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1 Introduction

During the last 50 years, many high-resolution spectros-
copy techniques have been developed based on saturated 
absorption spectroscopy (SAS) [1–3]. Laser frequency sta-
bilization is a direct application of these Doppler-free spec-
troscopy techniques, and many frequency-locking schemes 
have been developed based on them [4, 5]. Since the dem-
onstration of the first photonic band gap guidance in air 
[6], the hollow-core (HC) fibers are implemented in many 
different applications such as gas-sensing [7, 8], high-
resolution spectroscopy [9–13], nonlinear optics [14, 15], 
and laser stabilization [16–18]. The unique property of HC 
fiber to provide diffraction-less light propagation in air over 
several meters allows the development of compact gas cells 
with longer interaction length. The in-fiber laser frequency 
stabilization technique is usually based on the combination 
of SAS with frequency modulation spectroscopy, using a 
setup similar to the one presented in [3] for the first time.

During the last decade, stabilized laser performance 
based on a gas-filled HC fiber reference has increased 
with the improved properties of the HC fiber, aiming to 
increase the portability of the technology. A portable opti-
cal frequency standard that goes beyond the standards com-
mercially available is important in metrology and in many 
other applications (optical-sensing, geodesy, telecommu-
nication, etc.) that need an accurate and reliable frequency 
reference outside the laboratory. However, developing a 
portable and user-friendly optical frequency standard is not 
free of challenges.

Despite the 10 years elapsed from the first breakthrough 
demonstration of a gas cell based on sealed filled HC fiber 
[16], none of the optical frequency standards commer-
cially available are based on this technology. Fabrication 
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techniques are far from being production-oriented, and 
long-term performance may be compromised by atmos-
pheric air contamination due to a non-perfect seal. These 
issues are likely to be the major causes of the absence of 
HC fiber-based gas cells on the market. In fact, targeting a 
suitable encapsulation technique that combines a compact 
and efficient laser-to-HC fiber coupling with a long-lasting 
seal is not trivial. Most of the results published so far [16, 
19–21] are based on splicing a tapered HC fiber to a solid-
core single-mode (SM) fiber or multimode (MM) fiber. The 
typical loss for a SM-to-HC splice is between 2 and 3 dB 
[22], especially if an angled splice is adopted to reduce the 
Fresnel reflection in the air–silica interface [23]. Recently 
published work [24] confirms that the technique of collaps-
ing the photonic crystal to seal the fiber compromises the 
light coupling, because of the poor core mode matching 
and the unwanted back-reflections.

Furthermore, the splicing/tapering sealing method 
requires a dedicated filling technique in order to avoid 
atmospheric gas contamination, as proposed in [25]: The 
fiber is filled with a mixture of helium and acetylene at the 
wanted acetylene partial pressure, but with a total pres-
sure of more than 2000 hPa. The high total pressure lim-
its the gas contamination during the final splicing/tapering 
step, and subsequently, the helium diffuses through the 
glass structure. Moreover, no direct measurement of the 
long-term pressure stability of sealed gas-filled HC fibers 
systems can be found in the literature. In previously pub-
lished work [21], the sealed acetylene-filled HC fiber can-
not reproduce the performance achieved with similar fibers 
deployed in a vacuum chamber filled with acetylene [17], 
both in terms of fractional frequency instability and lock-
point repeatability.

In this paper, we present a novel encapsulation tech-
nique that combines an outstanding pressure stability (with 
negligible broadening rate) with a compact design. In a 
previously published work [18], we explore the laser sta-
bilization performance of several hollow-core photonic 
crystal fibers (HC-PCFs) placed in a vacuum chamber 
and filled with 13C2H2, demonstrating a fractional fre-
quency instability well below 1× 10

−11 for up to one day 
of averaging time. The chosen 13C2H2 P(16) (ν1 + ν3) line 
at 1542.3837 nm is the recommended optical transition for 
the realization of the meter in the telecommunication band 
[26]. Using the best fiber tested in [18], we develop a pro-
totype of a portable stand-alone optical frequency standard.

