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ABSTRACT
This paper proposes a miniature optically pumped cesium-beam atomic frequency standard with a volume of 38.4 l and a weight of 28 kg and
examines the main factors that affect its signal-to-noise ratio (SNR). Methods to improve the SNR are proposed, which improve the short-
term frequency instability: installing a collimator at the exit of the cesium oven, using the beam fluorescence spectrum with the fiber-coupled
output to stabilize the laser frequency, and using the 4–5 cycling transition of the cesium D2 line for the atomic detection. We also examine
several frequency shifts that affect the long-term frequency instability and detail methods to reduce these shifts. At present, the frequency
instability achieved by the Peking University miniature optically pumped cesium-beam frequency standard has reached 3.12 × 10−12/

√
τ.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0001749., s

I. INTRODUCTION

At present, the main commercial atomic frequency standards
are microwave clocks, including hydrogen masers, cesium clocks,
and rubidium clocks. Hydrogen masers and rubidium clocks are
based on the same concept, an atomic vapor cell, which is partic-
ularly sensitive to the environment, and this limits the mid- and
long-term frequency instability. In the case of a cesium-beam clock,
the principle is different: the atoms are used in an atomic beam. This
reduces the influence of the environment and enables better mid-
and long-term frequency instability. Due to their excellent stabil-
ity and other properties, the use of cesium-beam atomic clocks has
become common.1 They have been widely applied in many fields
such as precision measurement, positioning and navigation, and
high-speed communication.2 The most important parameters of an
atomic frequency standard are its frequency accuracy and frequency
instability. As secondary frequency standards, miniature cesium-
beam atomic clocks focus on frequency instability, and the main

factor affecting their short-term frequency instability is the signal-
to-noise ratio (SNR) of the Ramsey fringe. The various frequency
shifts of an atomic clock will determine its frequency accuracy.
However, the fluctuations of the frequency shifts also have a great
influence on the long-term frequency instability. Therefore, a sys-
tematic study of these frequency shifts is key to improving the
long-term frequency instability of atomic frequency standards.

This paper proposes a miniature optically pumped cesium-
beam atomic frequency standard with a volume of 38.4 l and a
weight of 28 kg and examines the main factors that affect its SNR. A
method to improve the SNR of the frequency standard that enhances
its short-term frequency instability is also proposed. We study the
second-order Zeeman effect, which causes the largest frequency shift
in an optically pumped cesium-beam atomic clock, the easily over-
looked cavity-pulling and Rabi-pulling effects, and the light shift that
is unique to these instruments. We detail a method to reduce the fre-
quency shifts and describe ways to improve the long-term frequency
instability.
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II. EXPERIMENTAL SETUP
Figure 1 shows a schematic of the miniature optically pumped

cesium-beam atomic frequency standard that is the subject of this
study, including the Cesium oven, the optical pumping and detec-
tion regions, the microwave excitation regions, and the electronic
system. Apart from the electronic system, all components are sealed
in a vacuum tube covered by three layers of the magnetic shielding
material. This is often called a cesium-beam tube. All the gaskets are
made of copper, with the exception of indium seals for the windows.
The tube is continuously pumped by using a titanium sublimation
pump (0.3 l/s), and the operating pressure is of the order of 10−7 Pa.

The F = 4→ F′ = 4 transition of the Cs D2 line is used for opti-
cal pumping, and the F = 4→ F′ = 5 transition is used for detection
(Fig. 2). The radio-frequency interrogation is classically performed
in a Ramsey microwave cavity, but first, the atoms have to be pre-
pared in a single hyperfine atomic state F = 3. This preparation is
performed by optical pumping instead of magnetic state selection.
In this case, there is no spatial separation and all the atoms pass
through the laser toward the microwave cavity. This results in a
higher number of useful atoms and consequently a higher SNR than
with magnetic state selection at the same oven temperature. Finally,
detection of the cesium atoms is performed using the standard

FIG. 1. Schematic of the miniature optically pumped cesium-beam atomic fre-
quency standard.

FIG. 2. Energy levels of the Cs D2 line.

optical technique in the detection region. The fluorescence photons
of these atoms are detected by using a photodiode.

