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Abstract.  We have demonstrated a microwave master oscillator 
operating on optical principles and based on a He – Ne/CH4 optical 
frequency standard ( l = 3.39 mm) and femtosecond fibre laser sys-
tem ( l = 1.54 mm). The output signal spectrum of the oscillator has 
the form of an equidistant frequency comb in the range 60 MHz to 
10 GHz with a 60-MHz step. Comparison of the frequencies of two 
master oscillators shows that the short-term output frequency 
instability for the comb components in the range 0.8 – 1.5 GHz is 
under 1 ´ 10–14 at an averaging time of 1 s. We have tested micro-
wave signals from the oscillator using apparatus in the reference 
facility at the State Time and Frequency Service, All-Russia 
Research Institute of Physical and Radio Engineering Measure
ments. A signal at a nominal frequency of 100 MHz synthesised 
from one comb component was compared to signals from two 
hydrogen masers with enhanced short-term stability in the refer-
ence facility. The short-term frequency stability of the synthesised 
signal has been shown to be twice better than the stability of the 
masers and to be limited by the intrinsic instability of the commer-
cial synthesiser of a 100-MHz nominal frequency. Our experiments 
confirm that the proposed microwave optical master oscillator is 
potentially attractive for use in systems with increased require-
ments for short-term frequency stability, in particular in time and 
frequency fountain references.

Keywords: He – Ne/CH4 frequency standard, femtosecond optical 
frequency divider, femtosecond fibre laser, ultralow-phase-noise 
microwave oscillator, atomic fountain.

1. Introduction

At present, fountain references and frequency keepers based 
on cold Cs (transition frequency n = 9.2 GHz) and Rb (n = 
6.8 GHz) atoms are used as primary frequency and time stan-
dards forming a global time scale and national time scales [1]. 
The accuracy of the best Cs references is at a level of 1 ´10–16, 
which is two orders of magnitude better than the accuracy of 
the preceding generation of Cs references based on thermal 
atoms. Basic to the progress made to date have been laser 
cooling methods, which have made it possible to obtain a 
Ramsey fringe width Dn ~ 1 Hz (relative linewidth Dn/n ~ 
10–9). Studies of noise characteristics of passive frequency 
standards, including fountains, demonstrate that, because of 
the Dick effect [2, 3], the time needed to reach such accuracy 
depends significantly on the short-term frequency stability of 
the interrogation signal generator, or master oscillator (MO) 
because, in detecting a narrow reference line signal and find-
ing its centre it is necessary to average the noise arising from 
frequency fluctuations in the MO.

The time needed for obtaining one data point of a refer-
ence Ramsey fringe in fountains is determined by the ‘elemen-
tary’ cycle duration Tc, which includes the preparation (cool-
ing) of a bunch of atoms, flight along a trajectory and detec-
tion of photons emitted by the atoms, and amounts to a total 
of ~1 s. A point of vital importance is the ability to maintain 
microwave field coherency during this time interval i.e. an 
MO with a high short-term frequency stability is necessary.

The fractional frequency instability of an atomic foun-
tain depends on the noise and measurement time t > Tc as 
follows [4]:
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where Qat is the quality factor of the line (Qat = n0 /Dn). The 
first three terms under the square root, which include the 
number of atoms in the cloud (Nat) and the number of pho-
tons (Nph) in luminescence detection, determine intrinsic noise 
in the fountain; the last term, g, represents the contribution of 
the instability of the interrogation signal generator; and sdN is 
the uncorrelated rms fluctuations in the number of atoms in 
the detection channel.

Intrinsic instability [sy(t) in (1) at g = 0] in the existing 
fountains varies in the range (10–14 – 10–13)/ / s1t , depending 
on the particular realisation of the standard [5, 6]. If precision 
quartz oscillators or H masers having a characteristic short-
term frequency instability of 1 ´ 10–13 at t = 1 s are used as 
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sources of an interrogation signal fed to a microwave oscilla-
tor, the noise averaging time needed to reach an accuracy of 
1 ´ 10–16 is (1 – 2) ´ 106 s (three to four weeks). Therefore, in 
the case of low-noise fountains with an intrinsic instability of 
(1 – 3) ́  10–14/ / s1t , it is extremely important to use a master 
oscillator with a short-term instability within 1 ´ 10–14 at t = 
1 s (an order of magnitude lower than that of quartz or a H 
maser), because this allows the time needed for a fountain to 
reach its nominal accuracy to be reduced by two orders of 
magnitude. Radically reducing the measurement time reduces 
the systematic error in the reference frequency, because this 
enables high-speed control over operation of the fountain and 
allows one to correct the time scale being formed.