The performance is within a factor of three with respect 
to the results in [18], with a frequency instability one order 
of magnitude lower than previously published for a sealed 
HC fiber [21]. The prototype is also assembled in a more 
user-friendly configuration (Plug&Play) showing compara-
ble results with respect to [21], but involving a simpler and 
more compact detection scheme. The system was shipped 

to a project partner in Finland [27], preserving its perfor-
mance before/after the shipment and demonstrating the 
portability of this technology.

2  Materials and methods

2.1  Fiber encapsulation

The novel encapsulation technique is presented in Fig. 1 
and consists of six steps, from A to F.

(A): A 40-mm-long borosilicate capillary tube with 
internal diameter (ID) compatible with the outer diameter 
of the fiber is used as a ferrule.

(B): Both the ends of the capillary are annealed, and 
compressed air is blown through the capillary. This proce-
dure expands the ID of the capillary proportionally to the 
air pressure used. The front facet of the capillary is blown 
to reduce glass wall thickness to a less than 2 mm, in order 
to create a small cavity. The back facet is blown to obtain a 
slightly larger aperture with a smooth surface. This proce-
dure is important for injection of the fiber during assembly 
without damaging the fiber facet.

(C): During the annealing process of the front facet, 
a hole is opened on the sidewall of the capillary. A boro-
silicate tube is fused to the ferrule in order to have lateral 
access to the small cavity.

(D): The front facet of the ferrule is lapped/polished to 
an optical finish, and an aspheric lens (Thorlabs A230-C) is 
glued on top, using a low-outgassing thermal-curing epoxy 
glue.

A B C C

FFED

Fig. 1  Description of fabrication steps of the encapsulation method 
proposed (from a to f)
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(E): Once cleaved, the HC-PCF end is injected into 
the cell (from the back end of the ferrule), and the fiber is 
glued in position using the epoxy glue. The fiber is posi-
tioned at the focal plane of the lens by maximizing the 
coupling efficiency of a collimated beam launched though 
the lens. The step is repeated for both the facets using two 
such ferrules. The fiber is injected into the ferrules without 
stripping the coating, to improve the mechanical stability 
of the system.

(F): Both the cells are connected to a vacuum pump 
and to an acetylene vessel via the lateral tube, in order 
to purge the fiber before filling. The purging step takes 
about a week. During this step, a silicone-based vacuum 
sealant (VacSeal®) is put on the external surface of the 
epoxy layer to improve the sealing stability. Thanks to 
the solvent component, the sealant diffuses through the 
epoxy improving the sealing once cured. The sealant 
is cured at approximately 60 ° C for the entire purging 
step. Further considerations about the curing process 
are presented in Sect. 3.1, when the pressure stability 
of the system is investigated. Once the fiber is purged, 
the cavity is filled to the low-pressure 13C2H2 vapor. A 
butane flame torch is used to collapse and seal the lat-
eral tube.

This approach combines the easy pressure handling 
with the desired coupling efficiency (coupling loss 
below 2.5 dB), in a compact design. The coupling loss is 
comparable with the optimized free-space coupling con-
figuration reported in Table 1. In this sense, the proposed 
encapsulation technique aims to combine the goodness 
of both previously investigated technologies: the high 
coupling efficiency of the free-space approach, avoid-
ing unwanted Fresnel reflections/etalon effects typical of 
the splicing, and the size reduction achievable with the 
splicing techniques. This technique is likely to be useful 
for any kind of vapor source, reducing the contamina-
tion risk in case of potentially harmful vapor (like Rb) 
and avoiding use of high concentration of buffer gasses. 

Moreover, a non-permanent seal with good performance 
is possible using vacuum grease instead of the epoxy 
glue, which allows the cell to be cleaned and the fiber to 
be replaced.

2.2  Fiber specifications

The system is developed using the HC-PCF presented in 
Table 1, which had the best performance both in terms of 
fractional frequency instability and lock-point repeatability 
in a previously published work [18].

