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Abstract. The necessity of modernization of quantum frequency standards (QFS), atomic 

clocks, which are used in satellite navigation and telecommunication systems, is substantiated. 
The main goal of all QSC upgrades is to improve the metrological characteristics. In the case 
of its use on moving objects, its dimensions, weight and power consumption also become 
important characteristics. The new developed optic system has been applied to low mass ion 
clock prototype. With its help it has become possible to significantly take up short term stability 
and temperature coefficients. The prospects for using this design in various moving objects are 
considered.
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Аннотация. Обоснована необходимость модернизации квантовых стандартов частоты 
(КСЧ) – атомных часов, которые используются в спутниковых навигационных 
и телекоммуникационных системах. Основной целью всех модернизаций КСЧ 
является улучшение метрологических характеристик. В случае применения его на 
подвижных объектах, также важными характеристиками становятся его габариты, вес 
и энергопотребление. Разработанная новая оптическая система была применена к 
прототипу ионных часов с малой массой. С его помощью удалось значительно улучшить 
кратковременную стабильность. Рассмотрены перспективы использования данной 
конструкции в различных подвижных объектах.
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Introduction

In the modern world, generators of highly stable oscillations (frequency standards) are used 
by humanity to solve various problems [1–5]. The highest accuracy among them is possessed by 
quantum frequency standards, which are actively used to solve various problems [6–11]. One of 
these tasks is related to ensuring a stable reference oscillation on a moving object [1, 6, 8, 12–17]. 
For various reasons, atomic clocks used in satellite systems experience a frequency delay, which 
is compensated during communication with the ground [12–22]. With a long-term absence of 
communication to adjust the time scale, delays will accumulate [22–26]. This may lead to various 
problems. For example, fractions of a second might spell the difference between reaching Mars 
safely and missing it entirely.

In the last years there is a common trend in developing new highly stable frequency standards, 
because of the growing demand from developing navigation and telecommunication systems 
[1–5]. Mostly these new designs are cold ion traps or laser-based. Ionic standards have somewhat 
worse stability indicators, but they compete with standards based on neutral atoms in terms of 
accuracy, since a single ion in a Paul trap is weakly subject to external perturbations. In addition, 
ion traps are compact (volume up to 1 dm3) and less sensitive to the settings of the cooling 
and interrogating laser fields. In CIS-countries, optical clocks are being created for ultracold 
strontium atoms with a relative error of part costs at the level of 10–17 (VNIIFTRI), and work 
is also underway on the creation of optical clocks on single ions of ytterbium, aluminum, and 
neutral thulium atoms.

As it has been mentioned, there are several uses for ultra-stable clocks in space and on Earth 
that necessitate a tiny package size. Deep-space vehicles, for example, have strong physical 
size limits for onboard instruments; total spacecraft mass (unfueled) is frequently less than 400 
kg, with projected trends toward even less mass. Current paper describes the newly developed 
optical system for one of these standards, the ion-based Hg-199 for telecommunication and 
space applications [23, 28, 29]. This device stands from other common “brothers” with its high 
tolerance to great G-values, which makes it a solid candidate for onboard use.

© Лукашев Н. А., Давыдов В. В., 2022. Издатель: Санкт-Петербургский политехнический университет Петра Великого.

Fig. 1. Clock stability: gas chamber based 1, ion beam based 2, femtosecond laser 3, 4, 
optical standards device 5 of the cesium frequency standard
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Materials and Methods

We have developed a high-performance 199Hg+ trapped-ion clock with frequency stability near 
2∙10-16. The ion-trapping technologies developed for this clock are critical to achieving this level 
of stability. The ion trap design for the liter clock is be based on “ion-shuttling” between a linear 
quadrupole and a linear multipole, similar to what is utilized in ground clocks [1, 3]. However, 
improvements and redesigns in the vacuum and optical systems are required to achieve the 1 to 
2 liter size requirement. 

Optical standards may be the perfect solution for onboard use right now for the high stability, 
those based on ultracold atoms and femtosecond lasers are too fragile for onboard applications.