III. FACTORS AFFECTING THE SHORT-TERM
FREQUENCY INSTABILITY

First, we introduce our analysis and the scheme for the con-
trol of the short-term frequency instability. The short-term fre-
quency instability of the miniature optically pumped cesium-beam
frequency standard is expressed by the Allan deviation,3

σy(τ) =
1
π
Δν
νhfs

1
SNR

1√
τ/s

. (1)

It can be found that when the reference frequency of an atomic
transition νhfs is constant, the main factors affecting the short-term
frequency instability are the linewidth of the Ramsey fringe Δν and
the SNR. Figure 3 shows a Ramsey fringe from the instrument
with a linewidth of 575 Hz and a SNR of 30 000. For a miniature
cesium-beam atomic clock, it is difficult to narrow the linewidth
when the volume is limited. Therefore, the Allan deviation can only
be reduced by increasing the SNR. As the signals come from flu-
orescence resulting from the interaction between the atoms and the
probe laser, we believe that there are three main parameters affecting
the SNR: atomic beam intensity, laser frequency stabilization, and
detection efficiency.

A. Atomic beam intensity
The most important parameter affecting the SNR is the atomic

beam intensity. The number of atoms per unit length is not constant,
but fluctuates. The change in the fluorescence signal caused by these
fluctuations will affect the SNR.

First, we ignore the distribution of the velocities of the atoms. In
the following discussion, the atomic beam intensity is Ia, the diame-
ter of the probe laser beam is L, which will later be referred to as the
“sampling length,” and the time taken for the atoms to pass through
the detection region (T) is called the sampling time. If the average

FIG. 3. Ramsey fringe from the miniature optically pumped cesium-beam atomic
frequency standard.
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number of fluorescent photons emitted per atom per unit time is n,
then, in a region with sampling length L at any time t, the number of
fluorescence photons emitted is

S(L, t) = n ×N(L, t), (2)

where N(L, t) is the number of atoms in the detection region at
time t. If the pumping area can completely pump all atoms and all
the atoms to be detected in the detection area have interacted with
the microwaves, then, N(L, t) can be approximated as a Poisson
distribution,

P = [N(L, t) = k] = e−λ λ
k

k!
, λ = IaT, k = 0, 1, 2, 3 . . . . (3)

According to the properties of the Poisson distribution, the variance
and average value of N(L, t) are λ. Therefore, the average value of
the fluorescence signal is

⟨S(L, t)⟩ = ⟨n ⋅N(L, t)⟩ = nIaT. (4)

Atomic scattershot noise is defined as the square root of the noise
power spectral density of the fluorescence signal at unit Hz, and
the Fourier transform of the autocorrelation function of the fluo-
rescence noise signal is used to calculate this.

The autocorrelation function of the fluorescence noise signal is

R(τ) = n2Ia(T − ∣τ∣), ∣τ∣ ≤ T,
R(τ) = 0, ∣τ∣ > T. (5)

Because the actual frequency is positive, the noise power spectral
density is

F(ω) = 4∫
∞

0
R(τ) cosωτdτ = 2n2IaT2(sinc(1

2
ωT))

2
. (6)

In a real circuit, the signal passes through a low-pass filter. Assuming
that ω = 2πf → 0, then,

lim
ω→0

F(ω) = 2n2IaT2 = 2n2λT. (7)

Thus, the SNR (1 Hz bandwidth) can be expressed as

( S
N
)√

Hz
= ⟨S(L, t)⟩/

√
2n2λT = nλ/

√
2n2λT =

√
Ia/2. (8)

If we consider the velocity distribution of the atoms, then, T =
L ∫∞0 f (v)

v dv, while4

f (v) = 2v3

α4 exp(− v
2

α2 ), α =
√

2kT/m, (9)

where k is the Boltzmann constant, T is the oven temperature, m is
the atomic mass, and v is the atomic velocity. The SNR can then be
written as

( S
N
)√

Hz
= 1

2

√π
2
Ia. (10)

Therefore, to improve the SNR, it is necessary to increase the num-
ber of available atoms and reduce the fluctuations in the number of
atoms. There are two ways to increase the number of available atoms:
one is to raise the temperature of the cesium oven and the other is to
improve atomic utilization. Under the same conditions, the higher
the temperature of the cesium oven, the higher the SNR. However,
because the cesium atoms will be consumed more quickly at a higher
temperature, this will shorten the service life of the atomic clock.

Figure 4 shows the relationship between the oven temperature and
the service life of the atomic clock under the condition that the
cesium content in the cesium oven is 5 g. This reveals that when the
temperature of the cesium oven is 120 ○C, the lifetime of the atomic
clock will be only five years.

