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Hollow-core fibers (HCFs) are a potentially transformative fiber technology, where light is confined within a hol-
low core surrounded by a cladding composed of air holes defined by glass membranes. Dramatic reductions in the
minimum losses achieved in a HCF are driving forward their application in low-latency data transmission and ultra-
high-power delivery, and maximizing their performance is of increasing interest. Here, we demonstrate that introducing
an extremely small gas-induced differential refractive index (GDRI) between the gas within the core and cladding regions
of a HCF enables dramatic changes to a HCF’s optical properties, including loss, bend loss, and modality. Within this
work, we focus on a tubular HCF and demonstrate through experiment and simulations that the confinement loss of
this fiber can be reduced by a factor of 5 using a differential pressure of only 6.7 bar. Understanding GDRI is critical
for applications where the gas content within the fiber is actively controlled. Moreover, GDRI provides a new means to
control the optical properties of a HCF post-fabrication, opening up new areas of design space and providing a tool to
tailor and enhance the optical performance of even state-of-the-art HCFs.
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1. INTRODUCTION

Hollow-core guidance reduces nonlinearity, increases bandwidth,
and offers a route to ultra-low loss in optical fibers [1-3]. HCFs
also provide an enhanced path length for gas-light interactions,
as the core-guided light interacts with the gas over the entire fiber
length. This feature has been extensively exploited for gas detec-
tion [4-6], non-linear optics [7,8], and light generation [9,10].
Furthermore, actively controlling the gas content within the core
and cladding holes provides a means to tailor the fiber’s dispersion
post-fabrication [10].

To optimize a HCF’s attenuation, bend loss, and modality
[11-13], several structural parameters, including the cladding tube
number and size, can be modified during the fiber’s design and
fabrication. However, these geometry modifications are limited by
performance trade-offs in fiber design and fabrication constraints
[14,15], and an alternative approach for modifying a HCF’s
optical properties is of great interest.

Here, for the first time to our knowledge, we explore a new
regime whereby the gas content within the core of a HCF is con-
trolled independently from that in the cladding holes to create a
gas-induced differential refractive index (GDRI) between the core
and cladding holes. This can be achieved experimentally by filling
these regions with gases of differing pressures and/or compositions.
We show through both experiment and simulation that GDRI
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significantly modifies a HCF’s fundamental optical properties,
including attenuation, modality, and bend loss.

2. PRINCIPLE OF OPERATION

To elucidate the impact of GDRI on the optical properties of a
HCE we first consider a simplified model of optical guidance.
Figure 1(a) shows a scanning electron microscope (SEM) image
of a tubular hollow core antiresonant fiber (HC-ARF) which is
used throughout this paper. For key structural parameters for this
fiber, along with simulated and experimental loss measurements,
see Fig. S1 of Supplement 1 The core typically supports many
air-guided modes, as do the smaller cladding tubes, but due to the
close proximity of the cladding to the fiber jacket inner boundary,
cladding modes are highly lossy. If the effective indices of a core
and cladding mode are similar, phase-matching leads to an increase
in the loss of the core mode as it resonantly couples to the higher-
loss cladding mode. Therefore, to achieve low loss, the core must
support modes with a higher effective index than the cladding.

If we approximate the fiber core as a circular capillary, the modal
effective index, as a function of the gas refractive index 7, at pres-
sure P, temperature 7', wavelength X, and capillary radius 7, can be
calculated analytically by [16]:

w2, A\’
=.[n2 (\, P, T)— 2= 1
Moum \/ngas( P T 4n2<r> : (1)
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Fig. 1. (a) Scanning electron micrograph (SEM) image of the tubular
fiber used in this work. (b) (top) Simulated mode field profiles of the
fundamental core and cladding modes of the HC-ARF in (a); (bottom)
Schematic representation of relative effective indices for the core and
cladding modes in a HC-ARE, with the core at atmospheric and elevated
pressure. The raised core pressure induces an increase in the core refractive
index, which alters the core-to-cladding mode coupling, impacting the
fiber’s optical properties.

where u,,, is the mth zero of the nth-order Bessel function of the
firstkind. The conventional approach to control coupling between
the core and cladding modes of a HCF focuses on geometry; for
example, the core will support modes with effective indices higher
than the cladding if its diameter is larger than that of the cladding
holes. However, changing 7, via gas pressure or composition
offersanother approach.

