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Summary—The short-term frequency stability of compact
optically pumped cesium beam atomic clock is directly affected by
signal-to-noise ratio of its Ramsey spectrum. In this paper, the
noise sources of compact optically pumped cesium beam atomic
clock are analyzed. On the basis of the parameters in our optically
pumped cesium beam atomic clock, the noise contributions of
different sources within 1Hz bandwidth are studied, and the
corresponding signal-to-noise ratios are calculated. According to
the evaluation results, one of the main noise sources of the compact
optically pumped cesium beam atomic clock is the frequency noise
of the detection laser.
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1. INTRODUCTION

Compact cesium beam atomic clocks still play important
roles in the field of time and frequency [1]. One of the key
performances of compact cesium beam atomic clocks is their
short-term frequency stability [2]. The better the short-term
frequency stability that compact cesium beam atomic clock has,
the more weight they can have in an atomic clocks group. At
present, the short-term stabilities of compact cesium beam
atomic clocks are between E-11 and E-12 [3-6], and have not
entered the E-13 level. Compared with active (E-14) and
passive hydrogen maser (E-13) [7], the short-term frequency
stability of cesium beam atomic clock is poor. That means the
frequency stability of cesium beam atomic clock can play a role
only on a long-term averaging time. Therefore, improving the
short-term frequency stability of cesium beam atomic clock is
an important research direction. The short-term stability of
compact optically pumped cesium beam atomic clock is:
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It can be seen from the Eq. (1) that when the central transition
frequency (wg) remains unchanged, the short-term frequency
stability is mainly determined by the linewidth (Aw) and signal-
to-noise ratio (S/N) of the Ramsey signal. Long primary
optically pumped cesium atomic clock [8-10], cold atomic
fountain clock [11-12] and cold atomic cesium beam atomic
clock [13-15] improve short-term frequency stability by
reducing the linewidth of the Ramsey spectrum. As for
commercial compact cesium beam atomic clock, the only way
to improve the short-term frequency stability of atomic clock is
to promote the signal-to-noise ratio.
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In this paper, we will show the evaluation processes and the
results of noise sources of the compact optically pumped
cesium beam atomic clock.

II. EVALUATIONS

A. Evaluation of laser frequency noise

The frequency noise of detection laser will directly affect
the fluorescence of signal. The frequency noise of laser mainly
comes from the inherent linewidth of laser itself. We have
following assumptions:

e The center frequency of the laser is the same as the center

frequency of the transition line.

e Jgnore the deterioration of laser frequency noise
generated in the process of laser frequency stabilization.

e [gnore the laser amplitude noise.
¢ Ignore photon shot noise
We can find out from [16] that:
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[is the coefficient of the spontaneous emission, y;, = 2mAv is
the line width of the laser and (1 is the Rabi frequency which
depends on the laser power.
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B. Evaluation of atomic shot noise

Atomic shot noise is associated with the fluctuation of the
atomic beam flux. In this part, we consider the noise under two
assumptions:

e The distribution of the atoms in the atomic beam from

the cesium oven is obeyed the Poisson distribution.

e The velocity of the atoms from the oven is obeyed the
Maxwell distribution.

we can know from [2, 16, 17] that the atomic shot noise is
only depend on the intensity of the atomic beam (¢,):
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C. Evaluation of other noise

There is detected noise, un-pumped atomic beam noise and
microwave frequency noise. All of these noise sources above
are less than atomic shot noise and laser noise.

III. DISCUSSION
According to the above noise evaluation results, we can get
the following noise table

TABLE L EVALUATIONS OF NOISE SOURCES IN THE COMPACT
OPTICALLY PUMPED CESIUM BEAM ATOMIC CLOCK

Noise Sources Signal-to-Noise Ratio
Laser frequency =7500
Atom shot ~40000
Detected >E10
Un-pumped >E6
Microwave >E5

 We can see that in the current miniaturized optically pumped
cesium beam atomic clock, the laser frequency noise caused by
the detection laser is the main source of noise.

Therefore, an important way to further improve the short-
term stability of optically pumped cesium beam atomic clock is
to use narrow linewidth external cavity semiconductor laser to
replace DFB laser. In this process, we need to solve the problem
of long-term frequency locking of external cavity semiconductor
lasers.