Since cesium atomic clocks are usually used for long-term accu-
rate time measurements, their service life is very important. As such,
the SNR should be improved by increasing the atomic utilization
rather than raising the temperature. To achieve this, we installed a
multi-channel collimator at the exit of the cesium oven. This col-
limator reduces the off-axis beam intensity and improves the uti-
lization of the atomic beam. The collimator comprises a stack of
crinkled foils (foil thickness 0.02 mm, channel length 4 mm, and
corrugations 0.09 mm high and 0.18 mm wide), which is equiva-
lent to a series of densely packed slender round channels, so atoms
that reach the exit at a large angle will hit the walls of the channel.
The atomic beam divergence is 40 mrad. According to the results of
a previous study,5 the atomic collisions in the channels are negligi-
ble for usual temperatures and the on-axis velocity distribution is not
modified by the channels. The cross-sectional dimension of the colli-
mator is 6× 0.5 mm2, it is calculated that when the oven temperature
is 100 ○C, and 4.13 × 1013 cesium atoms are ejected every second
from the cesium oven,6 which is more than that (3.46× 1013 atoms/s)
obtained by other researchers at a higher oven temperature.7

In addition to the use of a collimator, a stable cesium atom
beam should be realized to reduce fluctuations in the number of
atoms and improve the frequency instability of the clock. Figure 5
shows changes in the oven temperature over time in our cesium
clock. It can be seen that the temperature only varies within 1 mK,
indicating a very stable control over the oven temperature.

B. Laser frequency stabilization
The lasers used for optical pumping and detection in the cesium

atomic clock need to be stabilized to atomic transition lines for sev-
eral years or even longer without losing the lock. In addition, the

FIG. 4. The relationship between oven temperature and cesium oven life when the
cesium content is 5 g.
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FIG. 5. Changes in the oven temperature over time.

frequency stabilization system should not be complicated. To meet
these requirements, saturated absorption spectroscopy (SAS) with
the modulation of light is a common choice.8 To improve the fre-
quency instability, the cell temperature needs to be stabilized. Other
sources of limitations such as the light density, the magnetic field,
and the background gas contamination in the cell should also be
taken into consideration.9,10 However, it is difficult and complicated
to control all these factors when using the SAS scheme.

Another, more stable and robust, atomic transition spectrum
can be conveniently used to stabilize the laser frequency in an opti-
cally pumped cesium-beam standard. In the detection area, before
interacting with the laser, the atomic beam will have passed through
the pumping and microwave areas, which is equivalent to the addi-
tional collimation of the atomic beam. Thus, the divergence of the
atomic beam is calculated to be less than 1○, which is small enough
to be ignored. As described above, all the physical components are
enclosed in the cesium-beam tube, which is covered by three layers
of the magnetic shielding material, and the oven temperature is well
controlled. In addition, unlike the atoms in the cell, the atomic beam
is always fresh and free from background gas contamination.

Therefore, compared with the SAS method, almost all the
sources of limitations to the frequency instability are eliminated.
When resonances occur, the fluorescence light is collected by using
a ball-shaped collector (see Fig. 1) and directed to a photodiode. Fig-
ure 6 shows fluorescence spectra from (a) SAS and (b) our system.
In our system, there are three spectral lines, which correspond to the
F = 4 → F′ = 3, 4, and 5 transitions of the Cs D2 line. Furthermore,
the spectrum is Doppler-free and without additional crossing peaks
as in SAS, which is desirable to avoid detrimental cross-influences.
These are, therefore, better reference lines for locking the laser fre-
quency in our atomic clock. Due to the fact that the F = 4 → F′ = 5
line is a cycling transition and its strength factor is larger than those
of the other two transitions, the signal of the F = 4→ F′ = 5 transition
line is the largest.

The laser frequency is modulated by its injection current at 10
kHz and locked on the pumping transition lines F = 4→ F′ = 5. The

FIG. 6. The contrast between (a) saturated absorption spectroscopy and (b) beam
fluorescence spectroscopy.

modulation depth is 1 MHz. Because the SNR of the beam fluores-
cence spectroscopy is high, the modulation depth can be set lower,
thereby reducing the effect of modulation broadening. The primary
differential signal of the beam spectrum is obtained using a custom-
made phase detector circuit, and frequency stabilization of the laser
is performed with this signal.

