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Abstract: Compact and robust optical clocks are significant in scientific research and engineer-
ing. Here, we present a physical system for a strontium atomic optical clock with dimensions of
465 mm x 588 mm X 415 mm and a weight of 66.6 kg. To date, this is one of the most compact
physical systems ever reported. The application of the magnetic shielding box in this physical system
allowed the effect of external magnetic field fluctuation on cold atoms to be negligible. The phys-
ical system passed rigorous environmental tests and remained operational. A wavelength meter
integrated in this physical system could monitor the wavelengths of the incident laser, and it could
automatically calibrate the wavelengths of all lasers using a microcomputer. This compact and robust
physical system could be a hardware basis for demonstrating a portable optical clock or even a space
optical clock.

Keywords: physical system; compact and robust; optical clock; strontium atoms

1. Introduction

In recent years, there has been significant improvement in the stability and uncertainty
of optical clocks, surpassing the performance of the current reference clock, i.e., the cesium
microwave clock. Optical clocks demonstrate potential as the most promising candidate
for the future redefinition of the second, based on optical transitions [1-10]. These clocks
have found wide application in fundamental physics research. For instance, they have the
potential to detect variations in the fine structure constant o« [11-13] and have validated
Einstein’s general theory of relativity [14-17]. Furthermore, optical clocks have demon-
strated significant potential in the field of geodesy [18,19], enabling the precise monitoring
of various geological processes through the measurement of changes in gravitational po-
tential, including magmatic activity, volcanic eruptions, post-seismic ground deformation,
and solid Earth tides. Simultaneously, optical clocks possess the potential to play a key
role in scientific research. In domains such as gravitational wave detection [20] and the
exploration of dark matter [21-23], optical clocks are expected to play a significant role in
the future. These applications help to establish a more comprehensive understanding of the
fundamental laws of nature. However, due to their large size and complex structure, most
high-performance optical clocks are limited to laboratory environments, restricting their
broader application in precision tests of fundamental physics, chronometric-level geodesy,
or high-precision navigation. Hence, the design and development of compact and robust
optical clocks suitable for critical environments are of paramount importance.
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Numerous research groups, both domestically and internationally, have delved into
portable optical clocks [24-27]. For instance, in 2014, the European Laboratory for Non-
Linear Spectroscopy (LENS) and the Physikalisch-Technische Bundesanstalt (PTB) coop-
eratively demonstrated the first transportable optical clock. The physical package of this
optical clock had dimensions of 120 cm x 40 cm x 36 cm [28]. Subsequently, in 2017, PTB
reported a new type of transportable optical clock housed in a trailer, with dimensions of
80 cm X 40 cm x 43 cm [29]. In 2018, the Heinrich-Heine-Universitit Diisseldorf and PTB
presented a compact optical lattice clock based on bosonic atoms, with a volume of 1 m3
and an uncertainty of 2.0 x 10~ [30]. In 2020, the National Time Service Center (NTSC)
unveiled a compact optical clock, whose physical system had a volume of 0.3 m? [31].
RIKEN also developed a pair of transportable optical clocks in 2020 [32], encased within
a magnetic shield box with a side length of approximately 60 cm [33]. More recently, the
University of Birmingham presented a field-deployable atomics package designed for an
optical lattice clock, which exhibited a remarkable volumetric size, occupying only 121 L,
including the laser system. This development marked a significant step in the direction of
highly portable optical clocks suitable for a wide range of applications [34]. Typically, after
transporting a standard portable optical clock system from the laboratory to the working
site, manual adjustments are made to restore the system to its optimal state. However, for
specialized optical clocks, like those on space stations or satellites, manual readjustments
may not be feasible. To withstand extreme vibration environments, a highly robust optical
clock becomes imperative.

In this manuscript, we present a strontium optical clock physical system with a compact
structure and exceptional environmental adaptability. Specific improvements include
a robust and low-power atomic oven, a short Zeeman slower, a miniature magneto-optical
trapping (MOT) vacuum chamber equipped with a magnetic shield, integrated optical
setups, and a laser frequency locking system. To realize the stable operation of the physical
system outside the laboratory, strengthening structural design was applied. The system
had dimensions of 465 mm x 588 mm x 415 mm and a mass of 66.6 kg, making it one of
the smallest optical clocks reported to date. Compared with complex laboratory optical
clocks, the physical system described herein offers further practical applications.