The Hg-199 standard conceptually has a negative feedback loop where the magnetic trap 
provides the controller with information regarding its resonance shift. The photon counter 
determines time interval τ that could be varied in a certain range depending on deployment 
conditions: from 1 to 10 seconds, the number of registered photons by PEM: from 104 to 5·105. 
The driving system produces processing commands judging by the number of photons emitted 
with the help of the newly developed algorithm in order to drive the frequency of the main quartz 
generator and also the power circuits. Voltage output from these circuits passes transformer coils 
and corrects the magnetic field in the trap in order to ensure stable and precise maintenance of 
the device. The programmable part consists of CPU, counter and quartz generator driver (QGD), 
quartz generator itself receives the error signal information and shifts the produced frequency 
to resonance. The whole work is performed inside the counter and CPU-related parts, thus 
taking the most crucial tasks, digital and analog circuitry are also separated making it easier for 
developers to maintain the device as well as further reducing its size.

Trap and its containing substance must be 
preserved at the operating state. Multiplying 
loop, controlling CPU and the optical system 
inside the trap are dedicated to this task.

While some optical components of the 
focusing system act as components that create 
an image, others are provided for all kinds of 
transformations of the illuminating beam, and 
also perform filtering and transmitting functions. 
The image-forming components of the optical 
system are considered to be a converging lens 
(located in or near the illuminator), a condenser, 

an objective, an eyepiece tube (or eyepiece) and refractive components or a video camera lens. 
But some of these components are not typically image-forming, and their properties are of 
primary importance in determining the property of the final microscopic image.

Awareness of the role of individual lenses, the elements that make up the optical system, is 
considered the main one for understanding the process of formation of a focusing beam in an 
optical system. A perfect lens is considered to be a simple, image-creating component (Fig. 3): 

Fig. 2. Block diagram for the developed standard

Fig. 3. Wave diagram through a perfect lens



St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2022 Vol. 15, No. 3.2

232

flawlessly corrected, free of aberrations and focused light into 1 point. A parallel, paraxial beam 
of light, refracted in a converging lens, is focused at its focal point or focus (it is labeled Focus 
in Fig. 3). These lenses are often referred to as positive lenses because they help converge a 
convergent (converging) light beam more sharply and slow down the diverging beam. Light from 
a point source placed at the focal point of the lens emerges from it in a parallel, paraxial beam 
(direction from right to left in Fig. 3). The distance between a lens and its focus is called the focal 
length of the lens, denoted f in Fig. 3.

The optical system that collects appropriate 
ultraviolet (UV) fluorescence from the trapped Hg ions 
is crucial for achieving the desired short-term stability. 
The apparatus depicted in Fig. 4 was conceived and 
built by us, and it is utilized for both concentrating 
the source light from a 202Hg lamp onto the trapped 
ions and capturing fluorescence from these ions. The 
dielectric-coated folding mirror acts as a dichroic 
reflector, reflecting 194-nm ion fluorescent light with 
>95% reflectance and parasitic 254-nm light from a 
neutral Hg transition with just 10 % reflectance. Because 
stray light limits the stability, it is critical to remove the 
10 stronger 254-nm light from the beam because it is 
situated inside the UV-sensitive photomultiplier tube’s 
detection band.

This system is integrated with the ion trap 
assembly. The electronics modules that control the 
photomultiplier tubes, pulse amplifier–discriminator, 
and discharge lamp are housed in the same enclosure 
as the lens, mirrors, and detectors/source. The ground 
clock used three independently movable optics modules 
to optimize ion fluorescence, but the single-module 
approach to the optical package here is different. The 
three identical optical arms of the integrated optical 

system described here may be placed on the bench such that their focuses fall in the same place. 
Since the production and assembly of the optical package have been recently completed, the 
optical alignment process is just getting started.

Results and Discussion

Fig. 5 shows the dependence of the change in the values of the Allan variance σy(τ) on time τ 
for the laboratory design of atomic clocks.

The experimental results show that the Allan dispersion σ(τ) satisfies the requirements that 
apply to the accuracy characteristics of atomic clocks. Studies of the operation of atomic clocks 
were carried out for 12 days in a temperature chamber. 

