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INSTRUMENTATION AND MEASUREMENT
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This article proposes a new physics package to enhance the frequency stability of the space cold atom clock with
the advantages of a microgravity environment. Clock working processes, including atom cooling, atomic state preparation,
microwave interrogation, and transition probability detection, are integrated into the cylindrical microwave cavity to achieve
a high-performance and compact physics package for the space cold atom clock. We present the detailed design and
ground-test results of the cold atom clock physics package in this article, which demonstrates a frequency stability of
1.2× 10−12 τ−1/2 with a Ramsey linewidth of 12.5 Hz, and a better performance is predicted with a 1 Hz or a narrower
Ramsey linewidth in microgravity environment. The miniaturized cold atom clock based on intracavity cooling has great
potential for achieving space high-precision time-frequency reference in the future.

Keywords: atomic clock, microgravity, microwave cavity, space station, frequency stability
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1. Introduction
High-performance atomic clocks, when operating in

the orbit of satellites, are pivotal for fundamental physics
research,[1,2] deep space exploration,[3] and global navigation
and positioning.[4] Cold atom clocks offer potential advan-
tages in frequency stability and uncertainty compared with tra-
ditional atomic clocks.[5,6] Consequently, there is an ongoing
effort to develop cold atom clocks for space satellite platforms.
The Cold Atom Clock Experiment in Space (CACES), which
utilizes laser-cooled rubidium atoms, was launched into the
Chinese space laboratory Tiangong-2 in 2016.[7] The long-
term operation of CACES in orbit paves the way for the
application of space-based cold atom clocks.[8,9] The Projet
d’Horloge Atomique par Refroidissement d’Atomes en Orbite
(PHARAO), developed by CNES,[10] serves as the primary in-
strument of the Atomic Clock Ensemble in Space (ACES).[11]

PHARAO has successfully completed ground tests and is
scheduled for launch to the International Space Station (ISS)
in 2025.[12] The ACES mission will perform an absolute mea-
surement of the redshift effect between the PHARAO clock
on-board the International Space Station and clocks on Earth,
improving this limit by an order of magnitude.

This article introduces a new type of space cold atom
clock physics package, utilizing intracavity laser cooling. We

have constructed a three-dimensional optical molasses at the
center of a cylindrical microwave cavity, which resonated
with the 87Rb clock transition frequency. Intense cold atomic
beams from a low-velocity intense source (LVIS)[13] are cap-
tured by the molasses.[14] Subsequently, these cold atoms un-
dergo a series of clock processes within the microwave cav-
ity, including state selection, Ramsey interrogation, and state
detection.[15] Integrating all these clock processes into a cylin-
drical TE011 mode microwave cavity facilitates the minia-
turization of the space cold atom clock. Furthermore, when
the clock operates in space, the microgravity environment al-
lows the cold atoms to interact with the microwaves in situ
for an extended period, thereby enhancing the clock frequency
stability.[2,16] As part of the CACES follow on project, the cold
atom microwave clock, based on the intracavity cooling of
87Rb atoms, will be operated with an optical lattice clock and a
hydrogen maser on-board the China Space Station. The atomic
clock ensemble in the space station will integrate the charac-
teristics of cold atom microwave clock, optical lattice clock,
and hydrogen maser to build an ultra-high precision time fre-
quency system, and carry out relevant physics experiments and
applications.

This article illustrates the integration of reliable laser
cooling and detection optics, in conjunction with cold atomic
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beams, into a high quality factor microwave cavity. We further
present the design of a compact LVIS alongside the configura-
tion of the vacuum chamber and magnetic shields to fulfill the
prerequisites for high-performance atomic clocks. Ground-
test results indicate that 5×107 87Rb cold atoms at an approx-
imate temperature of 5 µK were successfully captured within
the microwave cavity. By locking the microwave local oscilla-
tor frequency at the center of the Ramsey fringes, which have
a width of 12.5 Hz, the output signal from the atomic clock
achieved a frequency stability of 1.2×10−12 τ−1/2. The entire
physics package retained its initial performance in the follow-
ing mechanical vibration and thermal cycling tests.

2. Design of physics package
The comprehensive physics package sectional view of the

space cold atom clock is depicted in Fig. 1. The central crossed
vacuum tube branches the physics package into 3 parts. The
first part on the right side contains an ion pump with a pumping
speed of 20 L/S, which maintains a pressure of 10−8 Pa in the
main vacuum chamber. The second part comprises the LVIS
structure beneath the crossed vacuum tube, shielded by a two-
layer permalloy cube magnetic shield. A differential pump-
ing tube, with a diameter of 2 mm and a length of 12.5 mm,
connects the LVIS vacuum chamber to the main vacuum tube.
This connection ensures that the vacuum pressure in the LVIS
chamber remains 1–2 orders of magnitude higher than that
in the main chamber, guaranteeing an adequate background
pressure of 87Rb atoms within the 2D laser cooling zone. In
the final part, the main vacuum chamber, positioned above the
crossed vacuum tube, is shielded by five layers of cylindrical
permalloy magnetic shields.