IV. CONCLUSIONS

In this paper, we analyze the noise sources of the compact
optically pumped cesium beam atomic clock, and evaluate their
contribution to the signal-to-noise ratio of the optically pumped
cesium beam atomic clock. It is concluded that laser frequency
noise is an important factor limiting the improvement of
frequency stability of commercial optically pumped cesium
beam atomic clock. At present, DFB laser is widely used in
many commercial atomic clocks. We guess that the frequency
noise of laser is also an important noise source in other
miniaturized atomic clocks. Automatic frequency stabilization
and long-term frequency stabilization of external cavity

semiconductor lasers are important technologies that need to be
developed in commercial clock field. Our next work will focus
on the application of high-performance lasers.

REFERENCES

[1] B. L. S. Marlow and D. R. Scherer, "A Review of Commercial and
Emerging Atomic Frequency Standards," in IEEE Transactions on
Ultrasonics, Ferroelectrics, and Frequency Control, vol. 68, no. 6, pp.
2007-2022, June (2021).

[2] J. Vanier and C. Audoin, The Quantum Physics of Atomic Frequency
Standards(Adam Hilger, Brristol and Philadaphia, 1989).

[3] Microsemi 2017 HP5071A datasheet Tech Rep (Microsemi).

[4] TA-1000 datasheet Tech Rep (Spaceon).

[5] OSA-3300 datasheet Tech Rep (Oscilloquartz).

[6] BD-1024 datasheet Tech Rep (Sync-tech).

[7] Vremya-CH Catalog, 2020.

[8] J. H. Shirley, W. D. Lee, and R. E. Drullinger, “Accuracy evaluation of
the primary frequency standard NIST-7,” Metrologia 38, 427-458
(2001).

[9] H.S.Lee,S. H. Yang, J. O. Kim, Y. B. Kim, K. J. Baek, C. H. Oh, and P.
S. Kim, “Frequency stability of an optically pumped caesium-beam
frequency standard at the KRISS,” Metrologia 35, 25-31 (1998).

[10] A. Hasegawa, K. Fukuda, M. Kajita, H. Ito, M. Kumagai, M. Hosokawa,
N. Kotake, and T. Morikawa, “Accuracy evaluation of optically pumped
primary frequency standard CRL-01,” Metrologia 41, 257-263 (2004).

[11] K. Gibble and S. Chu, “Future slow-atom frequency standards,”
Metrologia, vol. 29, no. 2, pp. 201-212 (1992).

[12] A. Clairon, P. Laurent, G. Santarelli, S. Ghezali, S. Lea, and M.
Bahoura,“A cesium fountain frequency standard: preliminary results,”
IEEE Transactions on Instrumentation and Measurement, vol. 44, no. 2,
pp. 128-131, 1995.

[13] L. Devenoges, A. Stefanov, A. Joyet, P. Thomann and G. D. Domenico,
"Improvement of the frequency stability below the dick limit with a
continuous atomic fountain clock," in IEEE Transactions on Ultrasonics,
Ferroelectrics, and Frequency Control, vol. 59, no. 2, pp. 211-216,
February 2012.

[14] Ph Laurent, F X Esnaut, K Gibble, P Peterman, T Léveque, Ch Delaroche,
O Grosjean, I Moric, M Abgrall, D Massonnet and Ch Salomon,
“Qualification and frequency accuracy of the space-based primary
frequency standard PHARAO’ Metrologia, vol. 57, no. 5, (2020).

[15] Liu L, Lv D S, Chen W B, et al. In-orbit operation of an atomic clock
based on laser-cooled 87Rb atoms. Nature Communications, 2018.

[16] Dimarcq, N., Giordano, V. & Cerez, P. Statistical properties of laser-
induced fluorescence signals. Appl. Phys. B 59, 135-145 (1994).

[17] N. Dimarcq, V. Giordano, P. Cerez and G. Theobald, "Analysis of the
noise sources in an optically pumped cesium beam resonator," in IEEE

Transactions on Instrumentation and Measurement, vol. 42, no. 2, pp.
115-120, April 1993.



