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The technique of laser cooling of atoms gives an opportunity to improve the

performance of atomic clocks by using laser-cooled atoms. The most

successful cold atom clock, called the atomic fountain, is now widely used

as the primary frequency standard inmany labs. The cold atom clock for satellite

applications, however, has not been reported so far due to special requirements

of space applications. Here, we report the development of an engineering

model of a satellite-borne cold atom clock, which satisfied all requirements of

in-orbit operation. The core of the clock’s principle is the laser cooling of atoms

by diffuse laser lights inside the microwave cavity. The structure of the physics

package is presented, and its main parameters are also given. The principle and

design of the optical bench are described. The initial test results are presented,

and the possible improvements are also discussed.
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1 Introduction

Atomic clocks with laser-cooled atoms have been developed rapidly since laser

cooling of atoms was invented [1]. The atomic fountain is now widely used as a

frequency standard in many labs, as summarized in Ref. [2], and even in space [3].

In a fountain clock, laser-cooled atoms, typically from a magneto-optical trap (MOT), are

launched upward through a microwave cavity and drop downward through the cavity

again due to gravity. The double interrogation between cold atoms and microwave gives

Ramsey fringes, whose central fringe has a much narrower linewidth compared to the

thermal beam. The fountain clock has excellent performance with accuracy and stability

for 1 day around 2.0 × 10−16 but is bulky and difficult to operate.

Several schemes are realized to overcome the bulky volume of the atomic fountain. In

these schemes, the MOT, microwave interrogation, and detection of atoms are performed

inside the same cavity, and the Ramsey interaction is realized by two microwave pulses [4,

5]. Such an arrangement reduces the size of the fountain clock but keeps its character.

Since the MOT requires a strong pulsed magnetic field, which affects the microwave

cavity, this kind of setup has problems for long-term performance.
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Diffuse laser cooling (DLC) is insensitive to the magnetic

field and is therefore an ideal method to generate cold atoms in

the microwave cavity [6–8]. The cold atom clocks based on DLC

have been developed in Paris and Shanghai [9, 10]; Paris’ setup

uses a spherical microwave cavity, while Shanghai’s setup is

cylindrical. Both obtained excellent performance with a long-

term stability around 2.0 × 10−15.
In this study, we present the development and initial tests of

an engineering model of a microwave frequency standard with

DLC for satellite systems. Different from the principle model, the

engineering model must be designed for non-intervening and

long-term continuous operation in space.

2 Design and assembling

The satellite-borne cold atom clock based on DLC has four

units, including the physics package, optical bench, microwave

electronics, and control system. All units are integrated into one

unit, which satisfies the environment inside a satellite.

2.1 Physics package

The physics package includes mainly a vacuum system, a

microwave cavity, a cesium source, a magnetic shield, and

detection optics, as shown in Figure 1.

The core of the physics package is a cylindrical microwave

cavity, placed at the center of the vacuum chamber, shown in

Figure 1. This cavity, made of titanium with a silver-coated inner

surface, shown in Figure 1 (right), has two functions: one acts as a

microwave resonator for the interrogation of microwaves with

atoms, and the other is for diffuse laser cooling [10]. The cavity is

tuned to be resonant with the atomic transition of two cesium

ground states at 9.19 GHz withQ ≈ 4000. The inner surface of the

cavity is specially polished such that it reflects lasers diffusely while

keeping the microwave field smooth. The diffuse laser light inside

the cavity is generated from the diffuse multi-reflection of injected

lasers at the inner surface. In order tomake the diffuse lights inside

the cavity homogeneously, the four laser beams are injected

through four small holes evenly placed at the end surface of the

cavity [11, 12]. Such an arrangement makes the diffuse laser-

cooled atom cloud concentrated in the middle of the cavity [12].

Vacuum is maintained using two small ion pumps and a

getter at around 10−7 Pa, and the vacuum chamber is connected

to the Cs source, whose temperature can be adjusted in order to

control background Cs vapor inside the vacuum chamber.

Outside of the vacuum chamber, there are three layers of

magnetic shields to keep the magnetic field inside the

microwave cavity below 2 nT. The probing laser beam travels

along the central axis of the microwave cavity from one end to

another and is reflected back to form a standing wave.

