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Abstract—We present a study into the gas pressure and composi-
tion within a hollow core optical fiber immediately after fabrication.
Results from three different experimental techniques indicate that
the initial absolute pressure inside of the hollow core is significantly
lower than atmospheric pressure. By measuring the equilibrium
height to which water ingresses into the hollow core, we estimate
the absolute internal gas pressure to be 20 kPa < P i < 29 kPa
for the fibers reported here that were fabricated using standard
techniques. The initial gas composition within the hollow core was
studied using Raman and absorption spectroscopy and the evo-
lution of the gas composition provides indirect information about
the condition of the silica surfaces inside the fiber. The measure-
ments indicate that these internal surfaces become saturated with
atmospheric water vapor as this is drawn into the open-ended fiber,
initially due to a pressure gradient post-fabrication. Our findings
are an essential foundation for the study of long-term optical and
mechanical performance of hollow core fibers and important for
accurate characterization of these specialty fibers. The first is
becoming increasingly important as commercial applications of
these fibers expand.

Index Terms—Glass, optical fiber applications, optical fiber
measurements, optical fibers.

I. INTRODUCTION

O PTICAL fibers are a key enabling technology across a
multitude of industries and in everyday life. For example,
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they underpin modern communications, provide essential beam
delivery as endoscopes for medical diagnosis and treatment
and enable distributed sensing across various platforms [1], [2].
Conventional all-solid fibers, based on total internal reflection,
are the most familiar fibers in current applications. Even with
their tremendous success, these conventional fibers do have
limitations, mainly due to the interaction of the guided light with
the solid glass material that forms the fiber core; these limits are
now holding back some next generation systems. Hollow core
optical fibers (HCFs) are alternative, specialty optical fibers that
are now emerging as a viable candidate to overcome some of
these limitations. In a HCF, light can propagate in an air-core
confined by an appropriately designed, microstructured cladding
[3], [4]. As such, HCFs have several advantages compared to
conventional fibers such as ultra-low loss [5], low latency [6],
low non-linearity [7], exceptional polarization purity [8], high
threshold to laser- induced damage [9] and low thermal sensitiv-
ity [10], and their potential in real world network deployments
is currently being demonstrated [11].

Long-term reliability and performance consistency are a criti-
cal consideration for any practical technology. Aging forms one
aspect of this; the aging mechanisms of solid-core fibers have
been extensively investigated to enable stable performance even
in submarine environments for more than 25 years [12], [13].
Although HCFs are usually fabricated using a similar grade
of silica glass as conventional all-solid fibers, the presence of
the internal microstructure, with its large internal surface that
extends longitudinally along the full fiber length, is likely to
substantially influence the aging process, potentially influencing
fatigue of mechanical strength due to water vapor, as observed in
silica solid core fibers [14], and the consistency of HCF’s optical
properties, such as loss degradation. Various factors could be
important here, such as the presence of several gas species
within the microstructure, the change in the composition of these
species over time, and their interactions at the large glass-gas
interfaces within the microstructure. Previous studies have re-
ported the observation of atmospheric gas species (e.g., water
vapor, carbon dioxide [15]) as well as other gas species such as
hydrogen chloride within the hollow core, which originate from
the raw silica glass used to fabricate the HCF [16].

However, prior to beginning an investigation into aging effects
in HCFs, there is an important question which at this point has
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not been fully investigated: what are the internal conditions of
a HCF immediately post-fabrication? Important factors could
include the initial gas composition, pressure and its interaction
with the internal silica surfaces. Defining the initial condition
will enable identification of changes in the HCF condition re-
lated to long-term optical performance and open up possibilities
to mitigate any observed degradation mechanisms, potentially
providing a basis to define storage and handling procedures of
HCFs post-fabrication. Furthermore, the gas composition and
its evolution could impact the performance of HCFs in spectral
regions where gases inside the fiber have absorption features;
for example, water vapor absorption can increase loss in the
wavelength range between∼1300 and 1500 nm; a spectral range
where HCFs could have impact in future transmission systems.

