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A B S T R A C T

We present a hollow-core fiber (HCF) gas cell with light launched and collected via standard solid-glass core
single-mode fibers (SMFs). Gas delivery is realized via a 100 μm gap between the SMF and HCF with light low-
loss coupling optimized for such a gap. Coupling into higher-order modes as well as the Fresnel reflections at
the SMF-HCF interface are strongly suppressed to minimize unwanted multi-path interference. The assembled
HCF gas cell including the gas inlet is encapsulated in a conventional metallic T-piece for easy gas filling,
venting, and sealing. Thanks to its numerous features, such as alignment-free design (once fabricated), above-
described promising optical performance, and compactness, we believe it will be of interest for applications
in gas sensing and as gas references.
1. Introduction

Gas sensing using hollow-core fibers (HCFs) has been shown [1]
to enable gas detection at sub-ppb sensitivities [2] thanks to the long-
length gas-light interaction. In the research laboratories, light is usually
coupled to and from the HCF using free-space coupling via an optical
window/lens embedded in the gas cell [3–5]. However, practical gas
cells would ideally be alignment-free (once fabricated). Thus in most
applications, light delivery to and from the gas cell is expected to
be via standard optical fibers optimized for the wavelength range of
interest [5–7]. However, there are several challenges to achieving this.

The first challenge is associated with the gas filling time, which is
significantly reduced when using HCFs with large core diameters, such
as the state-of-the-art antiresonant fibers [8]. A large core implies a
large mode-field diameter (MFD) of the HCF fundamental guided mode.
Thus, the interconnection between the delivery fiber and the HCF needs
to accommodate for the difference in the MFDs of these two fibers.
Besides low insertion loss, it is also important to minimize coupling
into higher-order modes to avoid multi-path interference that degrades
the performance, especially in absorption spectroscopy [6].

A further challenge lies in delivering the gas sample to the HCF.
For an HCF gas cell spliced to delivery (solid-core) fibers, this can be
done, e.g., via the drilling of side holes [5] or by splitting the HCF
into shorter segments [6]. Another solution represents the ’mechanical
connection’ of the HCF and delivery fibers, leaving a small gap between
them [5,9,10]. However, such a configuration requires further effort to
ensure long-term stability. This can be addressed via gluing [11]. In all
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these reports, MFD matching that takes into account the gap between
the delivery fiber and the HCF was not considered, allowing for only
very small (1–3 μm) gaps.

The last key challenge is the Fresnel back reflection. For example,
for silica single-mode fibers (SMFs), light travels from silica (refractive
index n = 1.45 at 1550 nm) to air in HCF (n = 1), causing a 3.5% Fresnel
back reflection. When such reflections are at both the input and output
of the gas cell, it causes parasitic Fabry–Perot resonances, leading
to significant degradation in the gas cell performance. These back
reflections can be suppressed when delivery fibers are anti-reflection
(AR) coated [1] or angle-cleaved [12]. Angle-cleaving in the context
of gas cells was reported to increase the insertion loss and higher-order
mode coupling. This could be addressed by angle-aligning the HCF with
angle-cleaved delivery fiber or combining it with angle-cleaving with
AR coatings, which was demonstrated to provide the necessary gap
for gas delivery [13]. However, such connections have not yet been
demonstrated to enable gas delivery in the form of a gas cell.

As elaborated above, there are reports on addressing one or two of
the above three challenges or having the potential to address all three.
However, to the best of our knowledge, none of the solutions has been
demonstrated to address all of the challenges at the same time while
ensuring robustness and performance stability.

Here, we propose an all-fiber HCF gas cell that addresses all three
key challenges mentioned above. It is based on the HCF interconnection
technique we showed to have 0.15 dB SMF-HCF loss that was reciprocal
for HCF-SMF, with back-reflection levels well below −30 dB and sup-
pressed parasitic coupling into higher-order modes [14]. Its schematics
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Fig. 1. Schematics of the SMF-HCF connection that (a) includes mode-field adaptation
using 1/4-pitch long GRIN with AR-coating, directly glued on the HCF [14] and (b)
GRIN longer than 1/4 pitch with AR-coating that produces optimum coupling into the
HCF via a small gap [15], suitable for gas filling.

is presented in Fig. 1a, showing a short segment (1/4 pitch) of a graded
index multi-mode fiber (GRIN) serving as a mode field adapter between
the SMF and HCF. The GRIN is spliced with the SMF and an AR coating
is deposited on its surface. This assembly is then aligned using 5D stages
(x,y,z, pitch, and yaw) with the HCF, and the entire assembly is glued
together.