After being encapsulated and purged, the fiber is filled 
with 15 Pa of 13C2H2 vapor, which is a factor of two below 
the optimum pressure as discussed in Sect. 3.2. The result-
ing lower pressure with respect the optimum (30 Pa) is due 
to a mistake in the filling procedure. The optical absorption 
measured after the sealing confirms that ∼15 Pa of 13C2H2 
are loaded into the fiber. In the following discussion, we 
will refer to sealed gas-filled HC fiber as the stand-alone 
system, i.e., a sealed HC fiber not connected to an external 
vacuum apparatus.

2.3  Frequency‑locking scheme

The same SAS setup described in [18] is used to moni-
tor the performance of the stand-alone system (Fig. 2). 
A fiber laser source (Koheras E15 AdjustikTM) is split 
into two beams, called pump and probe, respectively. 
The pump beam is intensity modulated at 9 kHz (and 
blue-detuned by 35 MHz) using an acousto-optic mod-
ulator (AOM). The probe beam is blue-detuned by 
40 MHz using a second AOM, after being amplified 
by an erbium-doped fiber amplifier (EDFA). An elec-
tro-optic modulator (EOM) is used to phase modulate 
the probe at 32 MHz to generate the sidebands needed 
for frequency modulation spectroscopy. Two different 
configurations are used to test the performance of the 
stand-alone system (Fig. 2):

Table 1  Summary of the fiber characteristics

This fiber has been tested in [18], where it is called C7_ S

Specs Fiber Structure

Core (diameter) 7-cell (8.5µm)

MFD 5.4µm

Coupling (loss) 61 % (2.1 dB)

PM property Non-PM

Modes property Single mode

Length ∼2.7 m
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Configuration (a): The pump and probe beams are free 
space coupled to the sealed HC fiber, and the polarization 
of the two counter propagating beams is controlled using 
polarizing beam splitters (PBS) combined with zero-order 
half-wave plates. Using a beam splitter, the transmitted 
probe is collected for detection. This configuration is simi-
lar to the one described in [21].

Configuration (b): In the Plug&Play configuration, the 
stand-alone optical frequency standard is assembled in a 
compact and user-friendly configuration: The cells are placed 
inside a 30× 30× 15 cm

3 aluminum box, and all the opti-
cal components used to control the polarization are removed. 
Access to the HC fiber inside the box is accomplished via two 
FC/APC connectors. A fiber-based circulator on the pump 
arm is used to collect the transmitted probe signal.

In both configurations, the transmitted probe light is cou-
pled to a low noise detector with both AC and DC outputs. 
The fast signal is used to lock the laser to the optical transi-
tion, using a lock-in amplifier combined with a servo loop. 
The DC output is used to stabilize the probe power via the 
probe AOM. Both beams have a power of 5.5 mW at the 
HC fiber input (about 3.3 mW average coupled power). The 
power used is chosen to reproduce the experimental config-
uration in [18], in order to easily compare the performance 
between the stand-alone system and the results reported in 
[18]. Moreover, two equally intense beams reduce the pos-
sible frequency shift of the locking point due to the interac-
tion with any high-order HC fiber modes, as explained in 
[18]. A small fraction of the laser output is combined with 
the output of the reference laser (described in [5]), and the 
resulting beat signal is monitored with a fast photodiode and 

a frequency counter. In configuration (a), the polarization of 
the two counter propagating beams is orthogonal and linear. 
Despite the fact that fiber is not meant to be polarization 
maintaining, it is slightly birefringent because of the non-
perfectly circular core shape. Therefore, keeping the pump 
(probe) beam aligned to the fast (slow) axis of the fiber pre-
vents any instability caused by an unstable polarization con-
figuration in the light–matter interaction, as observed in [18].

In the SAS schemes described, the contribution to the full 
width at half maximum (linewidth) of the sub-Doppler tran-
sition profile due to the acetylene pressure is about 4 MHz 
[5] for an acetylene pressure of 15 Pa. The absorption of the 
13
C2H2 P(16) line for a 2.7-m fiber at 15 Pa is about 30 % [28]. 