To verify the physical system’s adaptability to mechanical vibrations and temperature
fluctuations, we conducted mechanical vibration tests and high-low temperature cycle tests.
The results showed that the impact of mechanical vibrations and temperature fluctuations
on the physical system is relatively limited, laying a robust foundation for conducting
experiments in more challenging environments. Moreover, to ensure the steady opera-
tion of the physical system in environments with periodic fluctuations in the peripheral
magnetic field, laboratory simulations were performed to analyze the impact of magnetic
field variations on lattice loading. Consequently, a magnetic shield box, effectively atten-
uating substantial magnetic field fluctuations, was developed and installed to cover the
MOT chamber. Additionally, to enable the automatic calibration of the attached lasers,
a wavemeter was integrated into the system to monitor the wavelengths of all the lasers
and facilitate automatic calibration.

2. The Compact and Robust Physical System

The upper floor of the physical system comprised a laser wavelength control system
that included a structurally reinforced commercial wavemeter (High-Finesse, WS-7), a laser
mode switcher, and a computer. The laser wavelength control system and the power supply
for the vacuum pump were mounted on a liquid-cold plate. This plate could conduct heat
away from the devices and act as a structural component, as shown in Figure 1. To display
more details inside, the shells of the system are not shown. The laser wavelength control
system could record the wavelengths of all the lasers in the optical clock system in real-time,
and enable automatic laser frequency adjustment.

The physical package was located on the lower floor of the physical system. This
physical package was highly compact and structurally designed and had dimensions of
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280 mm x 588 mm x 415 mm, as shown in Figure 2. Two ion-gettering pumps were used to
maintain the vacuum of the chamber, each consisting of a 100 L/s getter pump and a5 L/s
ion pump. Compared with high-speed ion pumps, this ion-gettering pump had a smaller
volume and weight but allowed relatively high pumping speeds due to the presence of the
getter. In order to reduce the influence of the background pressure on the atomic cooling
and detection, we set up a differential pumping stage between the atomic oven and the
MOT region. We employed a titanium alloy tube with a length of 160 mm and an inner
diameter of 6 mm, which covers the section from the beginning of the Zeeman slower
to the front of the MOT vacuum chamber center region. This effectively preserved the
high vacuum condition of the MOT vacuum chamber and prevented the degradation of
the vacuum environment by the atomic oven operating at a high temperature. When the
optical clock operated normally (with an oven temperature of up to 400 °C), the pressure
in the MOT vacuum chamber was under 1.3 x 10~ Pa. Furthermore, the system’s status
under power-off conditions was also tested to simulate optical clocks operating outside
the laboratory. Because the getter pumps could sustain the chamber vacuum during the
power-off period, after a week of power failure, the chamber pressure could be returned to
the normal level within approximately 6 h once power was restored.

| Laser Wavelength control System ‘

N> VAN F

Connectors

(a) (b)

Figure 1. Physical system, design drawing (a), and real picture (b).
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Figure 2. (a) Physics package design. (b) Top view of the MOT vacuum chamber. (c) Cross-sectional
view of the MOT vacuum chamber, facing the atomic oven.
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A high-efficiency oven based on heating inside the vacuum chamber was developed to
reduce thermal dispersion from the heating wire to the environment. Furthermore, a multi-
layer heat shield made of polished aluminum was placed around the heating filament
perimeter to curb the heat loss caused by radiation. Through optimization, the power
consumption of this oven was below 14 W during the experiment. To obtain a collimated
atomic beam, approximately 50 stainless steel capillary collimators were positioned at
the outlet of the oven. Each capillary had a length of 8 mm and a diameter of 0.2 mm,
resulting in an emitted atomic beam with a divergence angle of approximately 25 mrad.
However, this physical collimation could not ensure sufficient atoms entering the MOT
vacuum chamber. Therefore, a two-dimensional transverse cooling vacuum chamber with
four perpendicular CF 16 view plates was installed to further reduce the atomic beam
divergence angle. There was another chamber beside the former vacuum chamber for
detecting the fluorescence signals, allowing the primary cooling laser frequency (461 nm)
to be locked onto the atomic transition 'So—!P;. This setup eliminated the need for an
additional vacuum setup to lock the laser frequency.