A 3D molasses is constructed in a microwave cavity in-
side the vacuum chamber to capture the cold atomic beam
leaking from the LVIS. Subsequently, these cold atoms are
manipulated in the microwave cavity and complete an atomic
clock cycle. Different from the previous approaches by Liu
et al.[17] and Esnault et al.,[18] which focused on compact
atomic clocks utilizing intracavity isotropic laser cooling, as
well as Müller et al.[19] and Lee et al.[20] who employed intra-
cavity magneto-optical traps, the integration of 3D and LVIS
for intracavity cooling in atomic clocks offers the advantage
of achieving rapid sub-Doppler cooling of cold atoms with-
out compromising the microwave cavity due to stray magnetic
field interference.

The LVIS vacuum chamber has a cuboid shape measuring
approximately 60 mm×60 mm×70 mm. Among the six faces
of the cube, only the face connected to the main vacuum tube
with a Φ = 62 mm flange does not have a 25 mm diameter
aperture window mounted on it. Three 25 mm 1/e2 diameter
collimated laser sources are installed on the three perpendicu-
lar surfaces of the cube, with an average laser intensity of ap-

proximately 4 mW/cm2 per beam. Three pairs of counterprop-
agating laser beams are formed by reflecting three laser beams
with retroreflecting optics elements. Each retroreflecting op-
tics element consists of a quarter-wave plate and a mirror. The
six cooling laser beams and a pair of anti-Helmholtz coils form
an LVIS region.[13,21] Two 2 mm diameter holes were drilled
in the center of the wave plate and reflector facing the 3D
chamber to extract the atomic beam from the MOT trapping
region. And then the low velocity atomic beam flies into the
center of the 3D molasses along the vacuum tube. A Rb source
is installed on one of the edges of the cube structure. The over-
all size of the LVIS, including the anti-Helmholtz coils and
laser source, is approximately 152 mm×152 mm×164 mm.

Fig. 1. Sectional view of the physics package for cold atom microwave
clock. The physics package consists of magnetic shields, a main vacuum
chamber, an LVIS region, and an ion pump.

The main vacuum chamber houses an oxygen-free copper
material microwave cavity, operating in TE011 mode. This
cavity resonates with the transition frequency between the hy-
perfine energy levels of 87Rb atoms’ ground states, which split
at 6.834 GHz. In addition to an ion pump, four passive getter
pumps are incorporated within the vacuum chamber. These
pumps collectively achieve a total pumping speed of 48 L/s,
ensuring the maintenance of vacuum pressure even when the
power supply is disconnected.[22]

As shown in Fig. 2, the microwave cavity primarily com-
prises a top cover, a bottom cover, and a cylindrical cavity
body in the middle. At the center of each cover lies a cutoff
waveguide, 60 mm in length and 12 mm in inner diameter,
designed to introduce cooling laser beams in the Z-direction
while preventing perturbation of microwave power. Addition-
ally, both covers feature an 8 mm diameter cutoff waveguide,
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offset by 10◦ from the central cutoff waveguide and utilized for
introducing cold atomic beams from the LVIS. There are eight
evenly spaced apertures located around the microwave cavity,
used for feeding microwave power, introducing cooling lasers,
and collecting fluorescence.
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Fig. 2. Principle of intracavity cooling. (a) Structure of the microwave
cavity. (b) Laser beam path diagram at the microwave cavity. (i) Cut-
off waveguide, (ii) side cut-off waveguides, (iii) waveplate and reflectors,
(iv) fluorescence collection photodiodes, (v) LVIS atomic channel, (vi)
microwave feed-in. (1) Transverse cooling lasers, (2) downward cool-
ing laser, (3) upward cooling laser, (4) extender lens set, (5) polarization
beam splitter, (6) detecting laser, (7) 0◦ reflector, (8) cooling laser direc-
tion, (9) detecting laser direction, (10) 45◦ reflectors, (11) atomic cloud,
(12) combination of waveplate and reflectors.