To illustrate the concept, in the following, we consider the case
of a tubular fiber with seven tubes, like the fabricated fiber shown in
Fig. 1(a). Using Eq. (1), the difference between the effective indices
(Angy) foran LPy; mode guided in a capillary of radius 10.25 and
4.35 um (corresponding to core and cladding tubes, respectively)
is Ang; =0.0054 (for 1.3 pm wavelength and Argon at s.t.p.).
Increasing the core pressure to 10 bar (increasing 724,) raises the
modal effective index by 0.0023, and A#ng; increases to 0.0077.
While small, this change is sufficient to dramatically alter mode
coupling and therefore the optical properties of the HCF; this is
shown schematically in Fig. 1(b).

3. NUMERICAL AND EXPERIMENTAL RESULTS
We first quantify the impact of GDRI on the optical properties

of the fiber in Fig. 1(a) by numerical simulations. The modes of
this fiber were solved using a fully vectorial finite element solver
(COMSOL Multiphysics). To implement GDRI, the fiber’s core
and cladding are pressurized with Argon gas to define a differen-
tial pressure, both negative (positive), where the cladding (core)
pressure is raised and the core (cladding) keptatone bar.

The contour plots in Figs. 2(a) and 2(b) show the variation in
confinement loss (CL) in the first (near-IR) and second (visible)
transmission windows as a function of wavelength and differen-
tial pressure (note logarithmic scale). The top panels show the
calculated change in CL with differential pressure, normalized to
the loss with zero applied differential pressure for a few selected
wavelengths. Notably, GDRI enables a > 5x loss reduction towards
the short wavelength edge of the first window and across the second
transmission window. While only CL is considered here, this tends
to be the dominantloss mechanism in state-of-the-art HC-ARFs.

Figure 3(a) shows higher-order mode (HOM) loss as a func-
tion of differential pressure at 1.3 pum; pressurizing the core
(positive differential pressure) reduces the loss of all core-guided
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Fig. 2. (a) Simulation results for tubular HCF considering elevated
core and cladding pressures. Contour plot of simulated confinement loss
(fundamental mode) across the visible guidance window with wavelength
and differential pressure. Top panel: loss plotted for various wavelengths
(indicated by corresponding dashed lines on the contour plot) with differ-
ential pressure, normalized to the loss when both the core and cladding are
atequal (atmospheric) pressure. (b) As (a) but for the near-IR transmission
window.
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Fig.3. (a) Modal confinement loss with differential pressureat 1.3 pum.

(b) Simulated bend loss for selected values of differential core pressure at
1.3 um.

modes. Similarly, Fig. 3(b) indicates significant reduction in
bend sensitivity as the core pressure is elevated; bend loss is a
performance-limiting factor for tubular HCFs in applications
which require coiled fiber, such as gyroscopes or compact gas
sensors.

To verify these simulations, the near-IR transmission of 25 m
of the tubular HCF shown in Fig. 1(a) was measured while being
filled with Argon gas from one end (at a gauge pressure of 6.7 bar
via a gas cell equipped with an optical window; see Fig. S2 of
Supplement 1) while the other end was at atmospheric pressure.

For this initial experiment, the cladding holes were sealed so the
gas solely pressurized the core. The measured near-IR transmission
at atmospheric and raised average core pressure [see Methods,
Eq. (5)] is shown in Fig. 4(a), clearly demonstrating a substantial
increase in the transmitted power and spectral bandwidth for the
latter case. The change in measured power between atmospheric
and raised average core pressure is also plotted here and indicates an
improvement of ~10 dB at a wavelength of 1.3 pm. The change
in transmission predicted by the numerical modeling is also shown
and is in excellent agreement for simulation parameters closely
matching the experimental conditions (see Methods).