Reducing the length of the Zeeman slower is an effective method to diminish the
volume of the physical package. We measured the correlation between various slower
lengths and the trapped low-velocity atoms in the Blue MOT. When the slower length was
reduced to 10 cm, which is 1/3 of that in a traditional laboratory physical package, we still
trapped nearly 3 x 10°%’Sr atoms in the Blue MOT [35]. This result means that the short
Zeeman slower could guarantee sufficient cold atoms in clock detection. Due to the shorter
length of the slower, its weight and power consumption were also significantly reduced
(mass of 3 kg, maximum power consumption of 19 W).

We designed and implemented a compact MOT vacuum chamber for atomic cooling
and detection. The MOT vacuum chamber had 15 CF 16 viewports, distributed in different
directions, to facilitate the connection and integration with other optical and mechanical
components. In Figure 2b, the top view illustrates the layout of the lasers and magnetic
field coils within the MOT region. To achieve a flat configuration, most windows were
positioned on the horizontal plane, with only three vertical windows—two for the vertical
MOT beam and one for the ion-gettering pump (located outside the MOT center region).
The diameter of the vacuum chamber is only 180 mm, which has a very high space efficiency.
To reduce atom adhesion, the window facing the oven was made of sapphire.

Figure 2c provides a cross-sectional view of the MOT vacuum chamber, cut along the
black dashed line in Figure 2b, facing the atomic oven. The figure outlines the dimensions
of the vacuum chamber, with a light pipe diameter of only 13 mm to reduce the distance
between the anti-Helmholtz coils, achieving a high magnetic field gradient and low power
consumption. The inner and outer diameters of the anti-Helmholtz coils are 46 mm
and 86 mm, respectively, with minimum and maximum distances of 18 mm and 48 mm.
At a current of 2 A, the magnetic field gradient at the MOT center reached 50 Gs/cm,
accompanied by an average power consumption of only 6.8 W. No water cooling or heat
sink was required, significantly simplifying the structure of the physical package. The
compensation coils comprise three pairs of square coils, each with a side length of 100 mm.
To reduce weight, the chamber was made of titanium alloy.

Because all lasers incident the physical system via optical fibers, we designed a set of
integrated optical setups to adjust the alignment and polarization of the incident beam, as
shown in Figure 3a. To maintain beam pointing stability, we designed threaded holes on the
chamber shell of the physical package to install the integrated optical setups. Furthermore,
all optical mirror mounts were springless and devoid of adjustable knobs. To enhance
comprehension, we have provided a detailed explanation of the integrated optical setups
using the probe beam optical setup as an example. In Figure 3b, an exploded view of
the probe beam optical setup is presented, illustrating the configuration of the springless
mirror mounts. The 461nm probe laser is coupled into a non-adjustable collimator (1)
to collimate the beam. The collimated beam has a diameter of approximately 1 mm and
passes through a half-wave plate (3) and a wedge prism (5), finally entering the MOT
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vacuum chamber via a 45° mirror (9). The half-wave plate and wedge prism are mounted
on rotation mounts (4), allowing the adjustment of the polarization and beam direction
of the probe laser. After adjustment, they are secured in place using a support bracket (7).
Due to the limited adjustment range of the wedge prism, high precision is required during
mechanical machining. Additionally, a pedestal was designed on the mainframe (6), where
the angle of the 45° mirror mount (11) is adjusted by adding aluminum alloy shims of
varying thickness to ensure the alignment of the laser with the atomic position (no shims
are used in our system). As the repumping beam enters from the opposite side of the
probe beam, a 0° mirror mount (8) was added on the mainframe to ensure the repumping
beam can return along the same path. To improve the anti-vibration capability of the
system, we applied 2216-type epoxy adhesive to all screws for further reinforcement of the
optical components.
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Figure 3. (a) Schematic of the customized integrated optical setups. (b) Exploded view of the probe
beam optical setup.