Recently we reported a preliminary study into the internal
pressure within a HCF which indicated that the gas pressure
within a HCF immediately after fabrication is significantly be-
low atmospheric pressure [17]. Here we build on this work. The
initial gas pressure inside a HCF post-fabrication is studied using
three methods: absorption spectroscopy, Raman spectroscopy
and detection of the moving meniscus as liquid water ingresses
into the hollow core. The gas absorption and Raman spec-
troscopy measurements are used to examine the evolution of gas
concentration inside a hollow core -photonic bandgap fiber (HC-
PBGF) and a tubular hollow core antiresonant fiber (HC-ARF),
both of which show an initial fast ingress of gas upon exposure to
atmosphere, which is much faster than expected from diffusion
alone. In fact, we show good agreement with a pressure-driven
gas flow model; the results indicate that the pressure inside a
HCF post-fabrication must be significantly below atmospheric
pressure. Subsequent measurements of pressure-driven liquid
water flow inside the HCF enabled us to estimate the initial
absolute pressure to be between 20 kPa and 29 kPa. We also
observed evidence that water vapor has high affinity to the inner
glass surfaces of an ‘as-drawn’ HCF, whereas oxygen and ni-
trogen seem not to interact with the surfaces. The large pressure
difference accelerates the ingress of the atmosphere, including
water vapor, which potentially affects the optical properties and
the mechanical lifetime of the HCF. This implies that sealing the
HCF after fabrication or exposing the fiber ends to a carefully
controlled inert atmosphere could be beneficial.

This paper is separated into five sections. In Section II, the
fibers used in this work are described in detail and we intro-
duce the term ‘as-drawn’ fibers. Experimental techniques and
results are described and compared with theoretical models in
Section III. In Section IV, the key results and possible reasons for
the pressure difference are discussed, and the paper is concluded
in Section V.

II. FIBER FABRICATION AND CHARACTERISATION

HCFs are typically fabricated using the stack and draw tech-
nique [3]. Here, up to several hundred capillaries (∼2–3 mm
in diameter) are assembled into the desired arrangement and
inserted into a jacketing tube. This stack forms the initial HCF
preform which is then usually drawn to a fiber in two stages.
In the first drawing stage, this initial preform is drawn under
carefully controlled conditions into canes which are a few mm

Fig. 1. (a) An optical image of a sealed end of a HCF. The bright part in the
middle is a hollow microstructure which is collapsed at one end. (b) A SEM
image of the HC-PBGF used for the gas absorption measurement.

in diameter. Then, the cane material is inserted in a further jacket
tube to form the second preform and drawn into a fiber. During
the fiber drawing process, inert gas is used to pressurize the
cane in order to control the final fiber geometry. Therefore,
depending on the fabrication parameters, it may be expected
that the gas content within an as-drawn HCF will include both
air constituents and the inert pressurization gas.

In this work, all the HCFs used are ‘as-drawn’ fibers; we use
this term to describe fibers which are sealed at both ends using an
arc-fusion splicer immediately after fiber drawing (< 5 minutes
after the fabrication of that specific fiber has finished) in order
to minimize inflow or outflow of gasses between the holes in the
microstructure and the surrounding atmosphere and to therefore
preserve the gas concentration and pressure within the HCF
immediately after fabrication. Fig. 1(a) shows an image of the
end of a HCF collapsed using an arc-splicer. The HCFs used
in experiments were all fabricated using Heraeus F300 mate-
rial which contains a relatively high concentration of chlorine
(800–2000 ppm) [18].

After the fiber ends were sealed, the HCFs were carefully
stored in a laboratory and therefore the as-drawn condition was
preserved until measurements were taken. The sealed ends were
then cleaved immediately prior to the experiments described
in this paper. The initial internal conditions of the as-drawn
fiber were evaluated here by two different methods: (i) optically
monitoring changes in gas concentration and (ii) measuring the
height of liquid water rising in the core. Both methods are
dependent on the internal condition of the HCF because the
dynamics of their flow depends on internal pressure.

III. EXPERIMENTAL RESULTS AND ANALYSIS

The following section is divided into three parts: gas absorp-
tion spectroscopy, Raman spectroscopy, and ingression of liquid
water measurements. In each sub-section, the experimental pro-
cedures are explained and experimental results are shown. The
results are discussed along with calculations in order to assess
the internal conditions in an as-drawn HCF.