Figure 4(b) shows the change in fiber attenuation with time for
three wavelengths within the first transmission window. As the core
is pressurized, the transmitted power rapidly increases, reaching
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Fig.4. (a) Measured near-IR transmission window (solid red curve) for
zero differential pressure (core and cladding atmospheric pressure), and
for a gauge pressure of 6.7 bar at one end of 25 m of tubular HC-ARF, and
atmospheric pressure at the other end (dashed red curve). The solid blue
curve shows the change in transmitted power calculated from these exper-
imental results and the dashed blue curve shows the simulated change in
loss considering the experimental conditions. The feature between ~1.35
and 1.40 pm is due to absorption by residual water vapor within the
introduced Argon gas. (b) Measured change in transmitted power versus
time for three selected wavelengths, while the fiber core is pressurized
[from 0 minutes and using the same experimental setup as in (a)] and then
while both ends are vented to atmosphere (from 106 min). Note that at
1.15 um, the curve dips below zero; this is attributed to greater instability
of the supercontinuum source at this wavelength. (c) Simulated loss
integrated over a 25 m length (considering pressure gradient along core,
see Methods, to reflect the experiment) against wavelength for various
inlet pressures (1 bar steps). (d) Transmitted power over three wavelengths
during pressurization and subsequent venting of both core and cladding
using the same fiber and experimental conditions as (a) (but without the
cladding holes being sealed). Note that the filling process started at 0 min
and, after the fiber transmission had stabilized, the venting process started
at~130 min. Note also the contrast to the behavior depicted in (b).

~90% of its maximum value after ~10 min, then plateauing once
the core fills completely. The fiber permanently remains in this
“low loss” state due to the increased confinement of the guided
mode. After ~105 min, the core is vented and the transmitted
power falls back to its initial state, demonstrating the complete
reversibility of this process (for animation, see Visualization 1.

Figure 4(c) shows the simulated loss integrated over a 25 m fiber
length for several core pressures and highlights that even a small dif-
ferential pressure (<1 bar) is enough to see a measurable change in
the attenuation and bandwidth.

Next, we performed a second experiment in which the cladding
holes were also open to a change in pressure. The change in trans-
mission with time as gas pressure was applied to both the core and
cladding holes is shown in Fig. 4(d). At the beginning of the filling
process, the transmitted power rose; it then peaked and after some
time started decaying back to its initial state, which it reached after
~130 min. At 130 min, the HCF was vented (to atmosphere)
and the reverse happened but over a longer time scale. This behav-
ior, which sharply contrasts the sealed cladding hole case, can be
attributed to the interplay between the filling dynamics of the core
and cladding. Specifically, as the core diameter is ~2 times that
of the average cladding capillary, it initially fills ~4 times faster
[17]; during this time, the core has a higher refractive index than

the cladding and hence confinement loss is reduced. The average
pressure in the capillary tubes will then continue to rise, even after
the core pressure reaches steady state, until it equalizes, eliminating
the refractive index difference and returning the fiber attenuation
to its original value. Conversely, when the fiber vents to atmos-
phere, the core empties at a faster rate such that its pressure (and
hence refractive index) are lower, increasing the fiber attenuation
until a steady state is reached. These transient changes in the optical
properties of a HCE as both the fiber core and cladding regions
fill, are extremely important for any application which requires
the HCF to be filled with gas—for example, for high sensitivity
gas detection [5]. Until now, the filling time for a HCF typically
only considered the time to fill the fiber core; here, we show that the
filling time of the cladding holes (which is usually notably longer)
should also be considered.

4. IMPACT OF CAPILLARY SIZE

Here, we begin to extend this study. To compare the impact of
GDRI and cladding capillary size for the fiber design discussed so
far, a range of geometries with varying capillary sizes was modeled
(Fig. 5). The core radius R, the number of tubes and their thick-
ness, ¢, were kept constant at 10.25 um and 446 nm respectively,
while the capillary tube inner radius  was varied from small capil-
laries 0.292 times the core size up to the largest possible capillaries
the structure can house without them contacting.