In addition, we minimize the drift of the light angle by using
a fiber-coupled output.11 By locking the laser frequency to the fluo-
rescence spectrum of the atomic beam with the fiber-coupled output,
we can improve the stability of the laser frequency greatly (see Fig. 7).
The stability is about 3.5 × 10−11 at 1 s, and the Allan deviation
keeps decreasing with a

√
τ slope for integration times even up to

FIG. 7. Relative laser frequency stability in terms of the Allan deviation. Here,
squares with the blue line represent the stability by using SAS after taking control
of the cell temperature and triangles with the red line represent the stability by
using the fluorescence spectrum of the atomic beam with the fiber-coupled output.
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2000 s, with a flicker floor at the level of about 1.6× 10−12, which per-
fectly meets the requirement for the optically pumped cesium-beam
standard.11

C. Detection efficiency
Detection efficiency refers to the probability that an atom in the

detection area can be detected. Our system uses the light-detection
method with a detection laser diameter of 6 mm and a power of 1
mW. Therefore, each atom is able to interact with the detection laser,
and the detection efficiency can be expressed as the mean number
of fluorescence photons emitted per atom (β) in the detection area
multiplied by the fluorescence collection efficiency (η). β is generally
given by12

β = ΓTm⟨Πe⟩, (11)

where Γ is the rate of the radiative deexcitation, Tm is the mean inter-
action time, and Πe is the stationary population of the excited state e.
Equation (11) is valid if we assume that the duration of the transient
evolution of the atomic state (a few Γ−1) is negligible compared to
Tm. This is generally true for conventional interactions of laser with
thermal atomic beam.13 In our case, because the F = 4→ F′ = 5 line
is a cycling transition, β = 240 and η = 32%,2 so βη ≫ 1. In other
words, the detection efficiency is 100%.

IV. FACTORS AFFECTING THE LONG-TERM
FREQUENCY INSTABILITY

Several reports indicate that the long-term frequency instabil-
ity of a conventional magnetic-state-selection cesium clock is mainly
determined by the microwave power drift.14–17 However, in opti-
cally pumped cesium-beam frequency standards, the long-term fre-
quency instability is affected not only by the microwave power drift
but also by the light shift.18 In addition, there is a frequency shift
caused by the second-order Zeeman effect, and this is the largest
frequency shift in an optically pumped cesium-beam atomic clock.

A. Second-order Zeeman effect
To generate the cesium atom’s ∣F = 3,mF = 0⟩→ ∣F = 4,mF = 0⟩

transition line, where F indicates the ground-state hyperfine levels
and mF is the magnetic quantum number of the initial and final
states, a weak and static magnetic field called a C field is used to
generate the Zeeman split (Fig. 8). If the intensity of the C field is

FIG. 8. The microwave cavity of the cesium-beam frequency standard.

FIG. 9. The 0–0 transition line and the 1–1 transition line of the Ramsey fringe.

B0, according to the Breit–Rabi formula,19 the frequency shift of the
∣F = 3,mF = 0⟩→ ∣F = 4,mF = 0⟩ transition line caused by the C field
is

Δvz =
1

2vhfs

(gJ + gI)μ2
B

h2 B2
0 ≈ 427.45 × 108B2

0, (12)

where gJ and gI are the g factors for the atom and the nucleus, respec-
tively, μB is the Bohr magneton, x = (gJ + gI)μBB0/Ehfs, and Ehfs is the
unperturbed cesium hyperfine separation. According to Eq. (12), the
shift is only related to the square of the intensity of the C field, so the
shift is called a second-order Zeeman effect. When the C field is 60
mGs, the relative shift is 1.674 × 10−10, which, as noted, is the largest
shift in an optically pumped cesium atomic clock.

The intensity of the C field is generally controlled by locking the
Zeeman frequency. Scanning the microwave frequency can obtain
the 1–1 transition line adjacent to the 0–0 transition line (Fig. 9).
The frequency difference Δf between the 1–1 line and the 0–0 line
is the Zeeman frequency. Since the C field is generated by passing
current through a coil, the C-field current is proportional to the C-
field strength and the Zeeman frequency is linearly related to the
C-field strength. Therefore, we adjusted the microwave frequency to
f 0 + Δf ± fm, where fm is the modulation depth. In the same way as
the microwave frequency servo-control principle, the error signal is
fed back to the C-field current to achieve stable control. The locking
accuracy of the C-field intensity can reach 1.6 × 10−5, as shown in
Fig. 10, meaning that the second-order Zeeman frequency shift has
only a small impact on the long-term frequency instability of the
order of 10−15. We assign an instability budget of 2.7 × 10−15νhfs to
this effect.