2.2 Optical bench

The optical system is designed for laser cooling, pumping,

and detection, and the principle is shown in Figure 2. The main

laser beam, locked to the cross peak between F � 4 → F′ � 3, 5

by saturation absorption spectroscopy, is divided into three

beams, including cooling, pumping, and probing. The

frequency of the cooling laser is shifted by an acoustic optical

modulator (AOM) to the detuning around -16 MHz from the

transition between F � 4 → F′ � 5, as shown in the right side of

Figure 2. The pumping laser is shifted by an AOM to be resonant

with the transition between F � 4 → F′ � 4, and the probing

laser is shifted to the resonance between F � 4 → F′ � 5.

Another laser is locked to the crossover peak between F �
3 → F′ � 2, 4 and shifted by an AOM to the resonance

between F � 3 → F′ � 4 as the repumping beam. All AOMs

are also used to control the time sequence.

The main optical elements of the optical bench are integrated

on an aluminum plate, as shown in the left side of Figure 3. Both

sides of the plate are used. Moreover, another layer is added,

mainly for backup elements, including a laser. Those elements

can be switched on when necessary.

The bench is placed in a sealing box for stable operation in

vacuum. The sealing box, as shown in the right side of Figure 3, is

filled with dried air at 1 atmosphere at 23°C. The sealing is

carefully tested so that the pressure inside the box is kept at about

80% of the original one in vacuum for 10 years. Such a change

does not affect the performance of optics.

FIGURE 1
Physics package (left) and microwave cavity (right). The
package includes a vacuumchamber whose vacuum ismaintained
using two ion pumps, and the chamber is covered by three layers
of the magnetic shield. Inside the chamber is a cylindrical
microwave cavity which is made of titanium and coated with silver.
Cesium is spread into the microwave cavity from the source. The
detection laser passes through the center of the cavity from the
bottom to top and reflected.
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2.3 Microwave electronics and control
system

All electronics are integrated into one unit, including

microwave and control electronics. A 10MHz signal from a

low-noise OCXO crystal oscillator is synthesized into a

9.192 GHz microwave, which is injected into the cavity to

interact with diffuse laser-cooled atoms. Two microwave pulses

are used to interrogate cold atoms, as the Ramsey scheme requires.

The control system uses an FPGA to control the time

sequence, including laser cooling, pumping, microwave

interrogation, and probing, and evaluate the feedback error

FIGURE 2
Principle of optical systems and energy levels. LD indicates a laser diode, AOM indicates an acoustic optical modulator, and Iso indicates an
isolator. LD1 is used for cooling, probing, and pumping. LD2 is used only for repumping. Both lasers are locked by saturation spectroscopy and shifted
by AOMs.

FIGURE 3
Optical bench (left) and its sealing box (right). All optical elements are firmly placed on an aluminum plate. The bench is placed in a sealing box,
inside which the pressure is kept at around 1 atmosphere for a long time when the whole clock is placed in vacuum.
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signal. Moreover, the control system is also used for data

processing for laser power monitoring, temperature control,

magnetic field control, and necessary communications.

2.4 Assembling

All units are assembled into one unit, as shown in Figure 4.

The whole clock is fully functional, and it has a weight of 28 kg

with a stable power consumption of around 60W.

The clock is designed and tested to satisfy the requirements of

the satellite environment. On the ground, the clock is tested in a

vacuum chamber which is temperature-controlled, similar to that

in a satellite. When the clock is placed in vacuum, the electronics

and physics packed are quickly pumped to vacuum, while the

optical bench is still at 1 atmosphere due to the protection of the

sealing box.

3 Initial tests and discussion

The time sequence for normal operation of the clock is given

in Figure 5. The atoms are first cooled by diffuse light in the

microwave cavity, typically the cooling and repumping time

tc, tr ≈ 40 ms for clock operation. After cooling, all cold atoms

are at the ground level of F � 4, evenly distributed in magnetic

sub-levels mF � −4,−3/3, 4. A constant magnetic field at

100 nT along the axis of the microwave cavity is applied to

separate the magnetic sub-levels. Pumping light is used to pump

all cold atoms from the state F � 4 to F � 3 at tp ≈ 1ms, and the

atoms are distributed evenly in the magnetic sub-levels due to the

pumping by diffuse light. Two microwave pulses are then used to

interrogate cold atoms in the microwave cavity at the clock

transition between F � 3, mF � 0 → F � 4, mF � 0 at

9.192 GHz. The constant magnetic field keeps the

interrogation happening only between F � 3, mF � 0 → F �
4, mF � 0 without interference by those atoms in

F � 3, mF ≠ 0. Here, the interrogation time is fixed in our test,

T � 22 ms, and the duration of the microwave pulse τp � 2 ms.

