
Abstract. A compact optical clock based on a double-mode
He ëNe/CH4 optical frequency standard and a femtosecond
Er3� ébre laser is realised and its stability against a
commercial hydrogen frequency standard is measured.
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Compact optical clocks with a low phase noise, high short-
term stability (10ÿ14 ÿ 10ÿ15) and a long-term stability close
to that of a hydrogen maser (H-maser) are needed for the
further development of time ë frequency measuring methods
in radioastronomy, navigation, for the development of
frequency standards on laser cooled atoms or ions, etc.

A new generation of compact double-mode 3.39-mm
HeëNe lasers stabilised to saturation absorption/dispersion
resonances in methane [He ëNe/CH4 optical frequency
standard (OFS)] with a short-term stability 1� 10ÿ14 for
1 s [1] is one of the candidates as a master oscillator in such
clocks. An increase in a passive resonator stability by two ë
three orders of magnitude and control of external con-
ditions, which is possible with the monoblock sitall cavity,
can also improve the long-term stability of the methane OFS
up to required values.

Since 2000 passively mode-locked femtosecond lasers
have been used to transfer the high stability of optical
standards to the microwave domain, and optical clocks of a
new generation have been realised for the érst time in
Garsching and in Boulder with the help of a femtosecond

0.8-mm Ti : sapphire laser [2]. The emission spectrum of
such lasers consists of a comb of equidistant optical
components with the frequencies vm � mfrep � f0, where
m � 106 is an integer; frep is the pulse repetition rate; f0 is
the comb frequency offset with respect to the zero
frequency; frep and f0 lie within the radiofrequency (RF)
range. This expression provides a direct optical ëmicrowave
phase-coherent relation by controlling two comb parame-
ters ë frep and f0 [2].

If the optical standard frequency vst is smaller than the
comb width, the optical clock scheme can be signiécantly
simpliéed by eliminating the quantity f0 by converting the
comb spectrum in a nonlinear crystal [3, 4]. If the crystal is
phase-matched for the comb components with a frequency
difference close to vst, a new comb can be obtained at
difference frequencies in the mid IR range overlapping with
the frequency vst. Because the frequencies of two regions of
the initial comb are vm � (mfrep � f0) and vn � (nfrep � f0, we
have the frequencies of the new IR comb vk � kfrep, where
k � mÿ n. There is no dependence on f0 in this relation and
by generating a beat signal between the IR comb and the
optical standard, we establish direct phase coherence
between the frequencies frep and vst: fb � vst ÿ kfrep, where
fb is the beat signal frequency also falling to the RF range.

An optical clock based on the He ëNe/CH4 OFS and a
femtosecond Ti : sapphire laser with application of differ-
ence frequency generation (DFG) is described in [4], where
the prospects of such a clock as a master microwave
oscillator with a low level of phase noise are shown.
However, serious drawbacks of femtosecond Ti : sapphire
lasers (a bulky and expensive pump laser, a problem of
maintenance of stable long-term operation, etc.) stimulated
the development of a `clockwork' based on reliable and
relatively low cost femtosecond ébre lasers [5].

In the present work we realise for the érst time to our
knowledge a compact optical methane clock based on the
following scheme: master oscillator (double-mode He ëNe/
CH4 OFS), frequency converter (femtosecond Er 3� ébre
laser system) and an interface between them [periodically
poled lithium niobate (PPLN) crystal].

The femtosecond ébre laser system used in our experi-
ment is similar to that described in [6]. It includes a 1.55-mm
femtosecond Er 3� ébre oscillator with a pulse repetition rate
frep � 62 MHz, an Er 3� ébre ampliéer and a 0.5-m piece of
a highly nonlinear ébre where a supercontinuum in the 1.0 ë
2.0 mm range is generated (Fig. 1a). A DFG comb was
obtained in the PPLN crystal during the interaction of
radiation from two spectral regions (1.06 and 1.55 mm) of
the initial comb. The resulting emission appeared at
� 3:4 mm and had the spectral width of � 50 nm
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(Fig. 1b). The total power of the IR comb was about
20 mW, corresponding to the power Pk of a single spectral
component � 1 nW.

The phase locking of the Er 3� ébre laser was performed
by using a 1.3-mW single mode He ëNe heterodyne laser,
which was phase coherently locked to the He ëNe/CH4

standard. A beat signal between the radiation frequencies of
the He ëNe laser and the kth component of the IR comb
was recorded with a photodetector at the beat frequency
fb � kfrep ÿ vHeÿNe with a signal-to-noise ratio 25 ë 30 dB in
the 100-kHz bandwidth (Fig. 2). The beat signal was
éltered, ampliéed and phase locked to a quartz oscillator
at the frequency 4 MHz. A phase-lock loop feedback
bandwidth was limited to � 50 kHz by resonances of a
piezoelectric transducer used to control the Er 3� laser cavity
length.

In the case of the phase locked regime the radio-
frequency frep is directly expressed in terms of the optical
frequency vHeÿNe: frep � (vHeÿNe � 4 MHz)=k, and because
the frequency vHeÿNe is locked to the frequency vst of the
He ëNe/CH4 standard frep in its turn is stabilised to the

He ëNe/CH4 OFS. By knowing k (in our case k � 1415468)
and measuring frep against a microwave frequency standard
one can determine the He ëNe laser absolute frequency
vHeÿNe from the expression for frep with accuracy provided
by this standard.

The optical clock signal at the frequency frep or its
harmonics was detected independently from the ébre output
of the Er 3� laser. Stability of the optical clock signal
represented by frep was compared with a signal of the
Ch1-1006 hydrogen maser. The maser and the optical clock
signals were mixed resulting in the difference frequency
� 28 kHz. The instability of this difference frequency is
shown in Fig. 3 by triangles. The squares correspond to the
maser intrinsic instability. Also, the result of comparison of
two He ëNe/CH4 OFS, one of which is used in this
experiment, is shown (circles) [1]. One can see from these
data that for averaging times t4 30 s, the methane clock
instability is determined by the frequency instability of the
H-maser and is 6� 10ÿ13tÿ1=2. For longer averaging times,
frequency drifts of the He ëNe/CH4 OFS dominate.
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Figure 1. Supercontinuum emission spectrum in a highly nonlinear ébre
(spectral resolution 2 nm) (a) and the emission spectrum of the DFG
comb after the PPLN crystal (resolution 4 nm) (b).

0 20 40 60 80

frep ÿ fb

fb�kfrepÿvHeÿNe

frep

P
o
w
er
� dBm

Frequency
�
MHz

ÿ100

ÿ80

ÿ60

ÿ40

ÿ20

Figure 2. Radiofrequency beat spectrum of the He ëNe heterodyne
radiation frequency and a neighbouring mode of the IR comb (resolution
bandwidth 100 kHz).
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Figure 3. Allan deviations for the optical clock radiofrequency signal
against the maser (~), the maser intrinsic instability (&), the He ëNe/
CH4 OFS intrinsic instability (*).
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