Fig. 4. UV Optical system: source 1, 
refractors 2, focus system 3, 

working substance 4

Fig. 5. Plot of Allan variance σy versus time t
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Conclusion

The obtained results have shown that the developed optical systems for the small-sized design 
of atomic clocks on mercury-199 ions can be used in the basic model for satellite systems. In 
addition to this design, it is necessary to develop a thermal stabilization unit for the optical part, 
taking into account the space use of atomic clocks. 

REFERENCES

1. Riehle F., Frequency standard. Basic and applications, WILEY-VCH Verlag CmbH Co. KGaA: 
New-York, 2008.

2. Dudkin V.I., Myazin N.S., Davydov R.V., On the Possibility of Studying Ferrofluids by a Nuclear 
Magnetic Magnetometer with a Flowing Sample, Journal of Communications Technology and 
Electronics. 65 (5) (2020) 558–564.

3. Mihov E.D., Nepomnyashchiy O.V., Selecting informative variables in the identification problem 
Journal of Siberian Federal University - Mathematics and Physics. 9(4) (2016) 473–480.

4. Ryzhenko I.N., Lutsenko A.E., Varygin O.G., Nepomnyashchiy O.V., Carrier compensation mode 
implementation in satellite communication channels. In: Proceedings of 2019 International Siberian 
Conference on Control and Communications, SIBCON 2019, vol. 8729665 (2019) 23–29.

5. Davydov R., Antonov V., Moroz A., Parameter Control System for a Nuclear Power Plant 
Based on Fiber-Optic Sensors and Communication Lines, In: IEEE International Conference on 
Electrical Engineering and Photonics (EExPolytech), Saint Petersburg, Russia, 13-15 October 2019. 
vol. 8906791 (2019) 295–297.

6. Petrov A. A., Grebenikova N. M., Some Directions of Quantum Frequency Standard Modernization 
for Telecommunication Systems, Lecture Notes in Computer Science (including subseries Lecture 
Notes in Artificial Intelligence and Lecture Notes in Bioinformatics). 11118 LNCS (2018) 641–648.

7. Semenov V. V., Nikiforov N. F., Ermak S. V., Calculation of stationary magnetic resonance signal 
in optically oriented atoms induced by a sequence of radio pulses, Soviet journal of Communications 
Technology and Electronics. 36(4) (1991) 59–63.

8. Petrov A.A., Myazin N.S., Kaganovskiy V.E., Rubidium atomic clock with improved metrological 
characteristics for satellite communication system, Lecture Notes in Computer Science (including subseries 
Lecture Notes in Artificial Intelligence and Lecture Notes in Bioinformatics). 10531 LNCS (2017) 561–568.

9. Fadeenko V.B., Pchelkin G.A., Rud V.Yu., Features of the transmission of microwave signals in 
the range of 8-12 GHz in the maritime radar station over fiber-optic communication line, Journal of 
Physics: Conference Series. 1400(4) (2019) 044010.

10. Sharova N.V., Fedorova E.V., Vologdin V.A., Fiber-optics system for the radar station work 
control, Lecture Notes in Computer Science (including subseries Lecture Notes in Artificial Intelligence 
and Lecture Notes in Bioinformatics). 9247 (2015) 712–721.

11. Lenets V.A., Tarasenko M.Yu., Rodygina N.S., New method for testing of antenna phased array 
in X frequency range, Journal of Physics: Conference Series. 2018, 1038(1) (2018) 012037.

12. Petrov A. A., New scheme of the microwave signal formation for quantum frequency standard 
on the atoms of caesium-133 Journal of Physics: Conference Series. 769(1) (2016) 012065.

13. Grevtseva A., Rud V., Method of processing velocity increase of measuring results of quantum 
frequency standard parameters for information transfer velocity increase in satellite communication 
systems, CEUR Workshop Proceedings. 2667 (2020) 15–18.

14. Valov, A.P., Arinushkina, K.G., The use of digital data processing to improve the metrological 
characteristics of the rubidium frequency standard, Journal of Physics: Conference Series. 2086(1) 
(2021) 012070.

15. Petrov A. A., Digital Frequency Synthesizer for 133Cs-Vapor Atomic Clock, Journal of 
Communications Technology and Electronics. 62(3) (2017) 289–293.