The transit-time broadening is often the major limiting factor 
for SAS in HC fibers, because the small mode field diameter 
(MFD) is one to two orders of magnitude smaller than what 
is typically used in bulk vapor cell systems. This effect is the 
main limiting factor associated with this technology, and it is 
inversely proportional to the MFD. The transit-time broaden-
ing contributes to the linewidth with about 26 MHz for the 
fiber used [12, 29]. The linewidth of the sub-Doppler profile is 
expected to be around 29–32 MHz at the filling date.

3  Results and discussion

3.1  Pressure stability

In order to evaluate the pressure stability, the linewidth of 
the sub-Doppler feature is monitored for several months. 
In this configuration, the fiber laser is offset-locked with 

Fig. 2  Schematic layout of the 
SAS setup. OI Optical isolator. 
PBS Polarizing beam split-
ter. Half WP Half-wave plate. 
EDFA Erbium-doped fiber 
amplifier. FC/APC Fiber con-
nector/angle physical contact. 
Filled black line optical fibers. 
Dashed line coaxial cables. a 
Polarization-controlled scheme. 
b Plug&Play scheme (dashed 
contour). The detection scheme 
used is the same for both the 
configurations
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respect to the reference laser [5], and the offset frequency 
is scanned across the optical transition. The full sub-Dop-
pler optical profile is fitted with a sum of two Lorentzian 
functions with identical center frequency but individual 
linewidth and amplitudes. This approach allows us to take 
into account the contributions to the sub-Doppler feature 
from both the slow and fast molecules inside the HC fiber, 
as described in [12]. An example of the sub-Doppler profile 
of the stand-alone system is reported in [27].

Figure 3 shows the linewidth monitored over 200 days 
after filling. The system clearly suffers a pressure broad-
ening due to a leak point in the sealing and/or to a source 
of outgassing inside the cells. The linear regression of the 
data shows a broadening rate of 186 kHz/day with a stand-
ard uncertainty of 9 kHz/day. The estimated linewidth at 
the filling date is 32 MHz with a standard uncertainty of 
1 MHz, which is consistent with the expected value, see 
Sect. 2.3.

The broadening is due to a pressure increase inside the 
cell. The most probable scenarios that can cause this effect 
are as follows:

1. The fiber coating exposed inside the cell is outgassing 
due to the low pressure.

2. The presence of a leak in the sealing points.
3. The vacuum sealant (VacSeal) applied around the seal-

ing points is not cured completely (see Sect. 2.1). The 
solvent present in the uncured sealant diffuses through 
the glue, eventually degassing inside the cell.

In order to discriminate which source is compromis-
ing the performance of the system, a vacuum compatible 

box with glass windows is assembled. The stand-alone 
system is placed inside, and the box is connected to a vac-
uum pump and to a nitrogen vessel (99.99 % purity). The 
detection scheme is restored to the configuration (a), see 
Sect. 2.3. In this manner, we can manipulate the pressure of 
the atmosphere that surrounds the stand-alone system and 
monitor the linewidth evolution over time. If the broaden-
ing is caused by an internal outgassing source, the broaden-
ing rate will be independent of applied external pressure. 
If the sealing has a leak point, the broadening rate will 
increase/decrease proportionally to the increase/decrease 
in the external pressure. Moreover, exposing the cells to a 
low pressure could contribute to cure/evaporate the solvent 
remaining in the applied sealant layer. The following test-
ing scheme is implemented to the stand-alone system start-
ing from 230 days after filling:

Phase 1 The pressure that surrounds the stand-alone 
system is lowered down to 0.01 hPa. In this phase, we can 
neglect the pressure gradient between the cells and the 
surrounding.

Phase 2 The pressure that surrounds the stand-alone sys-
tem is increased to 3330 hPa (nitrogen atmosphere).

Phase 3 The box is opened, and the stand-alone system 
is exposed to the laboratory atmosphere (1010 hPa).