B. Microwave power drift
A cesium-beam atomic clock uses a special microwave cavity to

obtain the Ramsey fringe, and the Ramsey fringe can be used to lock
the frequency of the crystal oscillator. In the microwave region, the
cesium atoms pass through the first interaction zone with length l,
the free-evolution zone with length L′, and the second interaction
zone. For an atom of speed v, the time taken to travel through the
interaction zone is τ = l/v and the time taken to travel through the
free-evolution zone is T = L′/v.

In the process of calculating the Ramsey transition probability
using the Schrödinger equation, the microwave field is assumed to

Rev. Sci. Instrum. 91, 074705 (2020); doi: 10.1063/5.0001749 91, 074705-5
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FIG. 10. Changes in the intensity of the C field with time.

be
B(t) = B cos(ωt + ϕ). (13)

The perturbation introduced by the microwave field is then

V∣4,0⟩−∣3,0⟩ = b cos(ωt + ϕ), (14)

where b = μBB/h̵ is the Rabi frequency.

1. Cavity-pulling effect
In the actual microwave cavity, the amplitude of the microwave

field is modified due to the different responses of the cavity to dif-
ferent microwave frequencies, so b also becomes a function of the
amount of detuning Δ. If the cavity resonance frequency is not
exactly tuned to the atomic transition frequency, b varies asymmet-
rically with Δ. Therefore, this amplitude contains components that
produce a frequency shift in the measured transition frequency. This
is known as cavity pulling.

In a cesium-beam atomic clock with slow square-wave modu-
lation, the servo system will separately acquire the Ramsey signal at
ω = ωc − ωm and ω = ωc + ωm, where ωc is the center angular fre-
quency of the cavity and ωm is the modulation depth, and use the
difference between the two signals as the error signal to adjust ω.
When the error signal is zero, ω = ωc. For small cavity mistuning,
the relative frequency shift caused by cavity pulling is20

ωCP − ω0

ω0
= 2bT2

cωm

× ωc − ω0

ω0

∫ ∞0 τ sin bτ cos bτ(1 + cosωmT)f (τ)dτ
∫ ∞0 f (τ)Tsin2bτ sinωmTdτ

,

(15)

where Tc is the time constant of the microwave cavity, ω is the angu-
lar frequency of the microwaves, and f (τ) is the speed distribution of
the cesium atoms. For our optically pumped cesium atomic clock,

f (τ) = 4√
π
τ3

0

τ4 exp(−τ2
0/τ2), (16)

FIG. 11. Relationship between the microwave power and the relative frequency
shift caused by the cavity-pulling effect.

where τ0 = l/α in which α =
√

2kT/M is the most probable speed, k
is the Boltzmann constant, T is the oven temperature, and M is the
mass of a cesium atom.

We use Eq. (15) to study the properties of cavity pulling. In our
optically pumped atomic clock, the quality factor of the microwave
cavity is Qc = 500, the cavity mistuning is ωc − ω0 = 2π × 500 krad/s,
the oven temperature is 100 ○C, the length of the free-evolution zone
is L′ = 177 mm, and the length of the interaction zone is l = 10 mm.
There is a particular microwave power at which the amplitude of
the Ramsey fringe is the largest, and this value is called the optimal
microwave power. The Rabi frequency corresponding to this power
is bopt ≈ 37 100 rad/s.

The influence of the microwave power on cavity pulling can be
studied by controlling other conditions and changing the value of
the Rabi frequency b. The results of these calculations are shown in
Fig. 11.

It can be seen from Fig. 11 that at the optimal microwave power,
the relative frequency shift caused by cavity pulling is 1.81 × 10−14

and the slope around the optimal microwave power is −2 × 10−14

dB−1. As the microwave power increases, the relative frequency shift
will pass through the zero point. Therefore, in actual operation,
appropriately increasing the microwave intensity can eliminate the
influence of cavity pulling without significantly reducing the Ramsey
signal amplitude.

