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CospemeHHOe CcOCmosiHUe HayKu U MexXHUKU 8 obriacmu memporsio2uu epeMeHu U
yacmombl si8ri9emcsi ornpedesisWuM 80 MHO2UX 0mpacrisix yesogedeckol dessmenbHOCmu,
ocobeHHoe 8HUMaHue ce200Hs 6 Poccuu ydensemcs paszsumuro  2robanbHoOU
HasuzauuoHHou criymHukoeoli cucmemb! [TIOHACC u ee ¢byHKUUOHasIbHbIM OOMOSTHEHUSIM.
B pamkax peanusauuu gedepanbHou uenegol npozpammbl (®LIM) «lloddepxaHue,
passumue u ucronb3osaHue cucmembl TIOHACC Ha 2012 — 2020 200bi» 6 2016 200y
npedycmompeHo co3daHue orbimHo20 obpasua HasleMHo20 pybudueso2o cmaHOapma
yacmomsl ¢hoHMaHHo20 murna ¢ npedenbHo docmuzaemoll Oesuayueli AnnaHa He 6ornee
210" OOdHoli u3 enaeHbix npobrem cmaHdapmos yYacmomsl (DOHMAaHHO20 muna
qensemcs ¢aszoebili WyM cuzgHana, 30HOUpyrouwle2o 4Yacoeol amoMHbIl rnepexod. B
Hacmosuwel pabome roka3aHo peweHue 3smol npobrieMbl 3a cYyem [PUMEHEeHUs
8000pO0HO20 2eHepamopa [08bIWEHHOU MOWHOCMU 8 Kayecmee Oropbl 8 cxeme
¢opmuposaHusi 30HOUpyrowWe20 cueHana. [JaHHoe peweHue omau4aemcsi cpagHUmMenbHoul
npocmomodu, MOCKO/IbKY He mpebyem [MpUMEeHEHUS] HU KPUO2EHHbIX MUKPOBOTHO8bIX
OCUUISIMOPO8, HU CIIOXHbIX OIMUYECKUX CUCMEM.

The state of the art in time and frequency metrology defines many fields of human
activity. At present in Russia a special attention is devoted to development of the global
navigation satellite system GLONASS and its functional supplements. According to the
federal program “Maintenance, advancement and usage of the system GLONASS in 2012-
2020 years” a creation of terrestrial rubidium fountain atomic clock with limit achievable Allan
deviation no more than 2:107¢ is envisaged in 2016 year. A main problem of the fountain
atomic clock is a phase noise of interrogation signal probing the atomic clock transition. In
the present work a solution of the problem via application of the hydrogen maser with
increased power as a reference in synthesis scheme of the interrogation signal is described.
This solution caused by simplicity because it does not require cryogenic microwave
oscillators or complicated optical systems application.

[ INTRODUCTION

Increase of accuracy and stability of the time and frequency unit performance is
associated with creation and further improvement of new standards. Time and frequency
standards based on a quantum transition of atomic ensemble have allowed to increase the
frequency stability to several orders as compared with quartz clocks and have been rapidly
developing. Today the definition of the second based on microwave transition of the "**Cs [1],
according to BIPM’s recommendation one of the possible candidates for redefinition of the
second is microwave transition of the ®’Rb [2]. Thus the increase of frequency stability and
accuracy of the standards in microwave field is extremely important and relevant issue.

In the key world metrology laboratories the rubidium or cesium fountain atomic clocks
have replaced atomic standards based on heat atoms and operates as a reference
standards. In the FGUP “VNIIFTRI” according to implementation of the federal program the
rubidium and cesium fountain atomic clock prototypes also are being developed. It is
important to note that the created cesium fountain atomic clock is exploiting as the state



reference time and frequency standard, and has the record accuracy of 5:-107'° currently in
Russia [3].

The Allan deviation of fountain atomic clock is the basic metrology feature and has the
following form [4]:
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here Q, — quality factor of the clock transition line, N, — number of detected atoms, T, —
duration of one operation period (about 1.5 s). The first term in (1) describes the noise
caused by measurement of quantum atomic state. The second term describes the Poisson
noise of the average number of the detected photons np,. The value osy represents
independent mean-square fluctuations of the atom number in each measurement. The last
term y describes a contribution due to phase noise of the microwave interrogation signal.
This contribution known as Dick effect is usually dominant term and limits the device’s
stability [5-8].

