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Pulsed optically pumped (POP) Rb atomic clock is considered to be a powerful technique for the Rb
atomic clock due to the capability of light-shift mitigation and atomic spectroscopy narrowing. Relevant
investigations are conducted over two decades, however, no integrated prototype of such a kind of clock
has been reported yet. Here, we present an integrated prototype of the POP Rb atomic clock and quan-
titatively characterize its physical properties. The atomic clock shows a short-term fractional frequency
stability of 2.6 × 10−13/

√
τ (where τ is the averaging time), and comes to 2.3 × 10−15 with 40 000 s

averaging (drift removed) under atmospheric conditions. Physical effects contributing to the long-term
frequency stability are carefully analyzed and cavity-pulling shift is identified as the leading limit. The
techniques presented here enable realizing a low 10−15 level vapor-cell atomic clock under atmospheric
conditions, which could benefit a wide range of terrestrial applications, such as quantum communication,
decimeter-level terrestrial positioning.
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I. INTRODUCTION

Technologies including quantum communication [1],
gravitational-wave detection [2], low-Earth-orbit satellite
navigation [3] and decimeter-level terrestrial positioning
[4], require subnanosecond synchronization, a precision
level beyond what the global navigation satellite system
(GNSS) can provide. To address this challenge, one of
the practical solutions is to deploy local atomic clocks
in the networks. These large-scale infrastructures require
numeric technical and physical indicators to atomic clocks,
including precision and size, weight, power, and cost,
which rules out bulky and expensive alternatives, such as
hydrogen atomic clocks [5], cold atomic clocks [6–8], and
optical clocks [9,10]. Therefore, compact atomic clocks
based on coherent population trapping [11,12], two-photon
transition [13], cooled ions [14,15], etc., have been pro-
posed. Among them, the pulsed optically pumped (POP)
Rb clock is considered a promising option due to the
potential for accessing the short-term stability of active
hydrogen maser in small size [16].

In 1964, the separated oscillation field technique was
employed in the Rb atomic clock to eliminate light shift
and narrow the clock signal [17]. Because it is difficult to
obtain fast and stable light pulses through the discharge
lamp, the atomic clock did not work well at that time.
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With the maturity of semiconductor lasers and acousto-
optic modulators, the separated oscillation field technique
was successfully applied to the Rb atomic clock, known as
the POP Rb atomic clock, in 2004 [18]. In 2012, Instituto
Nazionale di Riserca Metrologica (INRIM) reported a POP
Rb clock with a short-term stability of 1.7 × 10−13/

√
τ

(1–400 s) and 5 × 10−15 at 4000 s [19]. Meanwhile, sev-
eral groups are conducting relevant studies to push the
development of POP Rb clocks [20–25].

Recently, INRIM, in collaboration with Leonardo
S.p.A., demonstrated a POP Rb clock for space applica-
tions, exhibiting a frequency stability of 1.2 × 10−13 at 1 s
and achieved the value of 6 × 10−16 for integration time
of 40 000 s (drift removed) [26]. The performance was
achieved on a tabletop platform and the physics package
was placed in a vacuum chamber. In contrast, to develop
a cheap and high-performance atomic clock for terrestrial
applications, we demonstrate an integrated prototype of the
POP Rb atomic clock in 23 l. In order to decrease the sen-
sitivity of the physics package, we reduce the buffer-gas
pressure in the absorption cell, seal the physics package
at standard atmospheric pressure, and adopt a magnetron-
type microwave cavity to shrink the size of the physics
package. The prototype shows a frequency stability of
2.3 × 10−15 (drift removed) under atmospheric conditions,
whose noise levels are much higher than under vacuum
[24,26,27].

This paper is organized as follows: Section II intro-
duces the design of the integrated POP Rb atomic clock.
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Section III gives a detailed analysis of the characteristics
of the clock, including atoms decay in buffer gases, clock
signal, and performance. Section IV analyzes the main
contributors to the long-term frequency stability. Section V
concludes the results and presents a discussion.