Furthermore, to prevent the influence of complex magnetic field environments on the
trapping and detection of atoms, we designed a magnetic shielding box made of permalloy.
It measures 342 mm X 262 mm x 254 mm with a wall thickness of 1 mm. The shield was
installed outside the MOT chamber, as shown in Figure 2a, and its shielding effectiveness
was evaluated using a CH-hall Electronic Devices Company Model 3600 Gaussmeter. The
results indicated an approximate 20 dB attenuation in the magnetic field strength at the
center of the MOT chamber. Due to the structural design constraints, we cannot install the
ion-gettering pump outside the magnetic shielding box. We measured the magnetic field
generated by the ion-gettering pump in operation and found that its field strength was
very weak. Moreover, the field was stable, and we could eliminate its interference with the
clock detection by compensating the field. The effects of the magnetic shielding box on
the optical clock experiment will be thoroughly discussed in the “environmental testing”
section of this manuscript.

To reduce the weight of the physics package, mechanical analyses and iterative designs
were conducted. The final frame support structure featured large area cutouts and stiffening
ribs, as shown in Figure 4. The frame support structure was sustained by aluminum alloy
support beams on both long sides to minimize elastic deformation. The physical package
was connected to the cold plate through multiple side support beams to reinforce the
rigidity of the entire physical system, as illustrated in Figure 1. In summary, engineered
modifications have been applied to the physical package in terms of size, weight, power
consumption, vacuum, magnetic field, and vibration resistance, making it applicable to
a wider range of situations.



Appl. Sci. 2024, 14, 1551 60f13

Structure \ 4 shend 2) | Aluminum Alloy
1 T Support Beam

Physics Package

Figure 4. Support structure design of the physics package.

3. Operation and Results

Adjusting the laser wavelength to its operating point is a critical and primary step in
operating an optical clock system. Traditionally, this process has been performed manually
in optical clock experiments. However, in complex environments outside the laboratory,
automating this process becomes necessary. We innovatively employed a wavemeter to
achieve automatic and efficient laser wavelength optimization. The proposed method-
ology is illustrated schematically in Figure 5a. All lasers are linked to a wavemeter via
a multichannel laser switch. Initially, software presets parameters for each laser, including
temperature, current, and voltage. Subsequently, software-controlled iterations were con-
ducted to explore parameter combinations, recording wavelength data every 500 ms. After
completing iterations, multiple parameter combinations matching the target wavelength
were identified based on the recorded wavelength data. Each laser’s parameters were then
sequentially adjusted to match these combinations. The internal piezoelectric ceramics
(PZT) within the lasers were scanned to determine the parameter combination with the
largest frequency tuning range, serving as the optimal configuration for the lasers. Lever-
aging a multichannel laser switch enabled simultaneous wavelength searches for all lasers,
completing the process in under 5 min, surpassing manual operations in efficiency. This
automated approach significantly enhances experimental efficiency, particularly in complex
environments. Subsequently, based on the distinct frequency linewidth requirements of
each laser, they were individually referenced to different frequency standards. Specifically,
lasers operating at 689-nm, 698-nm were referenced to an ultra-high stability optical cavity;
the 461-nm laser was referenced to the atomic transition 1Sy—1P;, while the 679-nm and
707-nm lasers underwent frequency calibration using the wavemeter. The 813nm laser
was also referenced to the wavemeter since we did not have an ultra-stable cavity for
813-nm. We are considering the option of locking the 813-nm laser to a femtosecond optical
frequency comb referenced to the 698-nm clock laser.

Laser system

707nm laser

813nm laser

Wavemeter System } Wavelength(nm)

> -’-56"60 3 707

Wavelength |
I

&
I
I
I

Feedback to PZT/Temp /Current

0 1 2 3 4 5 Time (min)