A. Gas Absorption Spectroscopy Measurement

In our first experiment, the evolution of water vapor con-
centration inside a 19-cell HC-PBGF was measured using gas
absorption spectroscopy, in order to probe the internal pressure
in an as-drawn fiber and to study water vapor behavior in HCFs.
A scanning electron microscope (SEM) image of the HC-PBGF
used here is shown in Fig. 1(b); the design of this structure is the
same as that reported in [19] and the core diameter is 31.6 μm.



4778 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 40, NO. 14, JULY 15, 2022

Fig. 2. Experimental set-up of the absorption spectroscopy measurement. The
components shown are a supercontinuum laser (SC laser), a xyz-stage, a single-
mode fibre (SMF), a hollow core fibre (HCF), and an optical spectrum analyser
(OSA).

Fig. 3. (a) Absorption of water vapor at 1369.9 nm at 10 minutes and 1.9
hours after opening the fiber ends. (b) Evolution of the measured water vapor
absorption in the HC-PBGF: (i) the first run, (ii) the second run, (iii) the third
run and (iv) the fourth run.

Fig. 2 is a schematic of the experimental set-up. Light from a
supercontinuum laser (SC Fianium SC400) was launched into a
single mode fiber (SMF) via an objective lens and the output
was coupled into 55 m of the HC-PBGF. The transmission
through the HCF was collected by an SMF and recorded using
an optical spectrum analyzer (OSA Yokogawa AQ-6315A) with
0.05 nm resolution to resolve water vapor absorption lines. At
the interfaces between the HCF and the SMFs, the fibers were
butt-coupled with a ∼3 mm gap (using xyz alignment stages)
to allow air access to the hollow core from both ends. The as-
drawn HC-PBGF was aligned in the optical setup immediately
after opening the fiber ends (by cleaving off the sealed tips);
the alignment of the HCF took approximately 10 minutes and
then transmission spectra through the fiber were continuously
recorded using the OSA for more than 16 hours. After the mea-
surement, the fiber ends were sealed again and the fiber stored
for two weeks until the next measurement. The experiment was
subsequently repeated three more times using the same setup
and procedure.

To analyze the water vapor dynamics, the absorption line
at 1369.9 nm was selected because of its suitable absorption
strength and isolation from adjacent absorption lines. The ab-
sorption was evaluated by the integral of the peak as shown in
Fig. 3(a). Since water vapor exists in the light path between the
SC and OSA, this background absorption level was recorded
without the HC-PBGF in the set-up at the beginning and end of
each measurement and subtracted from the HC-PBGF measure-
ment.

Fig. 4. Comparison of the first run and the fourth run shown in Fig. 3 with
numerical solution of pressure-driven gas flow of (1) and self-diffusion of (2)
with 0.23 offset to be compatible with the fourth run experimental result.

Fig. 3(b) shows the evolution of the water vapor absorption
for the four experiments, where the observed absorption in each
case has been normalized by the maximum value in the 1st run.
Two clear trends were observed from the first run; firstly, the
absorption increased very quickly over time up to ∼1.9 hours
after opening the ends, and then secondly, it slowly decayed.
Although similar features were shown in the second run, the
rate of increase and the decay effect were both smaller than
observed in the 1st run. In the third run, these features were
weaker still and in the final test, the observed absorption just
increased slowly with time. One feature observed for all tests
was that the absorption at the beginning of the measurement
was always below that at the end of the previous measurement.