The power of the microwave is carefully adjusted so that

Ωτp � π/2, where Ω is the Rabi frequency of the microwave.

FIGURE 4
Assembled cold atom clock for satellite applications. The
bottom shows electronics, top left shows the optical system, and
top right shows the physics package.

FIGURE 5
Time sequence of the clock operation. Cooling and
repumping must be synchronized for effective diffuse laser
cooling. A short pumping pulse is used to prepare the system ready
for microwave interrogation. Twomicrowave pulses are used
as Ramsey interactions with cold atoms, and the linewidth of the
Ramsey fringe is determined by the separation of two pulses. The
probing light is used to detect the atomic population after
microwave interactions, which is directly related to themicrowave
frequency.

FIGURE 6
Typical Ramsey fringe. The linewidth of the central fringe is
20.0 Hz, and the signal-to-noise ratio is 650.
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Scanning the microwave frequency gives the Ramsey fringes, as

shown in Figure 6.

The full width at half-maximum of the central fringe is

measured at around 20.0 Hz, which agrees with the theoretical

value of Δ] ≈ 1/2(T + τp) � 20.8 Hz. The signal-to-noise ratio is

around 650, approximately measured by the signal value of the

central peak of the Ramsey fringes over the noise level in Figure 6,

which gives an estimated short-term stability of around

2.4 × 10−13/
�

τ
√

.

Figure 7 gives Allan deviation of the cold atom clock with

diffuse laser cooling relative to an H-maser. The clock is operated

in a temperature-controlled lab at 22 ± 0.5 °C. The clock itself has

no active temperature control but is placed on a cold plate whose

temperature is controlled at 13 ± 0.5 °C for dissipating heat.

Figure 7 gives a short-term stability at 5.97 × 10−13/
�

τ
√

, which is

almost 2.5 times worse than the theoretical estimation. The

deterioration may come from the electronic feedback route. It

is clearly shown that the deviation is affected by the environment,

and it is expected to be improved significantly when active

temperature control of the clock is applied. The drift is

measured around 8.0 × 10−15 for 1 day.

There is plenty of room for the improvement of the clock.

The current time sequence is managed for the specific

requirement of the satellite application. A more suitable time

sequence can be modified for better performance.

In microgravity, the lifetime of cold atoms in the microwave

cavity is much longer than on the ground [13]; thus, the

interrogation time can be much longer, and thus, the width of

the clock signal can be much narrower. A narrower linewidth

leads to better short-term stability, which is expected to be half an

order better than on the ground.

In microgravity, the cooling efficiency is several times higher

than on the ground due to the lack of gravity [3, 14]. The higher

efficiency leads to more cold atoms and a lower temperature,

which benefits the signal-to-noise ratio of the clock signal and

improves the short-term stability significantly.

DLC based on stimulated forces is also possible [15]. With

such a new scheme of DLC, the cooling time can be shortened to

even less than 1 ms, which makes the cycle time of clock

operation greatly reduced. Such a reduction leads to an

increase in short-term stability.

Moreover, the long-term performance of the cold atom clock

can benefit from the stable environment inside a satellite in orbit.

4 Conclusion

We have successfully developed a satellite-borne atomic

clock with diffuse laser-cooled atoms, tested it in the lab with

promising performance, and even compared with the Deep Space

Atomic Clock [16]. The clock passes the vibration and thermal

tests and has demonstrated long-term operation in vacuum. The

results show that a cold atom clock based on DLC can be

constructed to satisfy the requirements for satellite

application, and its performance can reach even as high as

10−16 in 1 day. In addition to the reliability, robustness, and

compactness, the cold atom clock with DLC has very small drift

and a very high accuracy and thus is an ideal clock for the

navigation system and deep space exploration.

The techniques developed in the compact cold atom clock

can be used in further cold atom-based space quantum sensors.
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