Figure 5(a) shows the variation in CL with differential pres-
sure and 7 / R (see Fig. $4 of Supplement 1 for CL in the visible at
620 nm). For differential pressures in the range from —1 to 1 bar,
the CL reaches a minimum for » /R ~ 0.55 and then begins to
increase for higher 7/ R (corresponding to larger capillaries), due
to increasing coupling between core and cladding modes. For
an applied differential pressure greater than ~1 bar, the relative
increase in the effective indices of the core modes compared to

® (ii) (iii)

—_
Q
~

£ o
(w/gp) sso

N

o

o

~

N

—_
(=)}
Differential Pressure (bar) ~ Differential Pressure (bar)
>
oney uonounx3y NOH

o

0.30 0.35 0.40 0.45 0.50 0.55
riR

Fig. 5. (a) Effect of both pressurization and cladding tube size on the
loss of the fundamental mode, and (b) HOM extinction ratio (ratio of
losses between the lowest-loss LP;; HOM and the fundamental mode)
for an idealized tubular HC-ARE The x axis is capillary inner radius, 7,
normalized to the core radius R. The core radius, membrane thickness
t, and wavelength were all kept fixed at 10.25 pm, 446 nm, and 1.3 um,
respectively. The top panel shows structures corresponding to r / R values
0f0.292, 0.424, and 0.697, and their respective positions are indicated on
the contour plot.
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the cladding modes reduces core—cladding mode coupling such
that CL significantly reduces and the minimum CL value shifts to
higherr/R.

The tubular HC-ARF in Fig. 1(a) has a similar design to that in
Fig. 5(ii), where the ratio between the loss at 7 and 0 bar of differen-
tial pressure is 2.8. With a very large r / R ratio of 0.697, Fig. 5(iii),
an even greater reduction in loss is predicted, with a ratio as high
as ~33. While these ratios and the required pressure are specific to
this fiber structure, these simulations give an idea of the impact of
GDRI as a function of different fiber design parameters.

Figure 5(b) shows the HOM extinction ratio, defined as
the ratio of losses between the lowest-loss LP;; HOM and the
fundamental mode. For high r/R values, this ratio decreases
substantially with increasing core pressure, again highlighting
that HOMs can be supported with lower loss and that for designs
with large capillaries, Fig. 5(iii), the HOM extinction ratio can
be decreased by >10x using GDRI. It is desirable to decrease the
HOM extinction ratio for several applications including, for exam-
ple, where these fibers are used for mode division multiplexing,
utilizing the fiber modes as separate communication channels [18].

This demonstrates a key aspect of GDRI: while it is possible
to reduce the capillary size to create the same A#ng; as achieved by
raising the core pressure, the loss via this conventional approach
is much greater due to the closer proximity of the core to the glass
jacket. GDRI therefore allows multi-mode HCFs to have more
low-loss HOMs.

Within this paper, we have focused on tubular anti-resonant
HCFs. However, it should be noted that GDRI will also impact
the optical properties of other HCF designs, including the latest
Nested Antiresonant Nodeless Fibers (NANFs), which are now
moving very close to achieving similar losses to conventional silica
fibers [1]. Studying the impact of GDRI in other HCF designs and
investigating the potential of GDRI as a tool to further enhance
the optical properties of these HCFs will be further investigated in
future work.

5. CONCLUSIONS AND OUTLOOK

In conclusion, we have demonstrated that a very small refractive
index change induced by different refractive indices between the
gases in the core and cladding regions of a HC-ARF can signifi-
cantly affect the fiber’s confinement loss, bend loss, and modality.
For the fiber considered here, experimental results and simula-
tions show that raising the gas pressure in the fiber core by 7 bars
with respect to the cladding reduces confinement loss fivefold.
There are several arenas where fully understanding and calibrating
GDRI is essential. These include applications which require active
control of the gas content within a HCE including gas sensing
and various non-linear optics applications. Furthermore, GDRI
needs to be considered in HCF characterization, as immediately
after fabrication the gas within the hollow core is at a pressure
significantly below atmospheric [19]. For long fiber lengths, the
core gas pressure will equalize to atmospheric over many days or
weeks and the transmission of the HCF will change during this
period, as the core will equalize faster than the cladding holes,
creating a transient GDRI. In other applications, this technique
has potential for increasing sensitivity and reducing the form factor
of HCF-based sensors e.g., for trace gas detection [5,6] providing
a means to control modality in power delivery [3], and optical
gyroscopes [20,21], where high modal stability is desired. Finally,
GDRI has potential to be applied as a new tool post-fabrication to
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create HCFs with combinations of optical properties that are so far
notachievable using conventional approaches.