II. ATOMIC CLOCK SCHEME

Figure 1(a) shows a schematic of the proposed POP
Rb atomic clock. It mainly consists of four parts: physics
package, laser bench, frequency synthesizer, and data-
acquisition module. As plotted in Fig. 1(b), the absorption
cell at the center of the figure is used to generate clock
signal, which is filled with 87Rb atoms vapor and Ar/N2
gas mixture (pressure ratio PAr/PN2 = 1.6). The absorption
cell, with 2 cm in both length and diameter, is placed in a
magnetron-type microwave cavity. The microwave cavity
has an external diameter of 3.3 cm and an axial length of
3.5 cm. It shows TE011-like resonant mode [28]. The reso-
nant frequency and quality factor are 6.835 GHz and 140,
respectively. The cavity-cell assembly is enclosed in two
layers of magnetic shields. A plane-convex lens with 5-cm
focal length is used to concentrate the transmitted light.
To reduce the impact of thermal convection and baromet-
ric effects, the physics package is hermetically sealed at
standard atmospheric pressure [29].

The buffer-gas collision shift for microwave [30] or
optical transition [31] is given as

�ν(P, �T) = P(β
′ + δ

′
�T + γ

′
�T2), (1)

where P is gas pressure, β
′

the pressure frequency-shift
coefficient, δ

′
and γ

′
the linear and quadratic temperature

coefficients, �T the difference between the operating tem-
perature and reference temperature. To decrease the tem-
perature sensitivity of the physics package, we decrease the
buffer-gas pressure to 15 Torr in contrast to the commonly

used pressure of 25 Torr [24–26]. The physics package
temperature sensitivity could decrease 40% through buffer-
gas pressure reduction, according to Eq. (1). As shown in
Fig. 3, the optical frequency is shifted about 100 MHz by
buffer-gas collision, which is compensated by the AOM.
The microwave transition frequency is shifted by about
2.8 kHz.

The optical bench employs a distributed feedback (DFB)
laser diode at 780.24 nm with 70-mW power. After the
optical isolator, a nonpolarized beam splitter divides about
2-mW power for saturated absorption frequency stabiliza-
tion. The reference cell for laser-frequency stabilization
contains only 87Rb atom vapor, which is surrounded by one
layer of magnetic shielding. The length and diameter of the
reference cell are 5 and 2 cm, respectively. The major beam
then singly passes through a 100-MHz acousto-optic mod-
ulator (AOM), which acts as an optical switch with 30-dB
power extinction ratio. The first-order diffracted beam is
raised to 75 mm by a beam elevator to keep coaxial with
the physics package. Before entering the physics pack-
age, the diameter of the laser beam is expanded to 10
mm. To decrease the temperature sensitivity of the opti-
cal bench, the temperatures of AOM and reference cell are
separately controlled at 301 and 303 K with the fluctua-
tion less than 10 mK. Two identical optical benches are
built to characterize frequency noise of the laser. Figure 2
shows the beatnote between the benches, indicating a 3-dB
bandwidth of 2.8 MHz.

A microwave synthesizer is used to generate the 6.835-
GHz signal and an AOM driving signal. The 6.835-GHz
signal is produced by the frequency mixing of a 6.8-GHz
phase-locked dielectric resonant oscillator (PLDRO) and
a direct digital synthesizer (DDS), both are referred to a
common quartz oscillator [32]. The microwave frequency
and power are changed by the DDS and a voltage control
attenuator, respectively. A power divider and detector are
connected to the microwave output to monitor the output

(a) (b)

FIG. 1. Schematic diagram of the POP Rb atomic clock: PD, photodetector; BS, beam splitter; PBS, polarizing beam splitter; AOM,
acousto-optic modulator.
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FIG. 2. A beatnote between two identical optical benches,
whose frequencies are stabilized by the saturated absorption
spectrum.

power. The microwave phase noise at harmonic frequen-
cies of the clock interrogation frequency (213 Hz in our
case) may decrease the signal-to-noise ratio [33]. We mea-
sured the absolute phase noise of the 6.835-GHz signal. It
is fitted as L(f ) = 10−8.05 × f −1.15 Hz−1 (100 Hz ≤ f ≤
1000 Hz), leading to a Dick effect contribution less than
5 × 10−14/

√
τ .

A programmable data-acquisition board is also embed-
ded in our prototype for servo control. Four 16-bit DACs
are employed to generate the pulse sequence and three
16-bit ADCs are employed to monitor the clock signal,
laser power, and microwave power. A 20-bit DAC is used
to control the frequency of the quartz oscillator. All the
DACs and ADCs are managed by a field programmable
gate array (FPGA). The clock operating sequence is peri-
odically arranged as follows: the total cycle period Tc is

FIG. 3. Energy diagram of the 87Rb atom, the fine-structure
and hyperfine-structure energy levels in the absorption cell are
shifted by 100 MHz and 2.8 kHz through buffer-gas collision.