2. Rabi-pulling effect
When the cesium atoms pass through the microwave field, in

addition to the clock transition ∣F = 3,mF = 0⟩ → ∣F = 4,mF = 0⟩,
the adjacent two π transitions, ∣F = 3,mF = −1⟩ → ∣F = 4,mF = −1⟩
and ∣F = 3,mF = 1⟩ → ∣F = 4,mF = 1⟩, will also occur and there will
be two Rabi pedestals. If the strength of the C field is insufficient,
resulting in insufficient Zeeman splitting, then, the tails of the Rabi
pedestals will extend to the position of the clock transition and be
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superimposed with the clock transition’s Ramsey signal, which will
become the actual Ramsey transition probability. If the strengths
of two adjacent transition lines are not equal because of the beam
optics or other factors, the center frequency of the ∣F = 3,mF = 0⟩→
∣F = 4,mF = 0⟩ transition line will move.

The relative frequency offset caused by Rabi pulling is21

ΩRabi

ω0
= 15

8sin2bτ
εb2(2ε2 − (15/16)b2)
ω0T2(ε2 + (15/16)b2)3

n1 − n−1

n0
, (17)

where n1 and n−1 are the strengths of the ∣F = 3,mF = −1⟩ →
∣F = 4,mF = −1⟩ and ∣F = 3,mF = 1⟩ → ∣F = 4,mF = 1⟩ transition
lines, respectively, and n0 is the strength of ∣F = 3,mF = 0⟩ →
∣F = 4,mF = 0⟩. In our optically pumped cesium atomic clock,
n1−n−1

n0
= 0.0075 and the Zeeman frequency is ε = 2π × 45 krad/s.

We use Eq. (17) to study the properties of the Rabi-pulling
effect. The influence of the microwave power on the Rabi pulling can
be studied by controlling other conditions and changing the value of
the Rabi frequency b. The results of these calculations are shown in
Fig. 12.

It can be seen from Fig. 12 that the relative frequency off-
set caused by the Rabi-pulling effect increases with the microwave
power. At the optimum microwave power, the relative frequency
shift caused by Rabi pulling is 4.52 × 10−14 and the slope around
the optimal microwave power is −1.31 × 10−14 dB−1.

Therefore, stable microwave power is very important. However,
changes in the external environment will affect the microwave power
and fluctuations in the microwave power will lead to the deforma-
tion of the Ramsey fringe. The frequency shifts caused by cavity
pulling and Rabi pulling will also then change, thus worsening the
frequency instability. Therefore, we apply active servo control to the
microwave power to maintain it at a stable value. The microwave
power fractional fluctuations do not exceed 4 × 10−3, so we assign

FIG. 12. Relationship between the microwave power and the relative frequency
shift caused by the Rabi-pulling effect.

an instability budget of 7 × 10−17νhfs to cavity pulling and 1.8
× 10−16νhfs to Rabi pulling.

C. Light shift
In an optically pumped cesium-beam atomic clock, the influ-

ence of light shift cannot be ignored. This is because the state
preparation and the detection of cesium atoms are realized by the
interaction with the laser and the fluorescence generated in these
two processes may leak into the microwave cavity and produce a
second-order Stark shift in the cesium atoms that will cause the fre-
quency of the atomic clock to shift. The influence of the light power
on the light shift is measured by manually changing the incident
light power and then testing the output frequency of the frequency
standard.

As can be seen from Fig. 13, when the laser power is weak,
the frequency shift linearly increases with the laser power. However,
when the laser power reaches a certain value, the upward slope of the
light shift increases sharply. This can be explained by the fact that
increasing the laser power increases the beam diameter, resulting in
the nonlinear enhancement of the scattered light.

Through linear fitting of the sampled data, the relative fre-
quency shift caused by the detection light was found to be 4.351
× 10−13 mW−1. By the same method, the relative frequency
shift caused by the pumping light was established as −2.176
× 10−13 mW−1. The power of the pumping light and the detec-
tion light is 2 mW, so the total light shift is 4.351 × 10−13. There-
fore, it is very important to achieve stable control of the laser
power.

In the miniature optically pumped cesium-beam atomic fre-
quency standard, a combination of a single laser and an acousto-
optic modulator (AOM) is used to realize optical pumping and
detection (see Fig. 1). In this way, the laser frequency can be locked
using the working current and its power can be controlled by using
the AOM and feedback circuit. At present, the laser power fractional
fluctuations can be controlled below a factor of 10−3, so we assign an
instability budget of 4 × 10−16νhfs to this effect.

