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Abstract: Gas-filled hollow-core photonic crystal fibers are used to
stabilize a fiber laser to the 13C2H2 P(16) (�1 + �3) transition at 1542 nm
using saturated absorption. Four hollow-core fibers with different crystal
structure are compared in terms of long term lock-point repeatability and
fractional frequency instability. The locked fiber laser shows a fractional
frequency instability below 4×10�12 for averaging time up to 104 s. The
lock-point repeatability over more than 1 year is 1.3×10�11, corresponding
to a standard deviation of 2.5 kHz. A complete experimental investigation of
the light-matter interaction between the spatial modes excited in the fibers
and the frequency of the locked laser is presented. A simple theoretical
model that explains the interaction is also developed.
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25. W. Demtröder, Laser Spectroscopy: Basic Concepts and Instrumentation (Springer, 1996).
26. J. M. Fini, J. W. Nicholson, B. Mangan, L. Meng, R. S. Windeler, E. M. Monberg, A. DeSantolo, F. V. DiMarcello,

and K. Mukasa, “Polarization maintaining single-mode low-loss hollow-core fibres,” Nat. Commun. 5, 5085
(2014).

27. M. Michieletto, J. K. Lyngsø, J. Lægsgaard, and O. Bang, “Cladding defects in hollow core fibers for surface
mode suppression and improved birefringence,” Opt. Express 22, 23324–23332 (2014).

28. E. N. Fokoua, M. N. Petrovich, N. K. Baddela, N. V. Wheeler, J. R. Hayes, F. Poletti, and D. J. Richardson, “Real-
time prediction of structural and optical properties of hollow-core photonic bandgap fibers during fabrication,”
Opt. Lett. 38, 1382–1384 (2013).

29. J. K. Lyngsø, C. Jakobsen, H. R. Simonsen, and J. Broeng, “Single-mode 7-cell core hollow core photonics crystal
fiber with increased bandwidth,” Proc. SPIE in “21st Int. Conf. Opt. Fibre Sensors,” 7753, 77533Q (International
Society for Optics and Photonics, 2011).

30. J. L. Hall and C. J. Borde, “Shift and broadening of saturated absorption resonances due to curvature of the laser
wave fronts,” Appl. Phys. Lett. 29, 788–790 (1976).

31. S. E. Park, H. S. Lee, T. Y. Kwon, and H. Cho, “Dispersion-like signals in velocity-selective saturated-absorption
spectroscopy,” Opt. Commun. 192, 49–55 (2001).

1. Introduction

Portable optical frequency standards are important in metrology and in many other ap-
plications (optical sensing, telecommunication, aerospace, etc.) that need an accurate and
reliable optical reference away from the laboratories. In the telecommunication band the
13C2H2 P(16) (�1 + �3) line at 1542.3837 nm is the recommended optical transition for the
realization of the meter [1]. During the last decade, I2, acetylene and Rb vapour cells have been
widely investigated and implemented in laser stabilization using the saturated absorption spec-
troscopy (SAS) technique [2], often combined with frequency modulated spectroscopy [3–7].
Since the demonstration of the first photonic band gap guidance in air [8], the increased avail-
ability of fibers with an hollow core (HC) allowed to investigate the realization of a portable
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optical frequency reference based on a gas-filled HC fiber [9–13].
Hollow core fibers are particularly useful in this technology because they provide a very long

interaction length in a compact space. Moreover, the possibility to develop an all fiber-based op-
tical reference makes this solution easier to implement in an industrial environment. However,
developing a portable and user-friendly optical frequency standard is not free of challenges;
although fiber gas-filling and other main technical issues have already been characterized [14],
targeting the most suitable fiber for this technology is still under debate. State of the art research
suggest that kagome fibers produce better performance than more common hollow core pho-
tonic crystal fibers (HC-PCF), both in terms of lock-point repeatability and stability [12, 15].
Limited transit-time broadening due to larger core size and absence of surface modes are the
key-features of the kagome fibers. On the other hand, they are highly multi-mode, which could
create an issue for long term frequency stability, as mentioned in [12].

SAS technique used to frequency-lock lasers to a sub-Doppler optical transition is limited by
the strength of the signal and the linewidth of the sub-Doppler feature. Maximizing the strength
of the signal while choosing a narrow-linewidth transition is the target of any frequency locking
scheme. As shown in previous work [10], the major contribution to the width of a sub-Doppler
absorption line in HC fibers is due to the transit-time broadening effect. Therefore, having a
larger core diameter seems to be the best solution to reduce the instability.

Despite the previous considerations, the multi-mode characteristic of the large core kagome
fibers could introduce a factor of instability, mainly related to the lock-point repeatability. Pre-
viously published works ascribe this effect to the presence of high order modes (HOMs) [12],
surface modes [15] inside the band gap or polarization instability between the pump and probe
beams [16]. The mechanism ascribed to the lock-point inaccuracy presented in [12] suffers a
lack of universality and it cannot explain some of the effects presented in these paper. This
work aims at demonstrating that most of these effects are directly connected to the interaction
between different spatial modes inside the fiber. The correlation between the modes excited in
the HC fibers and the repeatability of the lock-point is investigated and a simple theoretical
approach is proposed to explain the physical mechanism involved.