Decrease of the noise contribution y is associated with the phase noise suppression of
a synthesizer (local oscillator) or a reference signal delivered to the synthesizer. In the first
case ultra low noise cryogenic microwave oscillators [9] or ultra stable optical oscillators with
laser femtosecond comb [10] are applied. The second case is significantly easier when
applying H-maser with improved stability which reached due to multiple increase of power
radiated by operating atoms in the H-maser’s storage bulb. The main results of research and
application analysis of the developed “special’ H-maser are described further.

[ MAIN RESULTS

There are several well-known methods to increase a power radiated by atoms in H-
maser’s storage bulb [11]. In the paper a few main results of complete series of works
dedicated to creation and research of a special hydrogen maser with increased output power
based on the methods are represented.

Firstly, experimental results, which are represented in figure 1, show that actual
achievement of a signal to noise ratio (S/N) in bandwidth 1 Hz at the special H-maser’s
output is close to 87 dB level, what is greater about 15 dB than typical value of S/N for
industrial masers. This special hydrogen maser, according to theory prediction and the
experimental results, has an extreme low phase noise level near carrier due to large signal to
noise ratio. This parameter is highly important in microwave frequency standards operated in
pulse mode when a period of one cycle is equal to T.. So, in fountain atomic frequency
standards a usage of the special H-maser as a reference source for a microwave synthesizer
can significantly suppress the phase noise of the interrogation signal at the offsets n/T, from
clock transition frequency (where T, = 1.5 s, n = 1...10), i. e. decrease the Dick effect
because these harmonics cause a dominant contribution in a value of the effect [12].
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Figure 1. Experimental data of H-maser’s signal-to-noise ratio from phase noise (a) and signal

analyzer (b) measurements




Secondly, the large level of the signal to noise ratio also allows to get a high short and
medium term stability of the hydrogen frequency standard. In figure 2a the frequency Allan
deviation (ADEV) of 5 MHz at 1 second average versus signal to noise ratio of the special H-
maser is represented, the measurements were performed at precision frequency comparator
VCH-314 (“Vremya-Ch” JSC, Russia) in bandwidth 3 Hz. As it is shown from the figure the
ADEV is decreasing with S/N being increased and achieves 6.5-10"* at 1 s. The results of
the phase noise measurements near carrier of low noise quartz oscillator 10 MHz phase
locked to the special H-maser and being in free running mode are shown in figure 2b. The
free running quartz oscillator 10 MHz has the stability near 1.0-10™ at 1 s.
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Figure 2. (a) The measured Allan deviation at 1 s of three special hydrogen standards versus signal to

noise value at maser’s output. The used inner quartz oscillator 5 MHz has the stability about 6.510"°
at 1 s in free running mode. (b) The measured phase noise of the 10 MHz quartz oscillator near carrier

At last the interrogation signal’s principal scheme based on the special H-maser with
metrology features, which represented in figure 2, as the reference for the commercial
synthesizer SpectraDynamics Rb-1, which is the optimal device among its category, is being
discussing. According to the results of the Dick effect calculation adduced in the table 1 the
application of the H-maser with increased power in such scheme provides the contribution,
which is less than 1.0-10"*/~1. This value with a margin ensures requirements dedicated to
the interrogation signal: to achieve the fountain Allan deviation of 2:107"® the value y is
estimated to be less 1.5-10™"* /1.

Thus, the key benefit of such hydrogen maser application in microwave atomic
frequency standards is the significant reduction of metrological requirements, such as phase
noise and limit frequency stability, of the local oscillator — quartz oscillator or dielectric
resonator oscillator (DRO).

Table 1. The calculated Dick effect for SpectraDynamics Rb-1 synthesizer with different reference H-
masers.

Synthesizer Reference Dick effect y
“usual” H-maser with S/N = 70 dB 2.1-10™Nr

SDI Rb-1 “special” H-maser with S/N = 80 dB 1.2:10"° N1
“special” H-maser with S/N = 87 dB 6.7-10"/\T




[ SUMMARY

The metrology performance of the developed H-maser with increased power, due to
usage of several original methods, has been researched. The analysis of the application of
such maser as the reference in interrogation signal’'s scheme of the fountain atomic clock
has been performed. This analysis demonstrates that the proposed approach in the work
resolves the issue of the fountain atomic clock’s stability limit due to the phase noise of the
interrogation signal. Further decrease of the noise impact on the stability is possible due to
improvement of synthesizer’s performance.
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