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The research of optically pumped cesium beam atomic clock (OPCB) at Peking

University has lasted for decades. At present, the short-term frequency stability

is 3 × 10−12/
�
τ

√
and the long-term (5-day) frequency stability can reach 7 × 10−15.

The optimization methods of the short-term frequency stability are using laser

induced beam spectrum to stabilize the laser frequency, using cyclic transition

to detect the atomic state and using a cesiumovenwith a collimator to generate

the cesium atomic beam. The methods of obtaining the good long-term

frequency stability are controlling the microwave power based on the

atomic transition probability, controlling the C-field intensity based on

Zeeman frequency and controlling the laser power using fluorescence. The

compact optically pumped cesium beam atomic clock of Peking University is

expected to contribute to the field of timing, positioning, navigation and high

speed digital communication.
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1 Introduction

The portable cesium beam atomic clock occupies an important position in the

field of time and frequency [1]. Its excellent medium and long-term frequency

stability can not be completely replaced by other atomic clocks. Cesium beam

atomic clocks can be divided into two types: magnetic state-selection and optically

pumped. Compact magnetic state-selection cesium beam atomic clocks have

commercial products and have been widely used, such as 5071A [2] from the

Microsemi, OSA3235B [3] from Oscilloquartz and LIP-Cs3000 [4] from China.

The frequency stability of the magnetic state-selection cesium beam atomic clocks

is approximately 8.5 × 10−12/
�
τ

√
in short-term and can reach 1 × 10−14 at several days.

Due to the limitation of magnetic state-selection scheme, the frequency stability of

magnetic state-selection cesium beam atomic clocks can hardly be further improved.
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The portable OPCB adopts the optical pumping technology

[5], which can have both high performance and long life

compared to magnetic state-selection cesium beam atomic

clock. OPCBs are expected to replace the existing magnetic

state-selection cesium beam atomic clocks.

Researches on OPCB have been carried out both in China

and abroad. GPS3 [6] using commercial laser can reach

3.8 × 10−12/
�
τ

√
. OSCAR [7] and CS4 [8] have also achieved

good short-term frequency stability. The frequency stability of

TA1000 from Chengdu Spaceon [9] can reach 8.5 × 10−12/
�
τ

√
.

The research on portable OPCB in Peking University began in

1990s [10]; [11], and now it has been nearly 30 years. The

frequency stability at 1 s has gradually improved from the

initial 10−11 to 10−12 [12]. Its long-term frequency stability has

gradually improved from 1-day frequency stability of 10−13 to 5-

day frequency stability of 7 × 10−15, reaching the forefront of the

portable cesium beam atomic clock field [13]. In these years, the

principle of the portable OPCB was improved, and the short-

term frequency stability and long-term frequency stability were

improved respectively [14]; [15].

This paper introduces the improvement of the frequency

stability of the portable OPCB in Peking University. It is divided

into the following parts: in the Section 2, the principle of portable

OPCB is introduced. Section 3 introduced the improvement of

short-term and long-term frequency stability of portable OPCB.

The last section is a conclusion.

2 Principle

The portable OPCB is a closed-loop feedback system, which

can output the transition frequency of cesium atoms. It can be

divided into three parts: cesium beam tube, optical part and

circuits.