(a) (b)
Figure 5. (a) Schematic of automatic laser wavelength searching; (b) time consumption.
Figure 6a illustrates the timing sequence for preparing cold atoms. Initially, primary

cooling was conducted, where the atomic beam was pre-slowed using the slower beam
with a power of 30 mW and a beam radius of 4 mm. Subsequently, employing the combined
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effect of the MOT beams (with a single-beam power of 6 mW and a beam radius of 4 mm),
repumping beam (where the 707-nm laser had a power of approximately 8 mW and the
679-nm laser had a power of approximately 4 mW, both with a beam radius of 4 mm), and
a gradient magnetic field over a duration of 550 ms, up to 3 x 10°87Sr atoms were loaded
into the Blue MOT, achieving a temperature of approximately 5 mK. Throughout this phase,
the magnetic field gradient remained at 50 Gs/cm. The transfer of atoms from the Blue
MOT to the Red MOT took place in two phases. The first phase was a Broadband Red
MOT, where each beam of the 689-nm MOT lasers operated at a power of approximately
3 mW, and each stirring laser operated at a power of approximately 0.8 mW. The beam
radius for both lasers was set at 4 mm. Simultaneously, an acousto-optic modulator (AOM)
widened the 689-nm laser linewidth to around 2 MHz, with a modulation frequency of
around 40 kHz. It is noteworthy that we optimized spatial efficiency and system reliability
by utilizing a Fiber Array from Evanescent Optics. This Fiber Array, measuring only
12.5 x 10 x 1.3 cm3, was used to combine Blue MOT, Red MOT, and stirring lasers and
was split into three outputs for the MOT beams. Concurrently, the magnetic field gradient
decreased to 3 Gs/cm and held for 10 ms, followed by a linear increase to 10 Gs/cm over
the subsequent 90 ms to ensure a sufficient atom transfer to the Red MOT. The second
phase involved a single-frequency Red MOT, deactivating the modulation of the 689-nm
laser and reducing its power. The power of each beam of the 689-nm Red MOT lasers was
adjusted to 0.8 mW, and the stirring laser’s power was diminished to 50 uW. After 60 ms,
we achieved a Red MOT with a temperature of approximately 4.5 uK and a population
of about 2.8 x 10°. Subsequently, all optical and magnetic fields, excluding the 813-nm
lattice beam (maintained in an active state), were turned off to load the atoms into a one-
dimensional optical lattice. The lattice beam operated at a power of 500 mW, a waist radius
of 53 um, and a trap depth of approximately 92 Er (Er = 3.44 kHz, representing the recoil
energy). Eventually, around 1.4 x 10*87Sr atoms were transferred from the Red MOT to
the lattice. The images captured by the CCD for the Blue MOT, Red MOT, and atoms in the
optical lattice are, respectively, presented in Figure 6b. By analyzing the decay of atoms
trapped in a lattice, we estimated their lifetime to be approximately 3.6 s, as illustrated in
Figure 6¢. The lattice lifetime of transportable optical clocks typically ranges from several
hundred milliseconds to a few seconds [30,31,34,36], and our lattice lifetime is comparable
to that of other transportable optical clocks. However, there is a notable difference when
compared to laboratory clocks, where the lattice lifetime of optical clocks often extends
to several seconds to tens of seconds [37]. We attribute this discrepancy primarily to the
lack of active power stabilization on the lattice laser, which leads to significant power noise
and consequently impacts the lattice lifetime. Nonetheless, given that our lattice lifetime
is already sufficiently long, we have not pursued further investigation into the impact of
power noise on the lattice lifetime.

30 mW ] W3
Slowing beam o i
0 mW Blue MOT Red MOT Optical Lattice
6mwW N=3x10° N=2.8x10° N=1.4x10*
Blue MOT beam
(b)
0 mW
=3 ® Experimental data
Sy Red MOT beam roadband LlsmY | = —— Exponential fitting
Single L
- el L5
12mwW - 51
Repumping beam 8
0mwW § 5l
50 Gs/cm e 7}
Magnetic field Gradient 10.Ga/ca o
2 Gs/em =]
0 Gs/cm 21f
On 0.5 ms =5
[Camera Shutter & Probe beam H N N N " 1
off ! Detection 0 2 4 6 8 10
550 650 710 760 HOld tlme (S)

(a) ()

Figure 6. (a) The timing sequence in the Sr optical clock; (b) images recorded in situ for Blue MOT,
Red MOT, and atoms in lattice; (c) the lattice lifetime measurement.
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4. Environmental Testing

To extend the application of optical clocks to as many scenarios as possible, it is imperative
to address the challenges posed by the complex and dynamic environmental conditions
outside the laboratory. Therefore, we conducted exhaustive evaluations to determine the
adaptability of the physical system in magnetic, mechanical, and temperature environments.