4.7 ms, the pump pulse for quantum state preparation is
0.4 ms, two separate microwave pulses are 0.4 ms, the
free-evolution time is 3.3 ms, the probe pulse is 0.2 ms.

The configuration of pulse timing is based on the opti-
mization of short-term stability. The free evolution time
is mainly limited by the coherent relaxation time T2 of the
thermal Rb atoms. T2 is measured to be 3.63 ms in our case.
We optimized pulse timing according to the relationship
Tf + Td ≈ T2 [19]. If Tf + Td > T2, the central Ramsey
fringe will be narrower and the duty cycle will increase,
but the signal-to-noise ratio will decrease due to the deco-
herence of the atom ensemble. If Tf + Td < T2, the short-
term stability will deteriorate because of the increasing
contribution of laser noises and microwave phase noise.

The clock prototype is designed to operate under atmo-
spheric conditions. Due to ambient temperature greatly
affecting the clock frequency through buffer-gas collision,
laser-power fluctuation, and other factors, we integrate five
temperature controllers in the prototype. Among them, two
channels are used to stabilize the absorption cell tempera-
ture, which is set on the external surface of the microwave
cavity and sealed cavity. The remaining channels are used
to control the temperatures of the laser diode, AOM and
reference cell, respectively. Additionally, the prototype is
placed on a homemade baseplate for fast heat dissipa-
tion, which is cooled to 292 K by thermoelectric coolers
(TECs).

III. ATOMIC CLOCK CHARACTERISTICS

Rb atomic clock works on the thermal atomic vapor
contained in a glass cell, so the Doppler broadening and
relaxation arising from collision with the bare glass sur-
face have a strong impact on the SNR and linewidth of the
clock signal. Buffer gases are used to ensure atomic mean
free path less than the wavelength of the microwave radi-
ation [34]. Whereas, they also bring in buffer-gas collision
relaxation.

A. Atom relaxation in buffer gases

In vapor-cell atomic clocks, the Rb atoms relaxation
is mainly caused by spin exchange, diffusion relaxation,
and buffer-gas collision [35]. We assume an equal decay
rate for all Zeeman sublevels due to buffer-gas collision-
induced decay [36], the population relaxation time T1 of
the Zeeman sublevel | F = 1, mf = 0 > is characterized
by the Franzen method [37]. Figure 4 shows the optical-
density variation as a function of the dark time, and the
parameters are well described by the exponential decay
with a time constant of 2.79 (0.03) ms.

Additionally, we use Ramsey spectroscopy to measure
the coherent relaxation time T2, which affects the off-
diagonal elements of the density matrix. Figure 5 presents
the contrast of the central Ramsey fringe (C) versus free-
evolution time Tf , and we extract T2 = 3.63 (0.07) ms
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FIG. 4. Optical-density variation as a function of dark time
(purple squares) is fitted with an exponential decay (red dashed
line), the optical density is −ln(It/I0) , It, and I0 represent the
transmitted and incident optical power, respectively.

from the relationship C(Tf ) = C0exp(−Tf /T2), where C0
is a constant [38]. Since microwave pulse duration (Tμ)
affects the measurement result of T2, Tf ranges from 4.5 to
8.5 ms to ensure Tμ � Tf .

B. Clock signal

An equivalent three-level system is used to describe the
atomic ensemble interacting with laser and microwave,
which is composed of two clock levels (| F = 1, mf = 0 >

and | F = 2, mf = 0 >) and excited state (52P3/2), see
Fig. 3. The population inversion � and coherence δ12 of
the hyperfine levels, in the formalism of the density matrix,
are approximately given by

FIG. 5. Contrast of the central Ramsey fringe as a function
of free-evolution time in blue circles, indicating the decoher-
ence rate of T2 = 3.63 (0.07) ms by exponential fitting (red
dashed line).

FIG. 6. Clock signal as a function of microwave detuning,
where the free-evolution time Tf is 3.3 ms and the central fringe
has a linewidth of 149 Hz, consistent well with theoretical value
1/(2Tf ).

