zeeman
slower. Finally, the atoms are trapped by the MOT formed by
anti-Helmholtz magnetic coils and trapping beams at the cen-
ter of the science chamber. As shown in Fig. 5, the blue MOT
lasts 220 ms, followed by a linear power ramp-down via a vari-

able voltage attenuator to minimize atomic loss from sponta-
neous emission. During the transfer from the first laser cooling
to the second, the atoms are subjected to a relatively weak gra-
dient magnetic field with 689 nm 'Sy (F = 9/2)— 3P (F =
11/2) trapping beams and 'So (F = 9/2) — 3P (F = 9/2) stir-
ring beams, and the frequencies of the two beams are subjected
to frequency modulation for broad velocity capture.**! Then
magnetic field compression and single-frequency cooling fur-
ther reduce temperatures to 3 pK.

. 0@
S R \r&\\o%c“&*
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Fig. 5. Schematic of the timing sequence used for the Srll, and corresponding camera images are shown above. Key components of the
experimental control, namely, the power of beams at 461 nm and 689 nm, the magnetic field of MOT coils and residual magnetic field at the
center of the science chamber, the detuning profiles of the lattice 2 beam and clock beam are synchronized with timing sequence.

At the end of the laser cooling, the atoms are automati-
cally loaded in a 1D optical lattice formed by strictly aligned
beams at the magic wavelength. To mitigate thermal radiation
shifts, atoms are transported into a BBR shield via a movable
lattice. The movable optical lattice is realized by program-
ming the driven frequency of AOMI1 in Fig. 3 to induce fre-
quency detuning between the two beams. A conventional op-
tical lattice is a standing wave field with zero detuning, while
constant detuning Af causes the lattice to generate velocity
v = AAf/2.1>) When the detuning Af varies linearly with
time, the lattice moves with uniform acceleration (decelera-

tion). During the movement of the optical lattice, AOMI is
programmed to update the frequency at very small intervals
(< 1 ps) after receiving the command to move the optical lat-
tice to ensure less atom loss during lattice acceleration and
deceleration. Optimized acceleration and deceleration profiles
retain 50% of atoms after transport. The atoms are then sit-
uated in the BBR shield, 10.5(2) mm from the aperture, as
inferred from the CCD image and BBR shield dimensions.

In order to obtain high-excitation spectra, we choose !Sg
(mp = +9/2) — 3Py (mp = 4+9/2) and 'Sy (mp = —9/2) —
3Py (mp = —9 /2) as the reference for closed-loop locking, and
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thus need to pump the atoms to the corresponding Zeeman
sublevels using a 689 nm 'Sy (F = 9/2)-3P; (F = 9/2) polar-
izing beam. The traditional method is to apply a bias magnetic
field in the direction of the quantization axis of the system (the
z-axis of the science chamber in Fig. 1) to complete the state
preparation, which requires the addition of mechanical shut-
ters and liquid crystal waveplates to ensure single pass and
switch of the polarizing beam. In this experiment, we add
two additional polarizing beams, and the beams are incident
from the viewport for the slowing beam in the x-axis direction.
In the state preparation of polarization, the residual magnetic
field in the x-axis is first added to complete the state prepara-
tion of the atoms in conjunction with the corresponding polar-
izing beam. Then, the amplitude of the x-axis magnetic field
is linearly decreased, while the magnetic field in the z-axis is
linearly increased to complete the rotation of the quantization
axis so that it is consistent with the polarization direction of
the lattice beam and clock beam.

After completing the excitation of the atoms in the BBR
shield, the atoms are moved back to the center of the science
chamber using the same frequency modulation method, and
three short pulses of 461 nm detecting beams are used to com-
plete the normalized detection of the excitation fraction of the
atoms. The atomic fluorescence is collected by PMT.

3.2. Spectroscopy and stability

Using the experimental setup and timing sequence de-
scribed above, we observe a spectrum with resolved sidebands
and narrow linewidth, as shown in Figs. 6(a) and 6(b). After

energy filtering to remove hotter atoms, [*! the lattice potential
0.3 T T T T
(a)
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Fig. 6. Clock transition spectra. (a) Spectrum having motional side-

bands for Uy = 40E;. (b) High-resolution spectrum with a 400 ms clock

pulse (indicating a Fourier limited linewidth of 2.2 Hz).

is set to be 40E; with about 1000 atoms interrogated by clock
laser.?”! The temperature of the atoms is about 2 uK, obtained
by fitting the blue sidebands. Further linewidth narrowing to
2.5 Hz is achieved through clock laser power optimization and
residual magnetic field compensation.

The stability of the system has been measured using the
self-comparison method, where two independent digital servo
loops are used to lock the frequency of the clock laser at the
half-height width of the spectroscopy, and the self-comparison
stability of the system is (v; —Vv2)/v/2, where v; and v, are
the clock transition frequencies obtained after the two servo
locks. 3?8291 As shown in Fig. 7, the fitting line yields a self-
comparison stability of 5.1 x 10710(7/s)~0,

E 10—16 \

8 \'\

%

gl

=]

£ 5.1x10716 (r/5) -0

= 17

Z 10 \
100 10! 102 103 104

Averaging time (s)

Fig. 7. Allan deviation of the frequency difference between two inter-
leaved atomic servos. Red fitting line indicates the interleaved instabil-
ity of 5.1 x 10716(1/s)703,

4. Conclusion and perspectives

The Srll optical lattice clock developed at the NTSC
represents a significant advancement in optical lattice clock
technology through innovative design and precision engineer-
ing. Key enhancements include a temperature-controlled BBR
shield (10 mK stability), a shallow optical lattice with sup-
pressed tunneling, and phase-stabilized counter-propagating
lattice beams. The implementation of a movable optical lat-
tice enabled atom transport into the BBR shield. In addition,
the novel polarization method can simplify the system. Con-
ductive vacuum viewports minimized DC Stark shifts, further
enhancing clock accuracy.

This study not only advances the roadmap for redefining
the SI second but also expands capabilities for precision tests
of fundamental physics, including gravitational redshift mea-
surements and searches for dark matter. Future efforts will
focus on improving long-term stability, completing the mea-
surement of the total systematic uncertainty, and multi-clock
comparisons for the absolute frequency measurement. By re-
ducing systematic uncertainties below 1 x 10718, this platform
will position itself as a pivotal tool in both metrology and fun-
damental physics exploration.
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