2.1 Cesium beam tube

The cesium beam tube part of the portable OPCB includes a

vacuum tube, a cesium oven, a microwave cavity and two

fluorescence collecting bowls (Figure 1). The vacuum tube

provides an environment for realizing atomic transition. It is

a cylindrical tube approximately 40 cm long and approximately

18 cm in diameter. After sealing, its interior is pumped to a

vacuum of 10−7 Pa. In such a vacuum environment, the cesium

atomic beam can hardly collide with stray gas. The cesium oven

stores about 5 g cesium atoms. Under the heating effect of the

heating wire, the cesium atoms are gasified into gas and ejected

from the collimator on the cesium oven due to the saturated

steam pressure to form a cesium atomic beam. At 100 °C, the flux

of cesium atomic beam can reach 4 × 1013 atom/s. Under this

beam flow, the cesium oven can continuously eject cesium atoms

for 10 years, meeting the needs of long-term continuous

operation and time-keeping. The microwave cavity is a

waveguide cavity in the shape of two arms. When the cesium

atomic beam passes through the openings of the two arms of the

microwave cavity, it interacts with the microwave and realize the

Ramsey double resonance [16]. The length of the microwave

cavity is 16.7 cm, and the opening of the microwave cavity is

about 12 mm2. The detuning of the microwave cavity can be

controlled within 500 kHz. There are two fluorescence collecting

bowls in the OPCB, which provides a place for the interaction

between light and atoms. When the atomic beam passes through

fluorescence collecting bowls, it interacts with a vertical laser

beam and generates fluorescence. The fluorescence is reflected in

the fluorescent bowl and is collected by photodetectors installed

on fluorescent bowls. The fluorescence collection efficiency can

reach 25%.

2.2 Optical bench

Compared with magnetic state-selection cesium beam

atomic clock, the optical part is added to the portable

OPCB. The optical part mainly includes a laser, an

isolator, an acousto-optic modulator (AOM), a liquid

crystal phase retarder and various optical lenses (Figure 2).

The output wavelength of the laser is 852 nm, which

corresponds to the transition of the D2 line of cesium

atoms. Its maximum output power can reach 100 mW,

FIGURE 1
Cesium beam tube of the OPCB. (A) There is a cesium oven, a microwave cavity and two fluorescent collecting bowls, which are arranged in a
straight line in a cesium beam tube. (B) A cesium beam tube of the portable OPCB in Peking university.
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which is enough to meet the requirements of laser pumping

and laser detection. The function of the optical isolator is to

prevent the laser beam from being fed back inside to the laser

thereby affecting the operation of the laser and resulting in

the instability of the laser frequency and power. The function

of the AOM is to realize laser frequency shift. The pumping

laser uses |F � 4〉 − |F′ � 4〉 line of cesium atoms, and the

detection laser uses |F � 4〉 − |F′ � 5〉 line of cesium atoms.

The frequency interval between them is about 251 MHz. We

obtain the two lasers respectively with one laser and the

AOM. Power of the pumping laser can be stabilized

through the AOM. The liquid crystal phase retarder can

control the polarization of the probing laser. With a

polarizer, the power can be controlled by the voltage

applied to the retarder.

2.3 Circuits

The circuit system of the portable OPCB consists of three
parts: microwave source, control-servo part and auxiliary
circuits. The auxiliary circuits include power supply circuit,
screen display part, frequency output and phase
synchronization part, satellite calibration part and other
interactive parts. The microwave source realizes the function
of frequency multiplication of 10 MHz OCXO crystal oscillator
signal to 9192 MHz microwave signal. The maximum output
power of the microwave source is 5 dBm, and the obtained phase
noise is − 45dBc@1Hz. The phase noise can reach − 120dBc@
1MHz, and the frequency and power of the final microwave
signal can be accurately tuned. The frequency adjustment
accuracy can reach 1μHz, and the power adjustment accuracy
can reach 0.01 dBm. The control-servo part realizes the precise
control of the operating parameters in the OPCB, including
maintaining the high-voltage for vacuum, controlling the
cesium oven temperature, controlling the C-field current, laser
driver, AOM and liquid crystal retarder driver circuits. The high-
voltage can be maintained at 3500 V, the fluctuation range of the
cesium oven temperature can be stabilized within 0.01°C for a
long time, the fluctuation range of the C-field current can be
controlled within 100 nA, and the fluctuation range of the laser
current can be controlled within 10 μA. The control-servo part

also includes OCXO closed-loop locking, active C-field intensity
servo, active microwave power servo and active laser powers
servo.

3 Improvement of frequency stability

The frequency stability of the OPCB includes two aspects:
short-term frequency stability and long-term frequency stability.
The short-term frequency stability mainly depends on the signal-
to-noise ratio of the obtained Ramsey signal, while the long-term
frequency stability mainly depends on the sensitivity of both the
controlled system parameters and the associated frequency shift
to the environment.