All the three phases are operated at room temperature, 
and the results are plotted in Fig. 4. The broadening rate 
registered in the first 230 days is plotted as reference (red 
dashed line). No statistical evidence of pressure broadening 
can be observed in any of the three test phases. Instead, the 
broadening rate stops during the first phase, confirming that 
the probable cause of broadening experienced in the first 
230 days is due to the uncured sealant. It is recommended 

Fig. 3  Sub-Doppler linewidth monitored after filling. The 
Plug&Play system was shipped to a project partner between 100 
and 180 days after filling [27]. Each data point is the mean value of 
multiple measurements of the linewidth. The error bars represent the 
standard deviation associated with each value. The red line represents 
the linear fit of the data

Fig. 4  Pressure test of the stand-alone system. Red dashed line pre-
vious broadening rate (Fig. 3) given for reference. Green line aver-
age of the data points. The different phases of the test are highlighted. 
Each data point is the mean value of multiple measurements of the 
linewidth of the sub-Doppler feature. The error bars represent the 
standard deviation associated with each value
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by the manufacturer to cure the sealant over about 
four days at 240 ° C, which is not feasible without dam-
aging the fiber. A low-temperature curing approach may 
cure well the outer layer of the sealant applied, trapping 
the solvent within the polymer for many months, creating 
a continuing outgassing problem [30]. This result demon-
strates that the sealant can be successfully cured adding a 
vacuum treatment step for about a couple of weeks instead 
of an high-temperature exposure. This curing approach can 
be implemented simultaneously to the fiber purging step, 
thus solving the issue without increasing the total fabrica-
tion time.

The data presented in Fig. 4 show an average linewidth 
of 77.5 MHz with a standard uncertainty of 0.9 MHz. 
The acetylene-equivalent pressure of the system is around 
200 Pa, calculated using the self-broadening coefficient 
reported in [5]. This estimate only gives an order of mag-
nitude for the pressure at the end of the test. To give a reli-
able pressure estimate, the composition of the introduced 
gasses with their relative broadening coefficients is needed. 
A linear regression of the data shows a slope of −13 kHz/
day with a standard uncertainty of 18 kHz/day. This trend 
is compatible with a negligible pressure broadening over 
two months. From the slope and the corresponding uncer-
tainty, we estimate an upper limit for the residual broad-
ening of +5 kHz/day, which corresponds to a rate below 
2 MHz/year.

3.2  Frequency instability

The performance of the stand-alone system is compared to 
the reference laser described in [5], both in terms of fre-
quency instability and locking-point repeatability. All the 
measurements presented here are repeated five times to 
check the performance repeatability. Figure 5 represents 
the fractional frequency instability of the beat note between 
the laser locked to the stand-alone system and the refer-
ence laser [5]. The figure includes also a comparison with 
previously published results for a laser stabilized to a per-
manently sealed HC fiber filled with acetylene [21]. The 
free-running laser performance as well as the lower-limit 
instability achieved with the actual fiber [18] is shown as 
a reference.

The performance in configuration (a) shows a fractional 
frequency instability well below 1× 10

−11 for averaging 
time 1 < τ < 10

4 s. The difference between configuration 
(a) and [18] in terms of instability (a factor of 2.5) can be 
ascribed to the slightly different configurations involved. 
The stand-alone system is characterized by a lower fill-
ing pressure and slightly shorter fiber (2.7-m fiber filled 
at 15 Pa) as compared to the fiber used in [18] (3-m fiber 
filled at 29 Pa). This difference contributes to decrease in 
the amplitude of sub-Doppler signal by approximately a 

factor of two, increasing the instability proportionally in 
the short timescale. Moreover, the data reported in [18] are 
acquired in a temperature-stabilized environment, which 
contributes to lower the instability. These facts allow us to 
infer that the instability of the stand-alone system (and of 
the Plug&Play as well) can be lowered by a factor of two 
by optimizing the fiber length and the filling pressure.