�̇ + (1/T1 + �p)� = 2bRe(δ12) + �p , (2)

˙δ12 + (1/T2 + �p + i	μ)δ12 = −i
b
2
�, (3)

where � = ρ22 − ρ11, ρ11, and ρ22 the population of state
| F = 1, mf = 0 > and | F = 2, mf = 0 >, �p the optical
pumping rate, 	μ is microwave frequency detuning, b is
the microwave Rabi frequency [18,39].

Given that the atom-microwave and atom-light interac-
tion occur in separate time, the above equations are numer-
ically solved in each interaction phase using the measured
parameters T1 and T2. The atom clock signal is experi-
mentally measured by optical absorption method. Figure 6
plots the calculated and measured Ramsey fringes. It is
interesting to observe that both experimental and measured
results show a similar convex shape in the Rabi envelopes,
indicating effective measurement of the atom relaxation
rates [39]. The discrepancy between theory and experi-
ment is due to the nonuniform distribution of light and
microwave [40].

The shot-noise contribution to the short-term frequency
stability is [19]

σ(τ) = �ν

πν0C
√

ηN

√
Tc

τ
, (4)

where ν0 is the clock-transition frequency, �ν the
linewidth of the central Ramsey fringe, η the efficiency
of the photodetector, N the photon number detected by
the photodetector. In Fig. 6, the linewidth and contrast
of the central fringe are 149 Hz and 51%, respectively,
corresponding to the shot-noise limit of 1.9 × 10−14/

√
τ .

C. Frequency stability

Figure 7 shows the photograph of the POP Rb clock,
whose volume and power consumption are 23 l and 45
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FIG. 7. Photograph of the atomic clock prototype, the size is
18 cm (height) × 28 cm (width) × 45 cm (length).

W, respectively. To verify the performance of the devel-
oped atomic clock, we measure the fractional frequency
over 48 h against a hydrogen maser. The resulting fre-
quency stability is presented in Fig. 8, which scales as
2.6 × 10−13/

√
τ at averaging times 1–400 s. It is con-

sistent with white-frequency noise behavior, which arises
from the frequency and intensity noise of the optical bench
[25]. The frequency stability reaches 2.3 × 10−15 at aver-
aging time of 40 000 s (a linear drift of 2.2 × 10−13/day
removed), which is mainly limited by cavity-pulling shift
(see Sec. IV).

To further decrease the cost and size of the POP Rb
atomic clock, we employ a 100-MHz quartz oscillator
(1.3 × 10−12/s frequency stability) as the local resonator,
whose performance is also plotted in Fig. 8. The quartz
oscillator is frequency locked to the central Ramsey fringe
by frequency hopping. The error signal is averaged by 3
times to enhance the signal-to-noise ratio. Therefore, the
loop feedback cycle is 28.2 ms. Combining the impact
from PID parameters, a typical loop bandwidth of approx-
imately 5 Hz is achievable, which ensures that the short-
term stability is slightly affected by the quartz oscillator.

IV. NOISE BUDGET FOR LONG-TERM
STABILITY

Variation of environmental conditions and aging of
components produce low-frequency noises, which deteri-
orate the long-term stability. Here we quantitatively ana-
lyzed the influence of these noise sources on the 40 000

FIG. 8. The overlapping Allan deviation plot, orange disks are
the performance of the clock, purple squares are the stability of
the quartz crystal oscillator, black dashed line indicates the char-
acteristics of white frequency noise. Error bars correspond to 1σ

confidence interval, a linear drift 2.2 × 10−13/day is subtracted
from the data set. The inset is the 48-h record of the fractional
frequency with 1-Hz measurement bandwidth (in blue), the data
set averaged by 100 times is shown in red.

s frequency stability through different physical effects, as
seen in Table I. It should be noted that the physics pack-
age is hermetically sealed, so the barometric shift makes
negligible contribution to the frequency stability.

A. Zeeman shift

A static magnetic field of 3.5 µT is used to resolve
Zeeman-level degeneracy and defines the quantization
axis. Zeeman shift for clock transition is expressed as

�νz = (gJ − gI )
2μ2

B

2h2ν0
B2, (5)

where gJ and gI are the Landé g factors of the electron and
the nucleus, μB the Bohr magneton, h the Planck constant.
Three layers of magnetic shields (including the chassis)
reduce the contribution of geomagnetism to nT level. The
current of Helmholtz coils determines the magnitude of the
magnetic field. According to the current fluctuation of the
static magnetic at integration time 40 000 s, the magnetic

TABLE I. Frequency stability budget.