3.1 Short-term frequency stability

The short-term frequency stability of the portable OPCB is

inversely proportional to the signal-to-noise ratio. The higher the

signal-to-noise ratio of Ramsey signal, the better the short-term

frequency stability:

σ τ( ) � 1
K

Δ]
f0

1
SNR

��
Ts

τ

√
. (1)

3.1.1 Atomic beam
Adding a collimator to the cesium oven can improve the

intensity of cesium atomic beam. There is a certain divergence
angle after cesium atoms ejected from the cesium oven. If a
collimator is not installed, the divergence angle of cesium atomic
beam is large (Figure 3), and the number of effective cesium
atoms that can actually pass through the two microwave cavities
to the detection area is small. That means the signal-to-noise
ratio of the beam reduced [17]:

S

N
( )

atom
� Sfluo��

φa
√ � 1

2

���
πIa
2

√
. (2)

The length of the collimator of the cesium oven in our OPCB

has been increased to 6mm, and the nozzle area of the collimator

is about 12 mm2 (Figure 3). In this case, the divergence angle of

the cesium atomic beam can be controlled to about 40 mrad. The

FIGURE 2
Optical bench of the OPCB. (A) The pumping laser and the probing laser are generated by one laser. (B) A photo of the optical bench.
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actual cesium atomic beam flow from the collimator is 4 × 1013

atoms/s, and the actual effective cesium atomic beam flow in the

detection area is:

ϕa � Iall × Le × Pe × Te × De. (3)

It is approximately 109 atoms/s. Therefore, it can be

concluded that the signal-to-noise ratio of the beam noise in

the portable OPCB is approximately 30,000, and the short-term

frequency stability that can be supported reaches 1 × 10−12/
�
τ

√
,

meeting the current requirement.

3.1.2 Laser stabilization
Using atomic beam spectrum to stabilize the laser frequency

can reduce laser noise [18]. Compared with previous laser

frequency stabilization method (saturated absorption spectrum

frequency stabilization), beam spectrum frequency stabilization

has the following advantages (Figure 4):

First, the intensity of the beam spectrum is greater than that

of the saturated absorption spectrum. The frequency stabilization

using saturated absorption spectrum needs a cesium cell in the

optical path. The number of cesium atoms used in the saturated

absorption spectrum in a cell is approximately 106 atoms, while

the effective number of cesium atoms used in the frequency

stabilization by atomic beam spectrum is approximately 109

atoms.

Second, the laser frequency obtained by beam spectrum can

generate the maximum fluorescence signal. The beam spectrum

has no Doppler background and no interference of cross

FIGURE 3
Cesium oven collimator of the OPCB. Front view: Cesium oven nozzle is rectangular, consists of many triangular thin tubes (0.003 mm2), with a
total area of 12 mm2. (A) Zoom out (B) zoom in. Side view: (C) no collimator (D) collimator.

FIGURE 4
Laser stabilization spectroscopy of the OPCB. (A) Saturated absorption spectrum. (B) Atomic beam spectrum.
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absorption peaks. When using the saturable absorption

spectrum, there will be a frequency shift of the transition peak

due to the existence of the Doppler background and the larger

cross-absorption peaks. At the same time, there will be an

frequency error between the cesium atoms and the cesium

atomic beam because the probing laser and the cesium atomic

beam in detection area may not be completely vertical. Therefore,

the laser frequency obtained by saturated absorption spectrum

may not generate the maximum fluorescence signal.

Third, cesium cell is highly sensitive to the environment. The

atomic beam is in the cesium atomic beam tube and the magnetic

shielding layer of the tube effectively shields the influence of the

external magnetic field. Meanwhile the cesium atoms in cell are

greatly affected by the ambient temperature and there are more

collisions between atoms and the cell, but this does not occur in a

cesium atomic beam.