4.1. Magnetic Shielding

Magnetic field fluctuations pose a significant challenge to optical clocks operating in
mobile platforms, e.g., satellites, space stations, planes, or trucks. Notably, as satellites
or space stations orbit the Earth, the surrounding geomagnetic field undergoes changes
owing to their motion. The magnitude of these variations can exceed 80 puT, significantly
impacting the normal operation of onboard optical clocks [38].

Theoretical analysis regarding the impact of geomagnetic field changes on strontium
optical clocks indicates that, to prevent disruption to lattice loading, the amplitude of
magnetic field changes must be less than 10 uT. Additionally, for a space optical clock
targeting stability and a frequency uncertainty of 5 x 10~17, magnetic field fluctuations
between adjacent interrogation cycles of the clock should be less than 3 nT/s. To compre-
hensively understand the impact of magnetic field variations on strontium optical clocks,
we introduced equivalent external magnetic field changes and observed in experiments
how such fluctuations led to the instability of atoms loaded into the optical lattice [39].

Hence, optical clocks that frequently operate outside laboratories must feature the
capability for magnetic field compensation or shielding. In comparison to magnetic field
compensation, shielding against various environmental challenges might be a preferable
option. As described in the manuscript’s second section, we installed a magnetic shielding
box outside the MOT chamber. Upon testing, this shield attenuated the magnetic field by
approximately 20 dB at its center. This implies that the maximum fluctuation of the mag-
netic field in the space station orbit can be reduced to 0.6 uT. Consequently, the maximum
rate of change would be 0.22 nT/s, which is significantly lower than the theoretical values
of 10 uT and 3 nT/s.

Finally, we experimentally evaluated the effectiveness of the magnetic shielding box in
mitigating external magnetic field fluctuations. According to an investigation report by the
International Geomagnetic Reference Field (IGRF), the magnetic field intensity in the space
station’s orbit is comparable to that on Earth’s surface. Therefore, to simplify the experimen-
tal conditions, we opted to simulate the space station’s magnetic field changes by rotating
the physical system on the ground. The experimental results, depicted in Figure 7, exhibit
slight changes in the number and images of lattice atoms recorded by a CCD camera after
rotating the physical system by 180° on the ground. This demonstrates that the magnetic
shielding box enables the physical system to withstand extremely challenging magnetic
field environments, thus opening up broader possibilities for optical clock applications.
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Figure 7. Images of lattice atoms before and after magnetic field alteration in the presence of the
magnetic shielding box.
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4.2. Mechanical and Thermal Environments

During transportation outside the laboratory, optical clocks must endure harsh trans-
port conditions, including the road, the sea, and even a rocket. To ensure that the system can
work normally without manual adjustment after transportation, especially for mechanical
structure adjustments, environmental testing is necessary to verify the adaptability of the
system to various mechanical and thermal environments.

Figure 8 illustrates the thermal test temperature curve of a temperature chamber
calibrated by the Institute of Metrology Science. The test conditions were set according
to the experimental payload requirements for the Chinese space station, encompassing
the following: (1) a temperature range from +10 °C to +40 °C; (2) both high and low
temperature holding times of 4 h; (3) temperature change rates averaging 3 °C /min to
5 °C /min; (4) a total of 12 cycles; (5) atmospheric pressure set to normal conditions.

50

40

301

201

Temperature (°C)

10

ol . . . A A A . A .
0 10 20 30 40 50 60 70 80 0 100
Time (h)

Figure 8. Thermal test conditions. High temperature is 40 °C, low temperature is 10 °C, each cycle is
8 h, total of 12 cycles.

Tables 1 and 2 outline the test conditions for the sinusoidal swept-frequency vibration
and random vibration tests, respectively. These conditions were established based on the
experimental payload requirements for the Chinese space station. All equipment, including
vibration tables, experimental testing equipment, and the sensors used in both test types,
underwent calibration and certification by third-party metrology.

Table 1. Test conditions for sinusoidal swept-frequency vibration.