16. Arinushkina K. G., Valov A. P., Digital processing of optical signals in the frequency standard 
based in rubidium atoms - 87, In: Proceedings of ITNT 2021 - 7th IEEE International Conference 
on Information Technology and Nanotechnology, 2021 Samara, Russia, 20-24 September 2021. vol. 
44026298 (2021) 44–49.

17. Petrov A. A., Improvement frequency stability of caesium atomic clock for satellite communication 
system, Lecture Notes in Computer Science (including subseries Lecture Notes in Artificial Intelligence 
and Lecture Notes in Bioinformatics). 9247 (2015) 739–744.



St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2022 Vol. 15, No. 3.2

234

© Peter the Great St. Petersburg Polytechnic University, 2022

18. Lukashev N. A., Rud V. Yu., Microwave frequency standard on Hg-199 ions for space stations 
and vehicles Journal of Physics: Conference Series. 1400(2) (2019) 022050.

19. Zalyotov D. V., Shabanov V. E., Shapovalov D. V., Features of direct digital synthesis applications 
for microwave excitation signal formation in quantum frequency standard on the atoms of cesium, 
Journal Physics: Conference Series. 1124(1) (2018) 041004.

20. Petrov A. A., Shabanov V. E., Zalyotov D. V., Bulyanitsa A. L., Shapovalov D. V., Modernization 
of the frequency synthesizer of cesium atomic clock, IEEE International Conference on Electrical 
Engineering and Photonics, EExPolytech 2018, Saint Petersburg, October 2018. vol. 8564389 (2018) 
52–55.

21. Grevtseva A. S., Dmitriev R. A., Features of the formation of the frequency of the microwave 
excitation signal in the quantum frequency standard on rubidium atoms – 87, Journal of Physics: 
Conference Series. 2086(1) (2021) 012055.

22. Lukashev N.A., Moroz A.V., Compact microwave frequency standard on Hg-199 ions for 
navigation systems, Journal of Physics: Conference Series. 1236(1) (2019) 012068.

23. Wang, D., Rud, V.Y. Prospective directions for the development of microwave frequency 
standards for satellite navigation systems Journal of Physics: Conference Series. 2086(1) (2021) 012073.

24. Petrov A. A., Zaletov D. V., Shapovalov D. V., Peculiarities of Constructing a Scheme for 
Formation of a Microwave Excitation Signal in Cesium Atomic Clock, Journal of Communications 
Technology and Electronics. 66(3) (2021) 295–299.

25. Lukashev N.A., Valov A.P., Grebenikova N.M., Improving performance of quantum frequency 
standard with laser pumping, Proceedings of 18th International conference of Laser Optics ICLO-2018, 
Saint Petersburg. Vol. 8435889 (2018) 271.

26. Valov A.P., Davydov V.V., Rud V.Y., The method of improving the parameters of the microwave 
excitation signal in the rubidium - 87 quantum frequency standard, Journal of Physics: Conference 
Series. 1410(1) (2019) 012246.

27. Valov A., Davydov V., Rud V., Lukashev N., On the need to use the median signal filtering method 
to improve the metrological characteristics of the rubidium frequency standard during processing and 
transmitting large data arrays, CEUR Workshop Proceedings. 2667 (2020) 102–105.

28. Lukashev N. A., Davydov R. V., Glinushkin A.P., Rud’ V.Y., Improving characteristics of 
microwave frequency standard on Hg-199 ions for telecommunication systems, Journal of Physics: 
Conference Series. 1326(1) (2019) 012046.

29. Lukashev N. A., Glinushkin A. P., Rud V. Yu., Lukyantsev V. S., Microwave low mass-dimensional 
frequency standard on Hg- 199 ions, Journal of Physics: Conference Series. 1410(1) (2019) 012211.

30. Petrov A.A., Grebennikova N.M., On the Potential Application of Direct Digital Synthesis in the 
Development of Frequency Synthesizers for Quantum Frequency Standards Journal of Communications 
Technology and Electronics. 63(11) (2018) 1281–1285.

THE AUTHORS

LUKASHEV Nikita
n-lukash@list.ru
ORCID: 0000-0002-0841-0624

DAVYDOV Vadim 
davydov_vadim66@mail.ru
ORCID: 0000-0001-9530-4805

Received 15.08.2022. Approved after reviewing 31.08.2022. Accepted 08.09.2022.