Fourth, the long-term reliability of a beam spectrum

frequency stabilization is better. Cesium beam atomic clock

needs long-term and continuous operation. So, maintaining

long-term and reliable frequency stabilization of the laser is

important. Compared with the saturated absorption spectrum,

the beam spectrum has only three peaks. And it is easy to identify

the largest |F � 4〉 − |F′ � 5〉 line peak, while the saturated

absorption spectrum has six peaks with small size difference.

In long-term operation of the atomic clock, the laser can be

relocked in a short time after laser frequency unlocked using the

beam spectrum. When using the saturated absorption spectrum,

however, it requires complex spectrum finding and spectral peak

identification processes.

3.1.3 Cyclic transition
Using |F � 4〉 − |F′ � 5〉 line cyclic transition of cesium

atoms to detect atomic states can improve the signal-to-noise

ratio. |F � 4〉 − |F′ � 5〉 is a cyclic transition line of the D2 line of
cesium atoms (Figure 5). When the cesium atoms excited to the

excited state of |F′ � 5〉, it can only return to the ground state of

|F � 4〉 through spontaneous emission due to the transition

selection rule. In the process of laser detection, the cesium

atoms in the |F � 4〉 state can be repeatedly excited by |F � 4〉 −
|F′ � 5〉 cyclic transition line and generating a large fluorescence.
Compared with the detection using the |F � 4〉 − |F′ � 4〉 line,

the detection efficiency can be increased by 200 times, that

means, the signal-to-noise ratio of the atomic clock in this

process can be increased.

Through the above three improvements, under the

conditions of the commercial DFB laser, the short-term

frequency stability of the portable OPCB in our group has

reached 3 × 10−12/
�
τ

√
, which is approximately three times that

of the 5071A high-performance, reaching the forefront of the

portable cesium beam atomic clock.

3.2 Long-term frequency stability

In a portable OPCB, microwave power, C-field intensity

and laser powers are the three most sensitive parameters to

the environment. During the long-term operation of the

OPCB, they need to be maintained by active servos

otherwise the OPCB can not withstand the environmental

fluctuations. For the portable OPCB, if the frequency stability

needs to be less than 1 × 10−14 at 5 days, under the assumption

of a linear drift,

y t( ) � a + bt, (4)
and according to the calculation formula of Allan variance, we

have:

FIGURE 5
Cyclic transition of the OPCB. (A) |F � 4〉 − |F′ � 5〉 line is a cyclic transition. (B) |F � 4〉 − |F′ � 5〉 cyclic transition line is much larger than the
|F � 4〉 − |F′ � 4〉 transition line under the same conditions.
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σ τ( ) �
�
2

√
2

bτ. (5)

The drift rate of the portable OPCB should be controlled in

the range of 2.8 × 10−15 /day.

3.2.1 Microwave servo
We use the transition probability curve to servo the

microwave power (Figure 6). The reason is that this curve is

depended by the physical system and is a stable reference.

Compared with the locking method through the detection of

microwave power, this method can eliminate the influence of the

microwave cavity, the microwave signal wiring and other parts. It

directly control the microwave power actually interacting with

atoms. In other words, the method decides the Rabi frequency of

the interaction. During the operation of the OPCB, the

microwave power is served once every 2 min. The microwave

power is square wave modulated to obtain the error signal, which

is then fed back to the microwave source. In normal operation,

the microwave source only has an bad impact on the frequency

stability of the OPCB after several thousands seconds averaging

time. Therefore, the servo every 2 min can achieve a good long-

term maintenance of the microwave power.

3.2.2 C-field servo
The intensity of the C-field directly affects the second-order

Zeeman frequency shift in the OPCB and also affects the Rabi

pulling frequency shift in the OPCB. During the long-term

operation of the portable OPCB, the change of the external

magnetic field will lead to the change of the internal magnetic

field in the cesium beam tube, resulting in a frequency shift. We

lock the C-field intensity according to the Zeeman frequency of

the cesium atomic spectral line (Figure 7). The Zeeman frequency

refers to the frequency difference between themF = 0 andmF = +1

Ramsey signals. The magnitude of Zeeman frequency is directly

related to the magnetic field intensity in the actual microwave

cavity,

FIGURE 6
Microwave servo of the OPCB. (A) Transition probability curve. (B) Servo data.