In Fig. 2, the cavity features symmetrical power-feeding
holes in the X-axis directions, each with a diameter of 6 mm.
Microwave power is channeled into the rectangular waveguide
via the outer coaxial line and subsequently into the microwave
cavity through these 6 mm holes. This symmetrical feeding ar-
rangement effectively minimizes microwave phase variations
in the cavity, mitigating distributed cavity phase errors in the
cold atom clock.[23,24] Two symmetrical photodiodes with a
surface dimension of 10 mm× 10 mm are positioned on the
cavity along the Y -axis direction to capture cold atomic fluo-
rescence. The dual photodiode arrangement serves as a backup
for each other and enhances fluorescence collection efficiency.
Adjacent to the X and Y axes at a 45◦ angle, four 10 mm di-
ameter apertures in the cavity are designed to introduce two
transverse cooling laser beams and retroreflectors on the oppo-
site side. Remarkably, despite these apertures, the microwave
cavity maintains a Q value exceeding 5000.

Laser beams are introduced into the microwave cavity
through the top window of the vacuum chamber. Two trans-
verse laser beams in the cavity from the top are incident from
the cut-off waveguide on the side and then reflected into the
microwave cavity by a 45◦ reflector. Two independent laser
beams propagate in the opposite direction along the Z-axis,
aiming to generate a traveling wave field in the microwave cav-
ity during the detection process. During ground testing, two
independent laser beams can also form a moving optical mo-
lasses to launch the atomic cloud at a certain height and pro-
long the interaction time between the atoms and microwaves.

The detection laser beam is concurrently superimposed
with a cooling laser beam in the Z direction, utilizing a po-
larization beam splitter (PBS). Upon traversing a quarter-
wave plate, these two laser beams transition from perpendic-
ular linearly polarized to left-circularly polarized and right-
circularly polarized, respectively. When the detection laser
beam emerges from another PBS, it is reflected by a mirror,
forming a standing wave within the cavity and enhancing the
atomic photon scattering rate. Each cooling beam possesses
an average laser intensity of approximately 25 mW/cm2 and
a 1/e2 diameter of 9 mm. The cross-section of the cooling
laser beams at the microwave cavity’s center dictates the size
of the cold atoms’ capture region. In both the transverse cool-
ing beams and the detection beam, alongside the cooling laser
with a frequency red detuned from the F = 2→ F ′ = 3 tran-
sitions, there are also lasers with a frequency resonant with
another transition F = 1→ F ′ = 2, referred to as repumping
lasers.
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Fig. 3. (a) Results of cold atoms temperature testing. After 50 ms, the
fluorescence collection efficiency decreases due to the fall of the atomic
cloud. (b) The fluorescence signal of the cold atom cloud after the se-
lection and interrogation stage with the double-level detection method.
There are two peaks on the curve representing the atoms in F = 2 and
F = 1, respectively. The two platforms on the curve, on behalf of the
pushing laser beam and the repumping laser beam, turn on at the moment
sequentially.

The distance between the center of the LVIS and the cen-
ter of the microwave cavity is approximately 310 mm. The
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molasses has the capacity to capture 5×107 atoms from a low-
velocity atomic beam in 0.5 s. Following polarization gradi-
ent cooling, the temperature of the cold atomic cloud was as-
sessed using the time-of-flight (TOF) method, and the result
of this test is depicted in Fig. 3(a). A comparison of the de-
cay curve of the detected number of cold atoms released from
the molasses with the ideal atomic cloud expansion loss curve
under a vacuum pressure of 10−8 Pa allows us to infer that the
temperature of the cold atom cloud approximates 5 µK upon
release from the optical molasses.

3. Performance of physics package
In the operation of the atomic clock, three LVIS laser

beams, four 3D cooling laser beams, one detection laser beam,
and the repump components superimposed within these beams
can be independently regulated by the AOMs and mechanical
shutters. Figure 4 illustrates the power control of each beam
in every clock cycle. The coordination of these laser manipu-
lations with the control of microwave signals and fluorescence
detection facilitates the completion of the entire atomic clock
cycle.

Trapping ＆ cooling State selection Ramsey interrogation Detection

500 ms 8 ms 8 ms

Downward cooling laser

40 ms to 1000 ms

Repumping laser

Upward and transverse cooling laser

Detecting laser

Microwave power Time

2D cooling laser

Fig. 4. Time sequence of laser beams and microwave power in a single
clock cycle of cold atom microwave clock.