6. METHODS
A. Transmission Measurements

Light from a Fianium (NKT Photonics) supercontinuum source
was coupled into the HCF via a butt-coupled LMA-15 launch fiber
for mode field diameter matching. To establish a pressure gradient,
the output end of the HCF was secured in a custom-designed gas
cell filled with Argon gas at a gauge pressure of 6.7 bar (Fig. S2,
Supplement 1). The gas cell has an integrated window that grants
optical access from which the output beam can be collimated (viaa
free space lens arrangement) and then focused into a multi-mode
fiber connected to a Yokogawa AQ-6315A optical spectrum ana-
lyzer (wavelength range 400-1750 nm). For all the measurements,
the fiber was loosely wound on a 15 cm diameter spool under low
tension.

Upon applying heat externally to a small section of the fiber,
the thin silica membranes contract, causing the tubular capillary
elements to collapse. Measurements in which solely the core region
was pressurized were thus executed by collapsing the cladding tubes
using an arc—fusion splicer as the point of the gas inlet. Figure S3(a)
shows a side-on image of the fiber after the collapse where the
microstructure tapers outwards from the collapse point which
forms a waist. Cleaving at the taper waist results in the end-facet of
the fiber being exposed with sealed capillary tubes, see Fig. S3(b),
while leaving the core intact to allow the outcoupling of light,
albeit with a reduced diameter of ~14 pmSupplement 1. The
collapsed end-facet is then contained in the gas cell. Note that in
this work we did not focus on minimizing the loss of the cladding
collapse technique, this being a proof of principle experiment.
Other techniques, such as machining microchannels along the
fiber between the cladding tubes via femtosecond laser processing
[6], would allow the core to be selectively filled with gas while
having a negligible negative impact on the fiber properties.

B. Numerical Simulations

The fiber modes were calculated using Comsol Multiphysics,
a commercial finite element solver. The confinement loss of a
given mode was obtained from the imaginary part of the effective
index, and macro-bending losses calculated using the well-known
conformal transformation to the index profile 7, via the refractive
index profile 7 for a straight waveguide,

x x
n,:neR’vn.(l+—>, 2)
R
where R is the bend radius of curvature [22]. Scattering and
microbending contributions to the loss were neglected from
the simulations. The simulated geometry was obtained from
a SEM image of the tubular fiber cross section, see Fig. 1(a),
using a MATLAB-based image analysis tool, by fitting circles to
the inner and outer edges of individual capillary elements, thus
determining their dimensions in addition to their azimuthal and
radial positions. Slight adjustment of the membrane thickness
(determined by conservation of mass from the fiber preform) was
required to match the transmission window edges to experimental
measurements, where the average membrane thickness for the
simulated geometry was 446 nm, with a standard deviation of
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7 nm, within the quoted experimental value (measured via SEM)
of 440 &= 10 nm [23].

For the refractive index of the gas present in the core or capillar-
ies for a given pressure 7244, the Sellmeier expansion is

B A2
22—

B2

M =G :|P0,76

(3)
where p and pg are the gas pressure and atmospheric pres-
sure, respectively, 7" is the temperature (fixed at 300 K), and
17p=273.15 K. The Sellmeier coefficients for Argon were
obtained from [24]. Assuming the core to be a circular bore
and taking into account the gas compressibility, the pressure profile
[and hence equivalent refractive index profile from Eq. (3)] estab-
lished along the length of the fiber core (i.e., in the z-direction)
that was created experimentally by applying ~7.7 bars of absolute
pressure at the input end while keeping the output end open to
atmospheric pressure can be written as [25]:

p@= 93— %(p%—p%x )

where p, is the inlet pressure (7.7 bar), p; is the outlet pressure
(1 bar), and L (25 m) is the fiber length. In Fig. 4(c), the loss was
integrated over this pressure profile for a range of inlet pressures p5.

The average pressure along the fiber length p can be
calculated as

Ty
ngas()"a 2 N=|1+ i ?0|:

1 L
=t / p(2)dz ~5.2 bar. (5)
L Jo

The degree by which the thin silica membranes surrounding the
core distort for the differential pressures considered in this paper
was investigated by Comsol modeling. For a differential pressure of
5 bar (higher in the core), the distortion of the membranes was of
the order 10710 m, having a negligible effect on the fiber’s optical
properties.
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