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1. Introduction

In the past decade, research on optical fiber frequency combs
(OFCs) has led to an increasing demand for outdoor combs that
offer both high stability and portability'~*. The instability of an
OFC relies on the phase stabilization of carrier envelope offset
frequency (f ..,) and repetition rate (f,). It is common to stabilize
both parameters to an RF reference!'°'*!. However, the uncer-
tainty of the RF reference can be magnified for optical frequen-
cies. To improve comb’s fractional stability, either a fiber comb
with high repetition rate (GHz) or an RF reference with better
performance, such as a “hydrogen” maser and “cesium” clock, is
utilized. The bulk nature of these RF references makes them less
desirable for portable fiber comb systems. Stabilization of f .,
can be achieved through the f — 2f self-reference method, but
it requires a broadened spectrum and high optical power, which
in turn leads to increased system complexity and sensitivity to
the environment.

Another stabilization method is to lock the comb to optical
references, such as an optical cavity or an atomic or molecular
referencel!>1°22! Ultrastable Fabry-Perot (F-P) cavities have
excellent short-term instability, but require vacuum and vibra-
tion isolation, which are difficult to satisty in field applica-
tions'**~?%! In comparison, gas absorption transitions can
offer excellent long-term instability and absolute frequency
accuracy®!. They are also cost-effective and convenient to
miniaturize*?), By stabilizing a single comb mode to an atomic
or molecular reference, the instability of the optical reference can
be transferred to the comb. In 2014, Hou et al. demonstrated an
erbium fiber comb referenced to two rubidium absorption lines
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We demonstrated an optical fiber frequency comb stabilized to an acetylene-filled photonic microcell. The short-term insta-
bility of the comb at 1s gate time was 1.66 x 10~" for a 4.2-h measurement in a laboratory environment with air conditioning.
This is the best short-term stability reported for a compact fiber comb stabilized to an acetylene-filled photonic microcell at
telecom wavelengths. It is particularly significant in the development of compact fiber combs with target instability of 107.
Such a device has the potential to serve as an alternative to GPS in areas lacking signal coverage, including remote
locations, regions with adverse weather conditions, and military intelligence areas.

Keywords: optical frequency comb; gas-filled photonic microcell; hollow-core photonic crystal fiber.

through frequency doubling and two-photon absorption
technique. The comb mode shows a short-term instability of
8x 107! at 1 s gate time!**. A disadvantage of the system to
outdoor applications is that the sensitivity of rubidium pressure
changes with temperature. In 2014, Wu et al. directly amplified a
single comb mode and locked it to an acetylene transition'**!.
The comb demonstrated an instability of 6 X 10712, However,
the system involved a free-space F-P cavity that was bulky
and complex.

Instead of directly stabilizing a comb mode to an optical refer-
ence, a simpler option is to stabilize the optical heterodyne beat
note between a continuous wave (cw) reference and a comb
mode®*™), A technical challenge in using molecular transitions
as optical references is their limited instability, due to the broad
linewidth of over gigahertz. Saturated absorption spectroscopy
(SAS) can significantly reduce the Doppler broadening and
can achieve linewidths of tens of megahertz at room temperature
by velocity-selective optical pumping. By utilizing a low-
pressure gas-filled hollow-core photonic crystal fiber (PCF) as a
substitute for the Herriott cell, we can effortlessly enhance the
interaction strength by using long length of hollow-core fiber,
and meanwhile, reduce the pressure-broadening effect. A pho-
tonic microcell can serve as a potential portable cw reference for
outdoor metrology applications'*~**!. Hald et al from the
Danish Metrology Institute achieved slow-molecule conditions
and realized the Doppler-free linewidth exceeding the limit
imposed by the transit-time broadening'**!. They demonstrated
an optical cw reference with long-term instability of 4 X 107'% at
10,000 s gate time!*). In 2017, they stabilized the commercial
fiber comb from MenloSystems to a 50 cm double-pass acetylene
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cell and obtained a fractional instability of 3 X 10713 at 1 s gate
timel*4¢],