Parameter Value

Parameter Name Frequency Range (Hz)
4-10 10-17 17-40 40-100
Amplitude 0~P 5mm 2g 34¢g 2g
Load Scan Rate 4 oct/min
Load Direction Three Axial Directions

Table 2. Test conditions for random vibration.

Parameter Value

Parameter Name Frequency Range (Hz)
10-50 50-300 300-2000
Power spectrum density (PSD) 3 dB/oct 0.0049 g% /Hz —12 dB/oct
Total Root Mean Square Acceleration (RMSA) 2.14 grms
Duration of Each Experiment 60s
Load Direction Three Axial Directions

The fundamental frequency of the physical system was determined through feature-
level sweeping in three directions. The fundamental frequencies in the X, Y, and Z directions
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were measured at 49, 75, and 49 Hz, respectively, meeting the requirement that the designed
fundamental frequency of the experimental payload should exceed 40 Hz. As illustrated in
Figure 9 (left), the swept frequency response curve of the physical system in the Z direction
at an eigenlevel of 0.2 g is presented. Figure 9 (middle, right) illustrate the sinusoidal and
random response curves of the physical system, respectively. The response outcomes from
both tests are deemed satisfactory. It is worth noting that, for the sake of visual clarity,
Figure 9 exclusively showcases the test results along the Z-axis.
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Figure 9. Vibration tests. From left to right are the sweep curves of the 0.2 g characteristic level,
sinusoidal vibration, and random vibration test control curves in the Z direction, respectively.

After conducting the environmental tests, we proceeded with an electrical power-up
test on the physical system. The vacuum of the chambers was meticulously examined and
found to be identical to its pre-test state, confirming the effectiveness of the construction
and support structure within the physical system. Among the system components, the
lattice laser demands the strictest beam alignment, and lattice confinement denotes the final
phase of cold atom capture. Hence, demonstrating that the environmental tests did not
impact lattice loading serves to validate the safety and reliability of our custom integrated
optical setup and its fixation method.

Figure 10 illustrates images of the Blue MOT and lattice atoms before and after the
environmental tests. The Blue MOT image remained nearly unchanged, with the atom
population staying constant at approximately 3 x 10° before and after the tests. However,
we observed a slight alteration in the shape of lattice atoms, with the population of atoms
within the lattice reducing from 1.4 x 10* to 1.2 x 10%, likely due to the 2216 epoxy adhesive
on the screws not having fully solidified during the environmental tests. To ensure the
reliability of the system, we conducted several additional environmental tests, revealing
no further changes in the shape or quantity of lattice atoms. Moreover, transporting the
physical system from Xi’an to various locations like Changsha, Beijing, Tianjin, and Hainan
via vehicles, trains, and ships revealed encouraging results, with the system’s performance
remaining intact after transportation.

Lattice

Image of atoms before the Image of atoms after the
mechanical experiment mechanical experiment

Figure 10. Images of atoms before and after the environmental tests.
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5. Conclusions

In summary, we have developed a compact, lightweight, and robust physical system
for a strontium optical lattice clock, making it well suited for operation outside laboratory
conditions. With dimensions of 465 mm x 588 mm x 415 mm, a mass of 66.6 kg, and
a total power consumption of less than 60 W (40 W for the physics package and 20 W for
the wavelength control system), it stands as one of the most compact physical systems of
its kind reported to date. The system operates automatically without requiring manual
assistance, typically locking all lasers within 5 min. Using this system, we successfully
loaded 1.4 x 10*%Sr atoms into 1D optical lattices with an estimated lifetime of 3.6 s.

Additionally, we conducted numerous environmental tests. Despite undergoing
multiple intercity relocations (including road, rail, and sea transportation), prolonged
power outage tests, mechanical tests, thermal tests, and a series of harsh conditions, the
performance of the physical system remained stable. The use of the magnetic shielding
box allowed the physical system to rotate on the ground while maintaining atom capture
and detection.

Through various engineering designs, the physical system proved to be suitable for
conditions outside the laboratory due to its size, power consumption, quality, and reliability.
This advancement can accelerate the development of transportable optical clocks, and even
space optical clocks, facilitating their use for experiments in outdoor environments or
outer space. It bears significant implications for fundamental physics research, navigation
systems, quantum science, and related fields [40].
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