For example, using an MO with an instability of 7.8 ´ 
10–15 at t = 1 s, Lipphardt et al. [6] were able to lower the 
instability of the CSF2 fountain by almost one order of mag-
nitude, to a level of 2.5 ´ 10–14/ / s1t , reducing the time 
needed for the fountain to reach a level of 1 ´  10–16 from 
weeks to 17 h. The instability value obtained corresponded to 
intrinsic noise in the fountain and the contribution of noise in 
the MO was negligible.

The problem of making a microwave master oscillator 
with a high short-term stability (low phase noise level at a 
small detuning from the carrier) is important for a number of 
other applications: for designing precision spectrum analysers 
and phase noise meters, improving the signal detection sensi-
tivity of radio telescopes and space monitoring systems etc. 
(see Refs [7, 8] and references therein).

In foreign laboratories, two approaches are mainly used 
for making high-stability MOs for fountains: based on a cryo-
genic microwave sapphire oscillator, which is a rather com-
plex and expensive system [9], and based on lasers stabilised 
to ultrahigh-quality-factor Fabry – Perot interferometers, 
with optical-to-microwave frequency division by a femtosec-
ond laser system [10]. The advances made by Russian 
researchers in producing and utilising interferometers for fun-
damental metrology were summarised in Refs [11, 12].

In this study, a different approach is used for making a 
high-stability MO based on optical principles: a He – Ne/CH4 
optical standard is employed as a stable frequency source 
and, like in the case of ultrahigh-Q interferometers, its fre-
quency is divided to the microwave domain by a femtosecond 
laser system.

Attractive aspects of the approach under development is 
that it requires no cryogenic equipment and that there is no 
direct influence of thermal vibrations of the cavity or mirror 
surface on frequency instability, because a quantum reference 
(spectral line of methane) is used instead of optical resonance 
determined by the geometry of the macroscopic system. Its 
low-frequency stability depends on its thermal expansion 
coefficient and the stability of external conditions (tempera-
ture, pressure and vibrations). The use of a methane quantum 
reference allows one to achieve high short- and long-term sta-
bility, at least on a timescale up to several hours, because fre-
quency drift of a spectral line is substantially smaller than 
interferometer resonance drift.

At present, the short-term frequency instability of the 
He – Ne/CH4 standard, which determines limiting characteris-
tics of the MO, is 7 ´ 10–15 at an averaging time of 1 s. The 
He – Ne/CH4 optical frequency standard (OFS) is inferior in 
this parameter to systems with Fabry – Perot interferometers 
fabricated from the ULE material (~1 ´ 10–15 at t = 1 s), but 
there are possibilities of improving the short-term stability of 
the methane OFS and maintaining its level at averaging times 

up to t ~ 104 – 105 s. If a He – Ne/CH4 MO is used as an inter-
rogation signal generator for Cs and Rb fountains, the OFS 
stability reached to date is sufficient as the intrinsic instability 
of the best fountains is at a level of (2 – 3) ´ 10–14 when 
extrapolated to t = 1 s.

The first versions of a methane MO were demonstrated 
experimentally by Foreman et al. [13], using a femtosecond 
Ti:sapphire synthesiser, and then by Gubin et al. [14, 15], who 
used a compact femtosecond synthesiser based on an erbium-
doped fibre laser. The intrinsic instability of an optical fre-
quency divider (OFD) was measured by Kireev et al. [16], 
who obtained 1 ´ 10–14 at an averaging time of 1 s for a 3-Hz 
bandwidth. In this paper, we report further development of 
the methane MO. A direct comparison with masers indicates 
that the MO is superior in short-term stability to the H masers 
with improved short-term stability that are used in fountains 
at the All-Russia Research Institute of Physical and Radio 
Engineering Measurements (VNIIFTRI).

We describe the basic components of a new generation of 
methane MOs and present results of microwave signal fre-
quency stability measurements at the Laboratory of Quantum 
Radiophysics, P.N. Lebedev Physical Institute, Russian 
Academy of Sciences, and on a reference facility at the Main 
Metrological Center, State Time and Frequency Service, 
VNIIFTRI.

2. General scheme of the master oscillator

The methane MO (Fig. 1) consists of two main components: 
He – Ne/CH4 OFS ( l = 3.39 mm) and OFD. The latter 
includes an erbium fibre laser ( l = 1.54 mm) based femtosec-
ond laser system and an optical interface that ensures the 
generation of a difference frequency comb in a periodically 
poled lithium niobate crystal at OFS wavelengths in the 
range 3.3 – 3.4 mm [15].