In this paper, we explored the fractional instability perfor-
mance of a homemade optical fiber frequency comb stabilized
to an acetylene-filled photonic microcell. Compared to Ref. [31],
our comb system is more compact and portable. The microcell
in this work was a 2.1 m 19-cell hollow-core PCF. We optimized
the characteristics of the sub-Doppler absorption feature for two
absorption lines: the P (13) and P (23) lines of the 12C,H, v; +
v3 overtone transition. By stabilizing the repetition rate and the
RF beat note, the high stability of the optical reference is trans-
mitted to other wavelengths through the comb. The comb shows
a repetition rate instability of 4.87 X 107!% at 1 s gate time and
2.79 x 10713 at 100 s gate time, with a standard deviation (SD) of
0.4 mHz. The short-term instability of the beat note at 1 s gate
time is 1.66 X 10712 for a measurement of 4.2 h. This work rep-
resents the highest short-term instability for a compact optical
fiber frequency comb stabilized to an optical reference of acety-
lene-filled photonic microcell.

2. Experimental Setup

Figure 1 shows the schematic diagram of optical fiber frequency
comb stabilization based on the acetylene-filled microcell. The
upper dashed box shows the frequency stabilization of a narrow
linewidth cw laser to the sub-Doppler absorption feature of
acetylene. The gas cell was a 19-cell hollow-core PCF with a core
diameter of 30 pm and length of 2.1 m filled with low-pressure
acetylene. The sub-Doppler absorption feature was produced
using the pump-probe scheme!®”). A cw laser was optically
amplified before it was split into two counter-propagating pump
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Fig. 1. (a) Schematic diagram of optical fiber frequency comb based on acety-
lene saturated absorption spectroscopy frequency stabilized optical refer-
ence. The black solid line represents the optical signal, the fluorescent
solid line represents the free-space optical signal, and the black dashed line
represents the RF signal. cw laser, continuous-wave laser; FRC, fiber-ring cav-
ity; EDFA, erbium-doped fiber amplifier; AOM, acousto-optic modulator; ILP, in-
line polarizer; EOM, electro-optic modulator; PBS, polarization beam splitter;
PD, photodetector; Synth, synthesizer; BPF, bandpass filter; PID, propor-
tional-integral-differential circuit; FBG, fiber Bragg grating; PZT, piezoelectric
transducer; HC-PCF, hollow-core PCF. (b) Photo of the actual setup; (c) SEM
image of the cross section of the hollow-core fiber.
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and probe beams and interacted with the acetylene molecules in
the gas cell. The probe beam exiting the PCF was separated from
the pump by a polarization beam splitter (PBS) and received by
the photodetector (New Focus, Model 1623). The sub-Doppler
resonance was frequency-shifted by a 55 MHz acousto-optic
modulator (AOM) to reduce noise due to pump-probe interfer-
ence. By employing frequency modulation (FM) spectros-
copy®>*], an error signal was generated to stabilize the probe
beam to the sub-Doppler feature. An in-line polarizer was used
in the probe line to minimize the residual amplitude modulation
(RAM). The output of the proportional-integral-differential
(PID) circuit was fed to the cw laser’s piezo-electric transducer
(PZT) for precise frequency control. Thus, the stabilized cw laser
can serve as an optical reference for the fiber comb. The lower
dashed box illustrates the stabilization system of a fiber comb
referenced to the cw reference. The all-fiber erbium laser oscil-
lator was mode-locked based on nonlinear polarization rotation
(NPR). The laser was first filtered by a fiber Bragg grating (FBG)
centered at 1532.83 nm and then optically heterodyne beaten
against the cw reference, resulting in an RF beat note f,. The
stabilization of the comb was achieved by simultaneously lock-
ing the f;, and repetition rate f, to two separate synthesizers ref-
erenced to the Rb oscillator. Our tests showed that the PZT
electronic bandwidth was 3 kHz under 1.25% amplitude modu-
lation, while the locking bandwidth for the pump diode was
measured to be 22 kHz.

3. Results and Discussion

3.1. Acetylene SAS-stabilized semiconductor laser

A narrow linewidth of the sub-Doppler feature is essential for
frequency stabilization of the cw reference. In this section, we
discuss the optimization of the sub-Doppler absorption feature
in a gas-filled photonic microcell for two separate transition
lines: P (13) and P (23) lines of >C,H, v, + v; overtone
transition.