Here we present a complete characterization of four different HC-PCFs, investigating their
performances, using SAS combined with a frequency modulation spectroscopy technique. The
performance achieved improves previously published results [12, 15] for gas-filled HC fibers
both in terms of frequency stability and lock-point repeatability, reducing the gap with respect
to the performance achieved with bulk glass cells [7].

2. Fiber characterization

2.1. Fiber speci�cations overview

Before testing the fibers in the SAS setup, a detailed investigation on the HOM contents of
the various HC fibers is needed to check any (possible) correlation between the HOMs guided
and the stabilization performance. In this section we compare the fiber characteristics with the
HOMs investigation. The relevant properties of the HC fibers are listed in Table 1. Three fibers
have a 7-cell core whereas the last one is a 19-cell HC fiber. The C7 PM fiber differs from all
the others as it is fabricated to be polarization maintaining (PM). The enhanced birefringence
needed to have the PM property is introduced thanks to four anti-resonant features on the core
wall [17]. At the same time, these features lead to improved mode confinement. The C7 L
and C7 S fiber have about the same crystal structure, but with different scaling factor (pitch),
which results in a larger core size of C7 L with respect to C7 S. To simplify the notation, in
the rest of the manuscript we will refer to the different fibers as single mode, few mode or multi
mode fiber with respect to the mode content at 1542 nm. All the fibers tested have a total loss
lower than 18 dB/Km at the addressed wavelength and they are provided by NKT Photonics.
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Table 1. Summary of the fiber characteristics.

Specs/Name C7 PM C7 L C7 S C19
Core 7-cell 7-cell 7-cell 19-cell

Core diameter 9.3 ∝m 11.9 ∝m 8.5 ∝m 20.0 ∝m
MFD 6.8 ∝m 8.2 ∝m 5.4 ∝m 13.2 ∝m

Coupling 63% 67% 61% 72%
PM property PM non-PM non-PM non-PM

Modes property single-mode few-mode single-mode multi-mode

Structure

2.2. HOMs characterization: in-�ber Mach-Zender interferometer

The HOM characterization is performed using a setup similar to the one presented in [18]. A
super-continuum source (0.45-2.4 ∝m) is coupled to a piece of 8 cm of HC fiber and is col-
lected with a single-mode (SM) fiber into an optical spectrum analyzer (OSA). Each spectrum
is recorded across most of the fiber band gap with 0.1 nm resolution. The total field distribution
and hence the coupling efficiency to the SM fiber depends on the relative phase of the modes.
The different spatial modes excited in the HC fiber are interfering once collected into the SM
fiber, due to their different group velocity. The configuration is similar to a Mach-Zender in-
terferometer, where the reference arm is provided by the light in the fundamental mode (FM).
The difference between the group velocity of the FM and the one of a given HOM/surface
mode gives rise to a wavelength dependent phase difference. The spectrum is then processed
applying a windowed Fourier transform (WFT) analysis, which highlights the HOMs excited in
terms of the group velocity refractive index difference (�ng) with respect to the FM (�ng = 0).
The results are presented in Fig. 1. The �at feature visible at �ng � 0.08 that affects most of the
spectrum is an artifact introduced by the apparatus. In fact, it does not depend on the fiber tested
because it is reproduced in all the tests performed at the same effective group index difference.
Except from this artifact, the fibers show widely different features. The C7 PM has a strong
feature with �ng � 0.05, which covers most of the spectrum and strongly diverges around 1650
nm: this is probably due to an anti-crossing between the FM and a surface mode. Despite the
measurement here presented could not resolve it, the fiber guides two orthogonal polarized FMs
with two different effective refractive index (and/or different group velocity refractive index),
due to its enhanced birefringence. The C19 fiber is clearly showing a multi-mode behavior.

The most interesting features are related to the C7 L and the C7 S. Even though they have
a similar photonic crystal structure, the larger core of the C7 L fiber allows few HOMs to be
guided at 1542 nm, with propagation constant close to the FM, which are absent in the C7 S
spectrum. Moreover, a strong beating at a higher group index difference (�ng � 0.15) suggests
the presence of a surface mode (localized on the core-wall). These considerations will be more
clear in Section 5.1, where the C7 L spectrum acquired will be compared with simulations.