The component frequencies nn of the difference frequency 
comb are only determined by the pulse repetition rate frep of 
the femtosecond laser, nn = nfrep (where n is an integer), as the 
comb frequency detuning from zero, f0, is subtracted in the 
difference frequency generation process. This considerably 
simplifies the femtosecond part of the device because no addi-
tional channel for f0 stabilisation is required, i.e. the beat sig-

Optical frequency divider

 Femtosecond fibre
 laser system,
 l = 1.54 mm

Optical interface
for laser 
coupling

He–Ne/CH4 optical
frequency standard,
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Microwave frequency comb
           fN = Nfrep
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Figure 1.  Schematic of the MO based on a He – Ne/CH4 optical fre-
quency standard.
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nal between the frequency of one component of the difference 
frequency comb and the He – Ne OFS frequency is sufficient 
for frep frequency locking to an optical reference.

Below, we briefly describe the key features of the main 
components of the methane MO.

2.1. He – Ne/CH4 optical frequency standard

The optical frequency standard consists of two cw lasers: a 
two-mode He – Ne/CH4 reference laser stabilised to the F2 line 
of methane and a single-mode heterodyne He – Ne laser 
locked to the reference laser by a phase lock loop system. The 
latter generates two modes with mutually orthogonal linear 
polarisations and a frequency difference w12 = w1 – w2 » 
5 MHz. The intermode beat frequency w12 is used for detect-
ing the sub-Doppler saturated dispersion resonance in meth-
ane, to which the laser frequency is locked [17]. For locking, 
we use the saturated dispersion resonance, separated out by a 
frequency detector, and its second harmonic, separated out 
by a synchronous detector (Fig. 2). The modulation frequency 
is fm = 8 kHz.

The amplitude (peak-to-peak height) of the resonance is 
~130 kHz and its full width is 2g » 440 kHz (Fig. 3). The 
intermode beat frequency noise spectral density at the output 
of the frequency detector at the second harmonic of the mod-
ulation frequency (2fm) is 0.15 Hz Hz–1/2. This value is roughly 
equally contributed by natural frequency noise in the laser, 
noise in the frequency detector and additive noise in the InAs 
photodetector. The above parameters of the resonance 
allowed us to reach an optical frequency instability (relative 
Allan deviation) of 7 ´  10–15 at an averaging time of 1 s. 
Frequency stability was assessed by comparing heterodyne 
lasers in two identical OFS’s. The output of the heterodyne 
laser does not contain the frequency modulation used in the 
reference laser and it has an increased output power (~1 mW), 
sufficient for use in a femtosecond divider.

Structurally, the optical cavities of both the reference and 
heterodyne lasers have the form of glass-ceramic monoblocks 
[18]. The monoblock laser design and the absence of liquid-
nitrogen-cooled photodetectors allowed us to make a rela-

tively compact device, with the possibility of subsequently 
improving its performance, in particular by enhancing its 
long-term frequency stability, e.g. through thermal stabilisa-
tion.

Figure 4 compares two monoblock He – Ne/CH4 OFS’s. 
At an averaging time of 1 s, the Allan deviation is 7 ´ 10–15 
per laser. The measurements were performed with an 
HP53132A universal counter operated in P mode.

2.2. Femtosecond fibre laser system

Optical frequencies were divided to the microwave domain 
using a femtosecond Er3+ fibre laser-based system. The laser 
was made using polarisation-maintaining fibre. Self-phase 
modulation in it was ensured by Kerr nonlinearity. The pulse 
repetition rate frep of the laser was ~60 MHz. Compared to 
previous work [14, 15], two more channels for active control 
over the repetition rate were added to the laser design: an 
electro-optical modulator and a Peltier element for control-
ling the temperature of the laser fibre segment. The use of the 
electro-optical modulator in combination with a piezoceramic 
translator allowed us to extend the feedback band of the 

Heterodyne laser

Two-mode
He–Ne/CH4 laser

Frequency 
detector

Polariser

w12
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detector

Modulation 
generator

SD resonance

Second harmonic 
of the SD resonance

Figure 2.  Schematic of the stabilisation of the two-mode He – Ne/CH4 
reference laser frequency to saturated dispersion (SD) resonances; w12 is 
the intermode beat frequency.

Figure 3.  Saturated dispersion resonance of the F2 line of methane. The 
upper trace represents the output signal of the frequency detector and 
the lower trace represents the output signal of the synchronous detector 
at the second harmonic of the modulation frequency.
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Figure 4.  Relative Allan deviation obtained for two independent OFS’s 
by directly comparing the heterodyne lasers in the OFS’s. The beat fre-
quency was 2.6 MHz at a carrier frequency of 88 THz.
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phase lock loop frequency control system to 150 kHz, which 
was sufficient for reaching an instability level of 1 ´ 10–14 at 
an averaging time of 1 s.