Figures 2(a) and 2(b) show the measured sub-Doppler
absorption feature (black) for P(13) and P(23) line, respectively.
The blue curve was the resonance peaks from a fiber-ring cavity
(FRC) as the cw laser frequency was scanned, serving as the cal-
ibration reference for the sub-Doppler linewidth. Any two adja-
cent transmission peaks represented the free spectral range
(FSR) of the FRC, which was measured to be 17.1 + 0.1 MHz.
As shown in Fig. 2(b), the SNR of sub-Doppler feature was
determined as the ratio between the peak-to-peak voltage of
the feature (A) and that of the background noise (B). We mea-
sured the linewidth and SNR at various acetylene pressures and
pump powers, represented by black squares and blue hollow tri-
angles in Figs. 2(c)-2(f). We observed that for the P(13) line,
under a constant pump power of 29 mW, the linewidth of the
sub-Doppler feature remained around 15 MHz in the pressure
range of 150-1000 mTorr, followed by an small increase at
higher pressures due to collision broadening. The SNR showed
a nonmonotonic behavior with the pressure. Figure 2(d) further
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investigates how the pump power influences the sub-Doppler
feature. The linewidth was about 15 MHz before the pump
power increased to a threshold saturation power of 35 mW when
the linewidth started to exhibit evident power broadening.
Under a threshold pressure, the increase in pump power can still
keep the acetylene molecules under a saturation condition,
thereby enhancing the SNR of the sub-Doppler feature. The
optimized acetylene pressure was 600-700 mTorr when a high-
est SNR of ~42 and ~15.1 + 1.3 MHz linewidth were obtained
for the P (13) line. We estimated the transit-time broadening
under this condition at room temperature. Considering the
mode field diameter (MFD) of the PCF was 20 pm, the
transit-time broadening was estimated to be ~16.3 MHz, which
was consistent with our experimental result.

Compared to the P (13) line, the P (23) line showed a weaker
absorption of ~10% rather than ~40% for that of the P (13) line.
In Figs. 2(e) and 2(f), a similar trend for linewidth was observed.
As for the SNR, since the P (23) line has weaker absorption
strength, when the pressure increased above 550 mTorr, the
pump power of 29 mW (or more) could still satisty the satura-
tion condition and therefore a similar SNR was obtained. Due to
the stronger power broadening and a lower saturated pump
threshold, we obtained a lower SNR and a larger linewidth for
the P (23) line than that of the P (13) line under the same
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Fig. 2. Optimized condition for a 2.1-m-long acetylene-filled microcell: (a) nor-
malized sub-Doppler absorption spectrum for the P (13) line (left axis) and
transmission spectrum for a fiber ring cavity with FSR of 17.1 £ 0.1 MHz (right
axis); (b) same as (a) for the P (23) line; linewidth and SNR for the sub-Doppler
feature of the P (13) line as a function of (c) acetylene pressure (under pump
power of 28 mW) and (d) pump power (at pressure of 650 mTorr); (e] same as
(c] for the P (23] line; (f) same as (d) for the P (23) line (at 600 mTorr).
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Fig. 3. (a) Frequency modulation spectroscopy error signal of the P (13) tran-
sition; (b) lock point voltage and error signal of P (13) transition after being
locked. The amplitude of error signal was less than 16 mV.

pressure and power conditions. In summary, when the acetylene
pressure was in the range of 550-650 mTorr and the pump opti-
cal power was ~29 mW, the optimized sub-Doppler absorption
feature of the P (23) line in the 2.1-m microcell had the narrow-
est linewidth of ~18.4 + 1.2 MHz with an SNR of ~18.

Considering the sub-Doppler characteristics and the error
signal parameters generated from frequency modulation spec-
trum, the P (13) line was finally chosen as the optical reference
for the cw reference. Figure 3(a) shows the error signal pro-
duced, with a slope of 19.3 kHz/mV and an SNR of 43. When
the cw laser was stabilized to the sub-Doppler transition, the
error signal became flat, as shown in Fig. 3(b). Another proof
was that when the laser was locked, the transmission remained
at the peak of the sub-Doppler absorption feature.