The HOM excitation in the HC fibers is also strongly influenced by the coupling. In order to
characterize the coupling dependence of the spectra observed, the measurements are repeated
with a (strongly) misaligned in-coupling beam: the misalignment increases the light intensity
coupled to the various HOM components, but does not give rise to any HOMs different than
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Fig. 1. WFT analysis of the spectra collected. The HOMs/surface modes are represented
by the yellow/orange features. The the red border represent the band gap edge/cladding
modes (C7 S). The “flat” yellow feature present in all the measurements (�ng � 0.08) is
an artifact introduced by the setup. The colors represent the light intensity, according to the
legend [a.u.].

the ones previously observed. This test also simulates the effect of possible deviations from
optimal coupling that might occur in the SAS setup. The investigations in [12] suggest that the
presence of the HOMs/surfaces mode in similar setup could shift the frequency of the locked
laser by few MHz, but an high number of HOMs should average out the effect, reducing the
overall shift observed (on the order of few kHz). Moreover, the presence of some surface modes
could enhance the light coupling to the HOMs, changing the mode field distribution of the core-
guided modes [15]. Following these interpretations, the highly multi-mode fiber (C19) should
produce a limited shift of a few kHz, while no shift of the locked laser frequency is expected if
no HOMs are excited (C7 S fiber). On the contrary, the shift should be stronger (a few MHz) if
only a few HOMs are excited at the operational wavelength (C7 L fiber), because the averaging
mechanism does not occur to reduce overall shift. As the following analysis will clarify, some
of these assumptions appear incorrect.

3. Experimental SAS setup

A SAS setup similar to the one described in [3] is used to investigate the four different HC
fibers (Fig. 2). A sealed box with AR coated windows is connected to a vacuum pump and to
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the full with half maximum (FWHM) of the transition profile due to the gas pressure is limited
to 6 MHz [7], while the calculated absorption of the 13C2H2 P(16) line for a 3 m fiber at 29 Pa
is about 54% [19]. As previously mentioned, the transit-time broadening is the major limiting
factor for SAS in HC fibers, because the mode field diameter (MFD) is one order of magnitude
smaller than what is typically used in bulk vapour cell systems. This effect is inversely propor-
tional to the MFD and the FWHM contribution is about 15 to 30 MHz, depending on the fiber
tested [20, 21].

4. Performance evaluation

The fiber test takes about 30 hours and it is subdivided in three consecutive phases. In the first
phase the temperature of the is box stabilized to 24�C (12 hours) while a temperature variation
is induced during the second phase (12 hours, see Section 4.2). During the third phase, the tem-
perature is restored to the initial condition and the fiber is tested to check that performance is
consistent with the one observed in the first phase. The last phase takes about 6 hours and it is
important to check that the temperature ramp does not introduce any permanent effects in the
setup/fiber due to thermal expansion of some components inside the box (fiber holder, free space
couplers etc). All the measurements presented show comparable performance between the first
and third phase. The measurements are also repeated after each fiber is re-cleaved/re-filled to
check the reproducibility of the results, presenting comparable performance. The second phase
is done to check the temperature sensitivity and to simulate the the long term performance of
the fiber. The temperature variation has been previously investigated as a source of phase in-
stability in fiber optic gyroscope (FOG) applications [22], arising from the differential thermal
expansion between the spool and the glass, and the instability observed is stronger if the fiber
is birefringent. The birefringence could be due to a deformed/elliptical core [23] or because of
the anti-resonant elements introduced in the core wall (C7 PM). Moreover, the temperature
stress induces small mechanical variations in the components inside the box (coupler/holder),
simulating coupling changes that could occur on the long term scale (days). The frequency
difference between the laser locked to the gas-filled HC fibers and the reference laser are pre-
sented in Fig. 3 and 4 together with the corresponding fractional frequency instability (Allan
deviation). The frequency offset results are plotted with a relative shift of 100 kHz for clarity.

4.1. Temperature stabilized environment

Here we present the results obtained with the four fibers under a temperature stabilized environ-
ment (first phase). The difference between the single-mode and the multi-mode fibers is clearly
visible (Fig. 3, left). The fluctuations observed are within about 25 kHz for most of the fibers,
while the laser locked to fiber C7 S shows a remarkable stability with an offset limited to 4
kHz. This test confirms that the presence of the multiple modes excited in a fiber contributes to
a shift of the laser frequency.

The performance of the C7 PM fiber needs a dedicated explanation: although the previous
analysis (Fig. 1) does not show the presence of HOMs at 1542 nm, this fiber guides two orthog-
onal polarized modes with a slightly different effective refractive index. In this sense, the inter-
action between the two orthogonal polarized FMs introduces a perturbation in the light-matter
interaction similar to the one given by a FM-HOM one. The interaction mechanism will be
discussed in Section 6. Moreover, if the launched polarization is not aligned to one of the major
axes, the SAS configuration will not be the one described in Section 3 (two counter propagating
beams with orthogonal polarized light). Depending on the beat length of the fiber and on the
misalignment, the modal content could vary over the interaction length, generating a superposi-
tion of linear/elliptical/circular polarized light in both the beams [24]. This non-homogeneous
polarization combined with the different propagation constant of the two orthogonal polarized
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