A detailed description and specific features of the opera-
tion of the femtosecond system in question, which includes a 
femtosecond oscillator, fibre amplifiers, and a supercontin-
uum generator, will be presented in a subsequent report. Note 
here that data obtained by comparing the MO output fre-
quency with H maser frequencies allowed us to identify prob-
lematic components and achieve stable multi-day indepen-
dent operation of the femtosecond system and MO on the 
whole after additional corrections.

The MO output signal is a continuous train of picosecond 
pulses with a stabilised repetition rate at the PD2 photodetec-
tor output (Fig. 1). The pulse duration is determined by the 
response time of the photodetector and is ~100 ps in our case. 
The spectrum of a continuous pulse train has the form of a 
microwave frequency comb: fN = Nfrep. Any component of 
the spectrum can be separated out by radio engineering tech-
niques and utilised as an output signal of the MO. However, 
the components differ in relative stability. Stability first 
improves with increasing harmonic order and then begins to 
decrease as a result of the reduction in the signal-to-noise 
ratio due to the finite bandwidth of the photodetector. Based 
on the above and taking into account the available compo-
nents, we used the N = 14 (834 MHz) and N = 26 (1.55 GHz) 
harmonics.

To obtain limiting characteristics of the MO, one should 
also take into account the possible saturation of the photode-
tector with the high energy of a femtosecond pulse. The satu-
ration problem can be resolved via extracavity multiplication 
of the repetition rate of femtosecond pulses, which is equiva-
lent to the decimation (filtering) of the optical comb, with a 
power redistribution between its components [19].

3. Comparison of the frequencies  
of two independent master oscillators

To date, two experimental prototypes of methane MOs have 
been made, which allowed us to assess the stability of their 
output microwave signals via direct comparison. The oscilla-
tor signals were compared at a frequency of 1.55 GHz (26th 
harmonic of the frep frequency). The repetition rates of the 
two femtosecond lasers in the MOs differed by 400 Hz, which 
led to a frequency difference of 10 kHz at the 26th harmonic. 
At a carrier frequency of 1.55 GHz, this small difference 
enabled frequency measurements with required accuracy. The 
experimental setup is schematised in Fig. 5.

The frequency difference between the two MOs was mea-
sured with the HP53132A in two counting modes: in P mode, 
using a 300-Hz bandwidth filter at the counter input, and in L 
mode. Figure 6 shows the relative Allan deviation (open cir-
cles) as a function of averaging time for the two MOs. At 
averaging times shorter than 10 s, the data show 1/t behav-
iour, characteristic of white phase noise. The contribution of 
such noise to instability depends on the pass-band width at 
the frequency counter input. In a standard maser instability 
measurement procedure, a 3-Hz bandwidth filter is used. 
Converting the Allan deviation to that for a 3-Hz bandwidth 
filter at an averaging time of 1 s, we obtain no more than 1 ´ 
10–14. The filled squares in Fig. 6 represent a two-sample ‘tri-
angle’ deviation, i.e. the deviation calculated from the data 
obtained with the frequency counter operating in L mode 
[20]. In L mode, an input signal is further processed in the 

frequency counter according to a certain algorithm with data 
filtering. It is inadequate to use the data thus obtained for 
calculating the Allan deviation. Nevertheless, the ‘triangle’ 
deviation can be used for estimating the lower limit of oscilla-
tor instability. Frequency instability per oscillator in L mode 
at t = 1 s does not exceed 1 ´ 10–14. The obtained short-term 
frequency instability of the methane MO is substantially bet-
ter than the stability of H masers, which are typically used as 
interrogation signal sources for fountains.

4. Comparison of the master oscillator  
with H masers of a reference facility

To continue studies with precision measuring electronics, one 
of the MOs was delivered to the reference facility at 
VNIIFTRI. Our main purpose was to assess the feasibility of 
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Figure 5.  Block diagram of MO output frequency stability measure-
ments.
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Figure 6.  Relative frequency instability of the two MOs at a carrier fre-
quency of 1.55 GHz. The measurements were performed using a 300-Hz 
bandwidth filter at the frequency counter input.
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using the methane MO as a interrogation signal generator for 
fountains with the aim of improving reference frequency sta-
bility.

Proceeding from the requirement that the methane MO be 
compatible with the fountains operating at VNIIFTRI, we 
designed and implemented a scheme for the synthesis of a ref-
erence signal for fountains (Fig. 7).