3.2. Stabilization of OFC based on optical reference

In this section, we stabilize an all-fiber comb to the cw reference,
and analyze the fractional instability of the comb. Figure 4(a)
shows the optical spectrum of the fiber oscillator measured by
an optical spectrum analyzer (OSA, Yokogawa, AQ6370C) at
aresolution of 0.02 nm. The fiber oscillator we used was a typical
soliton mode-locked laser with symmetrical Kelly sidebands
based on NPR. The central wavelength of the mode-locked spec-
trum was shifted to 1534 nm by introducing a Lyot filtering
element in the laser cavity*). The comb was stabilized by
simultaneously locking (i) the repetition rate frequency f, and
(ii) the optical heterodyne beat note f;, between the comb and
the cw reference. Figure 4(b) presents the RF spectrum of a
97.36 MHz repetition rate with an SNR of 65 dB and a pair
of optical heterodyne beat notes with an SNR of 32 dB at
100 kHz resolution bandwidth (RBW).

For repetition rate stabilization, our results in Fig. 4(c) exhib-
ited an SD of 0.4 mHz after locking f, to a frequency synthesizer
referenced to the Rb oscillator. The data showed small periodic
variations that were consistent with the duty cycle of the air con-
ditioner in the lab. For beat note f, stabilization, we first filtered
the comb modes by an FBG centered at 1532.83 nm, and then
performed an optical heterodyne beat against the cw reference
laser. The resulting RF beat note was stabilized to a frequency
synthesizer by pump power control. All synthesizers and fre-
quency counters were referenced to the Rb oscillator. Figure 4(d)
shows the raw data of the stabilized beat note signal measured
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in 4.2 h, indicating a maximum frequency fluctuation of about
20 kHz. The periodic oscillations were correlated with temper-
ature fluctuations in the lab. The inset in Fig. 4(d) presents the
processed beat note result after we removed the temperature
oscillations from the raw data, indicating that with proper tem-
perature control of the fiber oscillator, it is possible to expect that
the fluctuation of f; can be reduced to about 3 kHz.

Figure 5(a) illustrates the postprocessed beat note data after
we filtered the low-frequency components introduced by the
environmental vibrations or temperature fluctuations. We
evaluated the locking performance of the comb by calculating
the fractional instability of f, and f, and compared that with
our RF reference signal, as plotted in Fig. 5(b). The green
down-triangles and blue up-triangles represent the instability
of the Rb oscillator and synthesizers referenced to the Rb oscil-
lator, respectively. The fractional instability of f,, plotted in
black squares, followed the synthesizer performance, as
expected, and was measured to be 4.87 X 107!2 at 1 s gate time
and 2.79 X 10713 at 100 s gate time.

Since the optical frequency of the cw reference is stabilized to
the absorption line of acetylene, using a combs equation, we can
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Fig. 4. (a) Optical spectrum of the fiber oscillator in linear scale; (b) RF spec-
trum of the repetition rate and the heterodyne beat note (RBW, 100 kHz; VBW,
video bandwidth); (c) stabilized repetition frequency measured at 1s gate time
with SD of 0.4 mHz (data subtracted by ~97.36 MHz); (d] stabilized beat note
frequency measured at 1s gate time. Inset shows the processed data after
the periodic oscillations due to temperature fluctuations were removed.
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Fig. 5. (a) Postprocessed beat note data after we added high-pass filters
(HPFs); (b) fractional instability (left) and Allan deviation (right] of the RF beat
note 7, between the comb and the cw reference at 1532.8 nm (red dots) com-
pared to that of the repetition rate (black squares), data in (a) with
5 mHz HPF (red cross circle), synthesizer signal with external reference (blue
up-triangles), and GPS-disciplined Rb oscillator (green down-triangles).

derive the absolute frequency for the comb mode of interest,
ie., the mth mode: f,, = (fo, —fp) + (m —n) Xf,. fo, is the
absolute frequency of the cw reference, and # is the mode num-
ber for the particular comb mode that is stabilized to the cw
reference. f;, and f, are the beat note and repetition frequency,
respectively. When m is close enough to #, the second term can
be neglected compared to the first. Therefore, the absolute fre-
quency of the mth comb mode is largely determined by the
absorption line of acetylene. This is exactly what we have
observed in Fig. 5(b), where the fractional instability of f, was
1.66 X 10712 at 1 s gate time, indicated by the red circle, sur-
passed the performance of the repetition rate at a short time
scale. This indicated that the stability of the cw reference was
successfully transmitted to that of the comb mode.