Effect Sensitivity Fluctuation Contribution(×10−15)

Zeeman shift 5.9 × 10−5/T 7.6 × 10−13T 0.045
Buffer-gas collision 5.0 × 10−12/K 1.0 × 10−4K 0.50
Intensity light shift 5.1 × 10−14/% 0.030% 1.5
Frequency light shift 2.0 × 10−13/MHz 0.047 MHz 0.94
Cavity-pulling shift 4.2 × 10−13/% 0.0086% 3.6
Total 4.0

024003-5



QIANG HAO et al. PHYS. REV. APPLIED 21, 024003 (2024)

FIG. 9. Clock fractional frequency as a function of the absorp-
tion cell temperature.

field variation is 7.6 × 10−13 T, resulting in Zeeman shift
contribution of 4.5 × 10−17.

B. Buffer-gas collision shift

The clock cell is filled with a mixture of Ar and N2
gases with a pressure of 15 Torr, generating a collision
shift of 2771 Hz on the clock transition. The inversion tem-
perature point is measured as 332.5 K, which is shown
in Fig. 9. The clock-cell temperature is set within 1 K
from the inversion point and we have the temperature
coefficient less than 5 × 10−12/K. The environment tem-
perature shows a 0.5-K peak-to-peak variation and 30-mK
stability at averaging time of 40 000 s. Thanks to the
compact microwave cavity, the sealing physics package,
the temperature-compensated baseplate and precision tem-
perature control, the absorption-cell temperature stability
is 100 µK. Buffer-gas collision shift contribution to the
stability is therefore evaluated to be 5 × 10−16.

C. Light shift

A pulsed laser is used to create population inversion and
probe the atom population. Light shift on the hyperfine
levels can be described by

�νl(ν) =
∫ ∞

0
S(ν)�(ν)dν, (6)

where S(ν) is the light-shift response function and �(ν)

the photon flux density [41]. Two components contribute
to the light shift, the laser intensity, and frequency. Here,
we lock the laser frequency to the largest saturated absorp-
tion dip |5S1/2, F = 2 >→ |5P3/2, F = 2, 3 > for the best
frequency stabilization. The intensity light shift is mea-
sured to be 5.1 × 10−14/%. The light shift related to the
frequency fluctuation is 2.0 × 10−13/MHz. Laser intensity
and frequency contribute a total light shift of 1.8 × 10−15.

D. Cavity-pulling shift

The cavity-pulling shift is due to the feedback of the
microwave cavity on the atoms, which can be described
by [42]

�νcp = −2QL

Tf ν0
f (θ , QL, Tf )�νc, (7)

where QL is the loaded quality factor, �νc is the cav-
ity detuning. The microwave pulse area θ ∝ P1/2Tμ, P is
the microwave power. Given that the variation of QL and
�νc due to cavity aging are rather slow over a few days,
the frequency shift is mainly caused by microwave-power
fluctuation. Besides, in our compact physics package, the
microwave cavity and magnetic field coils have similar
sizes to the clock cell, which lead to atoms experienc-
ing reduced uniformity of the magnetic and microwave
fields. Therefore, we observe more significant microwave-
power shift than using a cylindrical standard cavity.
The measured microwave-power-shift coefficient is 4.2 ×
10−13/%, leading to a corresponding frequency shift of
3.6 × 10−15.

V. CONCLUSION

We have demonstrated an integrated prototype of the
POP Rb clock. The clock exhibits a signal contrast up to
51% and a linewidth of 149 Hz. It presents a short-term fre-
quency stability of 2.6 × 10−13/

√
τ and a 40 000 s stability

of 2.3 × 10−15 under atmospheric conditions. The volume
and power consumption are 23 l and 45 W, respectively.
It is worth noting that electronic and optical components
account for two thirds of the total volume. Since the cavity-
cell assembly is only a few tens of ml, we believe that a size
of 2 l is accessible for our atomic clock scheme through
optics and electronics integration.

In comparison to the cold-atom clock [7] and ion clock
[15], the POP Rb clock has a shorter relaxation time, how-
ever, a large number of thermal atoms guarantees compa-
rable frequency stability. The short relaxation time enables
a short clock cycle, making an ultrastable local oscillator
unnecessary. In addition, the atomic clock presented here
operates under atmospheric conditions rather than under
ultrahigh vacuum. These features significantly decrease the
cost and size, making the proposed clock easily accessible
to a wide range of applications.
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