In the electronic apparatus that ensures the synthesis of an 
interrogation signal for Cs/Rb atoms, coupling between the 
fountain and a set of H-maser-based keepers and frequency 
stability control, standard frequencies of 5 and 100 MHz are 
used as references. To bring the MO output frequency to one 
of these values, a nominal frequency synthesiser was included 
in the scheme. As an input signal for it, we used a comb com-
ponent with a frequency of 834 MHz (N = 14). To produce an 
interrogation signal for the Cs/Rb fountain at a frequency of 
9.1/6.8 GHz, a precision SDI synthesiser is employed at 
VNIIFTRI (Fig. 7). A 5-MHz signal is used as a standard 
reference signal for it, but in the case of switching of inner 
units of the synthesiser a 100-MHz reference signal can be 
used. Instability measurements for this synthesiser at a fre-
quency of 6.8 GHz show that, in the case of the 5-MHz refer-
ence signal, its intrinsic instability is 5 ´ 10–14 in a 5-Hz band. 
With the 100-MHz reference signal, instability is an order of 
magnitude lower: 5 ´ 10–15. Because of this, we used a nomi-
nal frequency of 100 MHz. Moreover, the synthesis of fre-
quencies under 50 MHz from comb components while main-
taining the initial instability level, 5 ´ 10–14 at t = 1 s, is a 
complex radio engineering problem, though solvable in prin-
ciple [21].

A second condition for carrying out experiments on a 
fountain is that long-term stability of the methane MO be 
ensured. For this purpose, at long times the MO was locked 
to a H maser used on a fountain. Digital phase locking was 
ensured by adding a frequency comparator (Fig. 7) as a 
phase detector and a device for adjusting the frequency of 
the heterodyne laser in the OFS. As a result, the MO – foun-
tain match scheme ensured 100-MHz nominal frequency 
synthesis and slow locking of the MO (with a time constant 
from 20 to 50 s) to one of the H masers in the reference 
facility.

This configuration allowed us to assess frequency stability 
of the synthesised 100-MHz reference signal by comparing it 
to signals from H masers specially designed at the Vremya-Ch 
JSC for the system of fountains at VNIIFTRI and having 

short-term frequency instability at a level of (6 – 8) ´ 10–14 at 
t = 1 s. Three 100-MHz signals were simultaneously fed to the 
inputs of a VCH-314 frequency comparator: from the meth-
ane MO and two masers. The ‘three corner hat’ method 
makes it possible to assess instability of each signal from the 
data thus obtained. The measurement results are presented in 
Fig. 8 (the filter bandwidth is 3 Hz).

The relative Allan deviation obtained for the signal from 
the He – Ne/CH4 MO, 3 ´ 10–14  at t = 1 s, is a factor of 2 
smaller than that in the case of masers but three times larger 
than MO instability at microwave frequencies (Fig. 6). 
Stability degradation is due to the noise produced by the com-
mercial nominal frequency synthesiser, which generates a 
100-MHz signal.

The intrinsic instability of the synthesiser was assessed in 
a separate experiment using a Microsemi 5125A phase noise 
and Allan deviation test set. To this end, we used two identi-
cal synthesisers and fed a signal from one high-stability oscil-
lator to their inputs. The instability was measured to be 3 ´ 
10–14 in a 5-Hz band at t = 1 s, in agreement with the above 
value. Currently, a new synthesiser is under development, 
with output frequencies of 9.1/6.8 GHz and an intrinsic insta-
bility level no higher than 5 ´ 10–15 at t = 1 s.

Femtosecond system
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Figure 7.  Block diagram of 100-MHz reference signal synthesis for Cs/Rb fountains.
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Figure 8.  Relative Allan deviation as a function of averaging time for 
two hydrogen masers and the methane MO in the case of slow locking 
to one of the masers.
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5. Conclusions

We have demonstrated an oscillator whose short-term stabil-
ity surpasses that of the hydrogen masers with enhanced 
short-term stability in the reference facility at VNIIFTRI. In 
the output frequency range 0.8 – 1.5 GHz, the oscillator insta-
bility is under 1 ´ 10–14 at an averaging time of 1 s.

Based on this oscillator, we have designed and imple-
mented a scheme for the synthesis of a reference signal with a 
nominal frequency of 100 MHz for the generation of an inter-
rogation signal for the Cs/Rb fountains at VNIIFTRI. The 
instability of the synthesised 100-MHz frequency is 3 ´ 10–14 
at an averaging time of 1 s and it is limited by the intrinsic 
instability of the commercial microwave synthesiser used.

The next step in our research will be to test the master 
oscillator directly on fountains.
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