However, as shown in Fig. 5(b), the fractional instability of f,,
deteriorated at longer gate times (ie., 2.38x107!? and
7.43 x 107'2, for 10 s and 100 s gate time, respectively). This
was due to the fluctuations of the ambient temperature in the
lab. This could be improved by implementing active tempera-
ture control or heat insulation. To qualitatively estimate the
long-term instability of our comb, we performed post-data
processing by removing the duty cycle oscillations in the raw
beat note data due to periodic temperature variations. For exam-
ple, by using a 5 mHz high-pass filter (HPF) as shown in
Fig. 5(a), we obtained the red cross circles in Fig. 5(b). The
results suggested that a fractional instability on the order of
107'3 could possibly be achieved at longer time scales. This cor-
responds to an ambient temperature fluctuation of less than
0.13°C according to our estimation.

Generally speaking, the fractional stability of the optical
heterodyne beat note is affected by the linewidth, the SNR of
the RF beat, and the electronic locking loop for beat note stabi-
lization. In our system, there are mainly two consequences from
temperature fluctuation. On one hand, it causes the spectral
variation of the mode-locked oscillator. Although we did not
observe any obvious spectral shift or optical power change on
the spectrum analyzer, consider that the optical power for a sin-
gle comb mode at 1532.83 nm is on the order of tens of nano-
watts, and so any slight variation in the mode-locked spectrum
will affect the beat note. On the other hand, the RAM from EOM
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in the cw stabilization system led to small temporal variation of
the error signal for cw reference stabilization. Since the EDFA
and hollow-core fiber we used were both non-PM, an inline
polarizer was intentionally added to reduce the RAM effect.
However, the RAM effect was not entirely eliminated. The over-
all SNR change of the beat note we observed during the measure-
ment is less than 2 dB. The long-term instability of the beat note
is mostly due to the small voltage offset in the beat note elec-
tronic feedback loop, which causes the slow drift of the lock
point. This can be improved by removing the offsets in the lock-
ing electronics.

4. Conclusions

We experimentally demonstrated a fiber laser frequency comb
with 1.66 X 107!? instability based on a low-pressure acety-
lene-filled photonic microcell. By performing a pump-probe
scheme inside a '2C,H,-filled hollow-core PCF, we were able
to obtain the sub-Doppler absorption feature of both P (13)
and P (23) lines of the v; + v; overtone transition at room tem-
perature. The optimized linewidth of the sub-Doppler feature
was about 15.1 MHz with an SNR of 42 for the P (13) line.
An optical cw reference was realized by stabilizing a narrow line-
width cw laser to the sub-Doppler feature of the P (13) line at
1532.8 nm through FM spectroscopy. Finally, we demonstrated
the stabilization of an optical fiber frequency comb with one
comb mode locked to the cw reference. The comb showed the
repetition rate instability of 4.87 X 1072 at 1 s, and 2.79 X
10713 at 100 s gate time, with an SD of 0.4 mHz. The short-term
instability of the heterodyne beat note f, between the comb and
the cw reference at 1 s gate time was 1.66 X 107! over a mea-
surement of 4.2 h. This result is the best short-term instability
reported for a fiber comb stabilized to a gas cell at telecom wave-
lengths. With proper temperature control of the fiber oscillator,
we anticipate the system instability to reach 107!% at 100 s
gate time.

Previously published work includes the traditional f ., stabi-
lization utilizing the f—2f technique®™'), and a single
comb mode stabilized to an ultrastable F-P cavity®>**), For both
methods, the fractional instability of f ., can reach 10717-10718,
However, the optical frequency instabilities usually were not
reported. Compared to the f ., -stabilized combs, our system
does not require excess optical amplification to generate a super-
continuum. Utilizing molecular absorption lines as the optical
reference is expected to have better long-term instability than
ultrastable F-P cavities, in addition to having better portability.
The cw reference based on saturated absorption spectroscopy
(SAS) in this work was obtained using a microcell installed with
small vacuum chambers. We are currently working on the
miniaturization of the acetylene microcell with the SAS setup.
The dimensions of the miniaturized microcell are 7 cm(W) X
17 cm(L) X 4.6 cm(H). It would greatly reduce the volume of
the existing system and serve as the high stability cw reference
for a portable all-fiber comb system with target instability of
10713, Our scheme offers much promise as a compact, portable,
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and inexpensive optical fiber frequency comb with high stability,
surpassing that of the GPS-disciplined Rb oscillator. Our system
has the potential to serve as a substitute for GPS in areas
where signal coverage is lacking (for example, remote locations,
regions with adverse weather conditions, and military intelli-
gence areas).
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