During gluing, the insertion loss was reported to be negligible
(within 0.01 dB [14]) and showed long-term stability over several
months and also during thermal cycling [16].

We recently demonstrated how this low insertion loss technique
could be modified to obtain an air gap between SMF and HCF while
maintaining low-loss interconnection [15]. It is schematically shown
in Fig. 1b. By using GRIN which is slightly longer than 1/4 pitch, the
output beam is slightly focusing, reaching the beam waist at a certain
distance, where the light is low-loss coupled into the HCF. This distance
creates an air gap, which we suggest here to use for gas delivery into
the HCF. We show how the gas delivery is enabled while keeping the
excellent stability of the interconnection. The interconnection with the
gas inlet is subsequently inserted into a standard metallic T-piece to
enable easy and controllable gas delivery [17]. In a proof-of-principle
demonstration, we show a 10-m-long gas cell with parasitic Fabry–
Perot resonances strongly suppressed and an air gap of 100 μm for gas
delivery. We believe that the developed platform will be of interest
to gas cells such as for frequency references and ultra-sensitive gas
sensing.

2. Gas cell design and assembly

We first connect SMF pigtails to both HCF ends. A detail of the
SMF-HCF connection is shown in Fig. 2. For the adaptation of the MFD
between the SMF and HCF, we splice a short piece of a GRIN multimode
fiber onto the SMF first [15], Fig. 2. As discussed earlier, we use GRIN
slightly longer than 1/4 pitch to achieve low-loss coupling while having
a small gap between the HCF and the GRIN [15]. This gap enables gas
ingress/egress from the HCF.

In practice, the process of our SMF-HCF connection, Fig. 2, consists
of gluing SMF+GRIN and HCFs into two 1.00-mm outer diameter glass
capillaries (blue in Fig. 2) that are subsequently inserted into an overlap
glass capillary (grey in Fig. 2). This outer glass capillary has a hole filed
on its side for gas delivery (Fig. 2). The inner diameter of the overlap
capillary is 1.05 mm, which is 50 μm larger than the outer diameter of
2

Fig. 2. Gas cell interconnection assembly: Overlap capillary (grey) with two capillaries
containing HCF and SMF+GRIN (blue) aligned and glued inside it.

Fig. 3. Measured back-reflection of the AR-coated SMF+GRIN mode-field adapter
compared to a flat surface of an uncoated mode-field adapter.

the inserted 1.00 mm capillaries. This gives enough room for aligning
the SMF+GRIN with the HCF but is small enough to enable subsequent
gluing without losing the alignment [13].

As for the GRIN fiber, we used OM2 multimode fiber, which we
spliced to SMF-28 and glued into the 1 mm diameter, 5 mm long cap-
illary. Subsequently, we polished it to the desired GRIN fiber length of
∼310 μm (30 μm longer than quarter pitch to obtain desired GRIN-HCF
gap of 100 μm [15]). We created four samples, where two were then
deposited with an AR coating (4-layers SiO2/TiO2 with a minimum
reflection at 1550 nm). The AR coating not only allows suppression
of Fresnel losses which contribute to 0.16 dB insertion loss on each
HCF-SMF connection, but primarily reduces the parasitic Fabry–Perot
etalon effect.

The measured back-reflection from AR-coated SMF-GRINs is shown
in Fig. 3 together with the back-reflection expected from the uncoated
samples. We see the minimum reflection at 1568 nm with a back-
reflection level at −38 dB. This is a good value for AR coatings, but can
be further lowered below −60 dB (considered as reflection-free level)
by having an angled interface or by combining the angled interface
with AR coating, as we demonstrated in [13].