In the sequence of clock cycles depicted in Fig. 4, cold
atoms released from the molasses uniformly populate all five
Zeeman sublevels of the ground state F = 2. We employ a π-
pulse microwave to excite atoms in the |F = 2,mF = 0〉 state
to the |F = 1,mF = 0〉 state. Subsequently, atoms in other Zee-
man sublevels of F = 2 are pushed away by the traveling laser
in Z direction. The atoms remaining in the |F = 1,mF = 0〉
state will then undergo two Ramsey π/2 microwave pulses.
These pulses induce a quantum superposition state for all
atoms between |F = 1,mF = 0〉 and |F = 2,mF = 0〉, with
the transition probability being contingent on the disparity be-
tween the microwave frequency and the clock transition fre-
quency. Populations of both atomic states, |F = 2,mF = 0〉

and |F = 1,mF = 0〉 (N2 and N1), are identified using the
double-level detection method, as depicted in Fig. 3(b). Anal-
ysis of the fluorescence signal suggests that each of these
two quantum states contains approximately 4× 106 atoms.
The normalized transition probability from |F = 1,mF = 0〉
to |F = 2,mF = 0〉 is calculated from N2/(N1 +N2), and the
difference between the microwave frequency and atomic tran-
sition frequency is subsequently computed.
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Fig. 5. (a) Ramsey fringes obtained by scanning the microwave frequency
detuning. (b) The output frequency Alain deviation of the cold atom mi-
crowave clock. Segment line: the situation with a frequency stability of
1.2×10−12 τ−1/2.

Figure 5(a) illustrates the Ramsey fringes derived from
scanning the microwave frequency. These fringes depict the
variation in the transition probability of atoms as we adjust
the microwave frequency detuning relative to the clock fre-
quency. The stability of the atomic clock’s frequency can be
ascertained through the signal-to-noise ratio and linewidth of
the Ramsey fringes. The primary noise affecting the transition
probability is comprised of quantum projection noise, detec-
tion noise, and microwave local oscillator noise.[25,26] In our
experimental setup, the dominant noise originates from the de-
tection system, yielding Ramsey fringes with a signal-to-noise
ratio of approximately 500, as depicted in Fig. 5(a). The line
width of the central peak within these Ramsey fringes mea-
sures about 12.5 Hz, correlating to a time interval of 40 ms
between two consecutive Ramsey π/2 microwave pulses dur-
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ing the ground test procedure. Extending the time interval be-
tween two microwave pulses will rapidly decrease the number
of atoms due to the influence of gravity.

By modulating the microwave frequency on both sides of
the Ramsey central peak and locking it to the central peak,
the space cold atom microwave clock with this physics pack-
age outputs a 100 MHz signal that follows the clock transi-
tion frequency. Comparing the frequency of the 100 MHz out-
put signal with a hydrogen maser output, we found that the
Alain deviation of the frequency difference is approximately
1.2×10−12 τ−1/2, which reaches 7×10−15 at an average time
of 40000 s, as depicted in Fig. 5(b). The short-term stability of
the atomic clock is predominantly constrained by the Dick ef-
fect and technical noise. Operating in a microgravity environ-
ment will increase the duty cycle of the microwave, thereby
mitigating the impact of the Dick effect while maintaining
the signal-to-noise ratio of technical noise, which will signif-
icantly enhance the short-term stability of the atomic clock.
The medium and short-term frequency stability of the atomic
clock validates the viability of the intracavity cooling scheme.
However, its long-term performance depends on factors such
as optical stability and system temperature.

4. Conclusion and perspectives
In conclusion, we have presented a physics package based

on intracavity laser cooling for a space cold atom clock and
have demonstrated the scheme of the cold atomic beam, cool-
ing laser beams, probe laser beam, and microwave coupling
around the microwave cavity required for intracavity cool-
ing. The ground-test results showed that more than 5× 107

cold atoms are captured in the center of the microwave cav-
ity at temperatures of about 5 µK. By locking the microwave
frequency on the center of the 12.5 Hz linewidth Ramsey
fringes, the cold atom microwave clock with the physics pack-
age achieved frequency stability of 1.2× 10−12 τ−1/2. Con-
sidering that the cold atom clock operates under microgravity
in space, the extension of interrogation time between atoms
and microwave would compress the Ramsey linewidth to nar-
rower than 1 Hz. Extending interrogation time will also give
rise to the loss of atoms number. According to the ideal atomic
cloud expansion analysis, after 1000 ms expansion, the num-
ber of the atoms is still 2×105, indicating that the noise caused
by quantum projection noise is still smaller than that caused
by the detection system and Dick effect. We anticipate that
the cold atom microwave clock integrated with this physics
package will yield a performance enhancement of approxi-
mately an order of magnitude in frequency stability at Ramsey
linewidth of 0.5 Hz during orbital operation. The intracavity
cooling physics package proposed in this paper presents sig-
nificant potential for miniaturization and lightweight applica-
tions. It also enhances the clock’s performance by reducing

the waste of clock cycles and atomic number loss, which are
crucial for the miniaturization research of high-performance
atomic clocks in space. Additionally, it contributes to the ap-
plication of these high-performance atomic clocks in funda-
mental physics research, deep space exploration, and global
navigation and positioning.
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