FIGURE 7
C-field servo of the OPCB. (A) Zeeman frequency as the locked reference. (B) Servo data.
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fZeeman ∝Bc. (6)

Since the frequency resolution of the Ramsey resonance

line in the OPCB can reach 1 × 10−12, the locking of C-field

intensity can reach 10−5. At this time, the control accuracy of

second-order Zeeman effect can be within the range of 10−15.

In order to reduce the impact of Rabi pulling on the atomic

clock, we control the Zeeman frequency of cesium atomic

clock at 60 kHz. In this case, the frequency uncertainty caused

by Rabi pulling can be controlled and the impact of the

magnetic field on stability is eliminated during long-term

operation.

FIGURE 9
Overlapping Allan deviation of the OPCB. In 2014, the short-term stability reached 1 × 10−11/

�
τ

√
and in 2016, the short-term stability reached

6 × 10−12/
�
τ

√
. At present, the short-term stability is 3 × 10−12/

�
τ

√
and the 5-day stability can reach 7 × 10−15. The green line is the fitting curve.

FIGURE 8
Laser power servo of the OPCB. (A) Locked reference of the laser power. (B) Servo data.

FIGURE 10
Prototype of the OPCB.
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3.2.3 Laser power servo
The fluctuation of laser powers will bring about the light shift

and the fluctuation of the Ramsey signal, which will affect the

normal close-loop of the OPCB. We have measured the

frequency shift caused by laser power fluctuation, and found

that the frequency shift caused by laser powers are approximately

4 × 10−13 /mw. In the case of 10−2 /day drift in laser power, the

frequency shift caused by laser power change can reach 4 × 10−15

/day, which exceeds the requirement of the portable OPCB. The

laser power drift caused by the aging of the laser and the long-

term aging of the optical devices can hardly be overcome, so it is

necessary to servo the laser powers actively. We proposed a

method of using fluorescence to lock the laser powers (Figure 8).

Compared with locking the laser powers in optical path, the

method has the following advantages: 1) Directly controlling the

intensity of fluorescence inside the cesium beam tube, which is

the direct causes of the light shift. 2) Controlling the Ramsey

signal of the atomic clock to make the feedback system of the

OPCB stable. The control of the laser powers makes the

frequency drift caused by the laser powers shift in the order

of 10−17, which meets the requirement.

After the above works, the long-term frequency stability of

the portable OPCB in our group has been improved. The latest

measurement results show that the long-term (5-day) frequency

stability of the portable OPCB can exceed 7 × 10−15.

4 Conclusions and prospects

The frequency stability of the portable OPCB is shown in

Figure 9, which respectively shows the research results over the

years, from 1 × 10−11/
�
τ

√
in 2014 to 3 × 10−12/

�
τ

√
now. The

measurement time is gradually increasing. Figure 10 is the photo

of the OPCB. It is 30 kg and in a 4 U size (500 × 440 × 175 mm3).

The rate power is 60 W, and the maximum power consumption

does not exceed 100 W.

In the future, we will continue the research of the OPCB. One

the one hand, we will continue to improve the frequency stability

of the OPCB through the following methods: 1) Using a narrower

linewidth laser. The frequency noise of the laser is one of the

main noise sources in OPCBs [19] at present; 2) Using two lasers

to prepare the atomic state [20]. The method can greatly increase

the effective atomic beam flow and reduce the beam noise; 3)

Using 2D-MOT to realize the cold cesium atomic beam [21]. The

method can reduce the linewidth of the Ramsey signal. On the

other hand, we will also explore the frequency stability

performance of the portable OPCB in complex environments,

such as in vehicle, satellite and others.

The portable OPCB is expected to move towards commercial

production, make contributions to the time-frequency field in

China and even the world, and provide important reference

instruments for time-frequency service systems, satellite

navigation and positioning systems and high-speed digital

communication systems.
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