We used a 10 m long, 6-tube nested anti-resonant nodeless fiber
(NANF) with the core size of 34 μm (corresponding MFD of ∼24 μm at
1550 nm) and the measured attenuation of ∼0.35 dB/km at 1550 nm.
The HCF structure is visible in Fig. 2. For the HCF, it was first cleaved
and then glued into a similar glass capillary as the SMF+GRIN (1 mm
outer diameter and 5 mm length).

Fig. 4 shows the glued SMF+GRIN-HCF assembly prior to encapsu-
lation into the metallic T-piece to enable controlled gas delivery. For
this, we used a small 3-port metallic T-piece from Swagelok Ltd., Fig. 5.
The metallic T-piece contained two neoprene rubber seal feed-throughs
for fibers (Spectite Ltd.) and the third port allowed connection to the
gas delivery system. The entire component is rated to withstand 200 bar
of pressure. We have created two HCF gas cells — one with and one
without AR coating.
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Fig. 4. Photo of the aligned and glued gas cell SMF+GRIN-HCF coupling.

Fig. 5. (a) Schematic and (b) photo of the finished SMF+GRIN-HCF assembly in the
T-piece that allows for gas delivery.

3. Gas cell characterization

Following the assembly, we measured the gas cell transmission over
a broad wavelength range of 1300–1700 nm using a supercontinuum
source (SC, Fianium SC400), see the measurement setup in Fig. 6.
Particularly prominent spectral features were observed in the 1300–
1400 nm band, which showed absorption dips due to water vapor
presence in the HCF. We show detail over the 5 nm spectral window
in Fig. 7, where we purged the gas cell with Argon for 2 h and
subsequently up to 19 h, observing the expected reduction of the
water absorption dips, without any observable indication of the gas cell
performance degradation in terms of optical losses.

Demonstration of the absence of the parasitic Fabry–Perot reso-
nances requires spectral analysis with better resolution than offered
by our OSA (0.01 nm corresponding to 1.25 GHz at 1550 nm), as
they are expected to have a period of 15 MHz for our HCF length
of 10 m (considering refractive index of an air-filled HCF core). For
this purpose, we use a continuously sweeping laser (EXFO T100S-HP)
as a source and a photodiode at the detection side connected to an
oscilloscope. For wavelength, we chose 1480–1481 nm, which was a
compromise between the wavelength range at which our AR coating
operated (1500–1650 nm for back-reflection <−30 dB, with 1480 nm
showing only slightly-worse value of −28 dB, Fig. 2) and region with
prominent water absorption dips (1300–1480 nm). Results obtained
3

Fig. 6. Water peak absorption measurement setup for absorption spectroscopy using
prepared HCF gas cells.

Fig. 7. Measured transmission spectra of the HCF gas cell during purging with Argon.

Fig. 8. Gas cell transmission measured at high resolution for gas cells with AR-coatings
and without coating, showing parasitic Fabry–Perot resonances.

with both prepared gas cells (with and without AR coatings) showing
two water absorption dips are shown in Fig. 8.

We can observe that the parasitic Fabry–Perot resonances in the
gas cell without AR coating cause fast changes in the transmission of
as much as 7.5%. These parasitic resonances are not observed in the
gas cell with AR-coating, in which the power fluctuations seem to be
limited by random noise, most probably due to the stability of the
sweeping laser. Further, we do not see any power fluctuations due to
multi-path interference due to higher-order modes, which is expected
to have a period of 0.2 nm (for LP11-LP01 interference with LP11 mode
attenuation of 35 dB/km) and 0.1 nm (LP02-LP01-interference with LP02
attenuation of 2100 dB/km).

We have not studied gas cell performance under low-pressure or
vacuum conditions, where outgassing of the used glue may pose limi-
tations to the achievable level of the vacuum. This will be the subject
of our follow-up study.
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4. Conclusion

We have developed compact all-fiber HCF gas cells, which require
no alignment after the initial assembly. The gas cells are based on
active alignment and subsequent gluing, which minimizes coupling
into higher-order modes (thus minimizing multi-path interference).
Furthermore, we applied anti-reflective coatings, which led to signif-
icant suppression of parasitic Fabry–Perot resonances. As these two
effects were previously identified as two major limitations to all-fiber
HCF gas cells [6], the presented approach promises to achieve high
sensitivities (e.g., ppb-level of gas detection), previously possible only
with free-space-optics interrogated HCF gas cells.
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