The performance in Plug&Play configuration (b) is com-
parable with the one reported in [21], but with a slightly 
simpler setup, avoiding the fiber-optic polarization control-
ler and with ready-to-use fiber connectors. The importance 
of the polarization control on SAS in HC fibers has already 

Fig. 5  Fractional frequency instability (Allan deviation) of the two 
different configurations. Green filled squares configuration (a). Red 
filled circles configuration (b). The results published in [21] (black 
filled circles), in [18] (blue filled triangles), and the free-running laser 
performance (black empty squares) are plotted for reference

Fig. 6  Frequency of the locked laser over time. The results are plot-
ted with a relative shift of 100 kHz for clarity, after the frequency of 
the reference laser [5] is subtracted. The best frequency offset perfor-
mance achieved with the actual HC fiber is plotted for reference [18]. 
The colors are the same assigned in Fig. 5
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been reported [18, 21], and it is confirmed by the analysis 
of the frequency offset data in Fig. 6. The frequency dif-
ference between the laser locked to the stand-alone system 
(both in (a) and (b) configurations) and the reference laser 
[5] is presented. The data are plotted with a relative shift of 
100 kHz for clarity. The performance of the actual HC fiber 
as reported in [18] is plotted for reference.

The frequency fluctuations in the Plug&Play configu-
ration (b) with respect to the configuration (a) where the 
light polarization is controlled are clearly confirming that 
the absence of polarization control of the launched light is 
detrimental for the stability of the locked laser. The data 
in configuration (b) are acquired 60 days after the meas-
urements in configuration (a). During the time elapsed, 
the linewidth increased by approximately 12 MHz (about 
30 % increase) because of the broadening rate. This effect 
gives a small contribution to the increased instability of the 
Plug&Play system with respect to the configuration (a). 
The increased instability is mainly ascribed to the absence 
of polarization control (factor of 7.5) with a minor contri-
bution due to the increased linewidth (factor of 1.3).

Finally, the lock-point repeatability is measured on five 
different days for both configurations (Fig. 7) over one 
week. In configuration (a), the stand-alone system shows 
an average shift of −3.3 kHz with respect to the reference, 
with a standard deviation of 5.3 kHz, which is compara-
ble with the results we reported in [18]. In the Plug&Play 
configuration (b), the system shows an average shift of 
+46 kHz, with a standard deviation of 103 kHz. This anal-
ysis confirms the importance of the polarization control on 
the light launched into the HC fiber. In order to preserve 
the outstanding stability/repeatability observed in configu-
ration (a), suitable oriented polarization maintaining fibers 
can be implemented in the pump/probe arm.

4  Conclusion

We have developed a stand-alone optical frequency stand-
ard based on a portable compact gas cell made of a sealed 
HC fiber filled with 13C2H2. The performance of the novel 
encapsulation technique is investigated, and the pressure 
stability is characterized over almost a year. No pressure 
increase is observed over the last 60 days, with the residual 
broadening rate having an upper limit below 2 MHz/year. 
To our knowledge, this result demonstrates the long-lasting 
pressure stability of a sealed gas-filled HC fiber for the first 
time, solving a crucial technical issue for a future com-
mercialization of similar systems. The stand-alone system 
is tested in terms of fractional frequency instability show-
ing an Allan deviation below 8× 10

−12 for an averaging 
time up to 104 s (in a polarization-controlled configuration). 
The frequency of the lock point is repeatable to ±5.3 kHz 
(standard deviation over five measurements), resulting in 
the most stable and accurate laser system locked to a per-
manently sealed acetylene-filled HC fiber published so 
far [21]. The system is also assembled in a user-friendly 
configuration (Plug&Play) that shows comparable perfor-
mance with respect to previously reported results [21], but 
involving a simpler detection setup. The Plug&Play opti-
cal frequency standard fits in a box of 30× 30× 15 cm

3

, equipped with fiber connectors. The system was also 
shipped to partners in Helsinki with unchanged perfor-
mance before/after the shipment, proving the real portabil-
ity of the optical frequency standard. Future improvements 
will address the optimization of the main parameters such 
as gas pressure, fiber length, and saturation power. Further 
reduction in physical size will be addressed as well.
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