FIG. 13. Relationship between frequency shift and detection light power.
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D. Other frequency shifts
We also examined several other frequency shifts, which have

been studied in more detail in previous research studies,22–24 so we
will only give a brief summary of these here.

1. Second-order Doppler frequency shift
In an optically pumped cesium-beam atomic clock, the first-

order Doppler shift is negligible because the direction of the cesium
atoms is perpendicular to the direction of the microwave field. How-
ever, due to the time-expansion effect of the theory of relativity, a
second-order Doppler shift is generated. Under our experimental
conditions, the second-order Doppler shift is about −3.771 × 10−13

and the rate of change at the optimal microwave power is −3.91
× 10−14 dB−1, which is basically proportional to the oven temper-
ature. The slope is −1.06 × 10−15/○C. Since the fluctuations in the
temperature of our oven can be controlled within ±0.1 ○C, this fre-
quency shift has a little effect on the long-term frequency instability.
We assign an instability budget of 1 × 10−16νhfs to this effect.

2. Black-body shift
When a cesium atom travels through a microwave cavity, it is

affected by the black-body radiation generated by the surrounding
environment and the radiation field causes the atomic energy lev-
els to move. At our working temperature T = 308 K, the black-body
shift is −1.91 × 10−14 and the rate of change with ambient temper-
ature is −2.50 × 10−16 K−1. As the atomic clock is placed in a room
whose temperature does not change by more than 1 K, this kind of
frequency shift has less effect on the long-term frequency instability.
We assign an instability budget of 2.5 × 10−16νhfs to this effect.

V. DISCUSSION AND CONCLUSIONS
This paper examined the main factors that affect the SNR of

a miniature optically pumped cesium-beam atomic frequency stan-
dard, and the following three methods for improving the SNR are
proposed:

(1) Installing a collimator at the exit of the cesium oven.
(2) Using the beam fluorescence spectrum instead of saturated

absorption spectroscopy to stabilize the laser frequency.
(3) Using the F = 4 → F′ = 5 cycling transition line for detection

to achieve 100% detection efficiency.

We also studied the second-order Zeeman effect, which causes
the largest frequency shift in the optically pumped cesium-beam
atomic clock, the easily overlooked cavity-pulling and Rabi-pulling
effects, and the characteristic light shift. Based on the study of these
frequency shifts, we believe that the following ways are beneficial for
improving the long-term frequency instability:

(1) To reduce the instability budget caused by the second-order
Zeeman effect, we stabilized the intensity of the C field
by locking the Zeeman frequency, in the same way as the
microwave frequency servo-control principle.

(2) To reduce the instability budget caused by the cavity-pulling
effect and Rabi-pulling effect, we controlled the microwave
power by applying active servo control to the microwave
power.

TABLE I. Relative frequency shifts and their instability budgets.

Relative shifts Instability budgets
Effect in parts in 1016 in parts in 1016

Second-order Zeeman 167 400 27
Cavity pulling 181 0.7
Rabi pulling −452 1.8
Light shift 4 351 4
Second-order Doppler −3771 1
Black-body radiation −191 2.5
Total 167 518 27.5

(3) To reduce the instability budget caused by the light shift, we
controlled the laser power by using the AOM and feedback
circuit.

Table I summarizes all the frequency shifts that were con-
sidered and lists their corresponding instability budgets under our
experimental conditions.

Figure 14 shows the Allan deviation of the Peking Univer-
sity optically pumped cesium-beam frequency standard measured
against the reference hydrogen maser (VCH-1008, VREMYA-CH).
A picosecond resolution instrument (PicoTime-1U, Orolia) was
used to perform the frequency comparison. The frequency instabil-
ity reached 3.12×10−12/

√
τ, exceeding the 5071 A high-performance

tube (Symmetricom), and is comparable with the OSA 3300 (Oscil-
loquartz SA). According to Table I and the short-term frequency
instability, we predict that the flicker floor will be around 3 × 10−15

under our experimental conditions. In the future, we will continue to
measure the long-term frequency instability and complete the engi-
neering of this optically pumped cesium-beam frequency standard.
A miniature optically pumped cesium-beam atomic frequency stan-
dard with a volume of 38.4 l and a weight of 28 kg has now been
successfully manufactured (Fig. 15).

FIG. 14. The Allan deviation of the Peking University optically pumped cesium-
beam frequency standard measured against the reference hydrogen maser.
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FIG. 15. The Peking University optically pumped cesium-beam frequency standard.
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