The initial significant change in the 1st run implies that the
water vapor was driven into the HCF not only by diffusion
but also by another force. The diffusion equation, as modified
for pressure-driven gas flow in the hydrodynamic regime using
Hagen-Poiseuille flow [20], is given by

∂P

∂t
=

r2

8μ

∂

∂x

(
P
∂P

∂x

)
(1)

where r, P, μ, t and x are the core radius, the pressure inside the
fiber, the dynamic viscosity, the time and the position along the
fiber, respectively. By numerically solving (1), the distribution
of the gas pressure along the fiber at an arbitrary time is obtained
and can be compared with our experimental results by integrat-
ing along the length of the fiber, L (see supplementary material
for a more detailed discussion). In Fig. 4, the evolution of the
water vapor concentration in the 1st run is compared with (1)
using the fiber parameters: 2r = 31.6 μm and L = 55 m. In this
experiment, the water vapor was transported into the HCF as a
component of the atmospheric gas composition and hence, for
comparison with the experimental result, the dynamic viscosity
of air was used in (1) (μair = 1.8192 × 10−5 kg/(m·s) [21]) and
the filling pressure was set Pfill = 1 standard atmosphere (atm.)
because atmospheric gas entered the HCF from the surrounding
atmosphere via the two open fiber ends. In [20], (1) is applied
considering an absolute initial pressure inside the hollow core
P0 = 0 Pa, while in our experiment, this initial pressure was
unknown. However, we found that using as P0 = 0 Pa as a first
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estimate of the internal pressure gives a reasonable agreement
between the numerical model and the experimental data for the
peak time of the 1st run. This indicates that the internal pressure
in the as-drawn condition was significantly below atmospheric
pressure. As discussed in Section IV, the discrepancy between
the pressure-driven gas flow model and the 1st run (particularly
after the peak concentration time) is highly likely attributed
to adsorption processes of water vapor onto the silica surfaces
defining the hollow core. The adsorption effect is not considered
in the model of (1).

According to this result, the different behaviors observed in
the second to fourth runs could be attributed to the progressively
reducing pressure difference between the gas inside the HCF and
the external environment upon each subsequent opening of the
fiber ends. Given enough time, we would expect the gas pressure
inside the HCF to equalize with the atmospheric pressure in
the external environment, at which point any changes in the
concentration of species would be governed by diffusion. When
the gas moves into the fiber by only diffusion (in the absence of
any pressure gradient), the time dependent average gas density,
n(t), is expressed as [20]:

n (t)

neq
=

P (t)

Peq

= 1− 8

π2

∞∑
j = 0

1

(2j + 1)2
exp

{[
(2j + 1)π

L

]2
Dt

}

(2)

where D and j are the self-diffusion coefficient and integer in
the summation, respectively, and the subscript eq represents the
equilibrium state. The ideal gas law, n = P/kB T, is applied in
(2) and the diffusion coefficient of water vapor in air at 20 °C
is calculated to be D = 2.42 × 10−5 m2/s [22]. The comparison
between (2) using this diffusion coefficient, and the experimental
result from the fourth run in Fig. 4 indicates that the gas flow
dynamics had gradually transitioned to the self-diffusion regime
from ingress through the open fiber ends in previous runs, and
this resulted in the decrease in the water vapor uptake rate.

B. Raman Spectroscopy Measurement

The water vapor absorption measurements strongly indicate
that the gas inside as-drawn HCFs is at sub-atmospheric pres-
sure. In our second experiment, the initial gas concentration
and pressure inside a tubular HC-ARF [23] was investigated
using gas-phase Raman spectroscopy. The broad transmission
bandwidth, combined with the low loss of the fiber used here,
enables simultaneous detection of several gas species including
water vapor as well as oxygen and nitrogen. Such non-polar
molecules will allow observation of the effect of the differential
pressure with negligible interactions with the silica surface.

The experimental set-up is explained in Fig. 5. The pump
light source is a 532 nm Coherent Sapphire laser; the output of
this laser is reflected by a dichroic mirror (DM) and launched
into the HCF through an aspheric lens (AL). The backscattered
Raman Stokes signals propagate back within the hollow core
and through the lens system before being collected by the spec-
trometer via a multimode fiber (MMF). Any residual pump light

Fig. 5. Experimental set-up of the Raman spectroscopy measurement. HCF,
DM, AL, LPF and MMF represent the hollow core fibre, the dichroic mirror,
the aspheric lens, long-pass filter, the multimode fiber and the spectrometer,
respectively.

Fig. 6. The Raman Stokes signatures of oxygen, nitrogen, water vapor and
another, not definitively identified, gas species at 2873 cm−1 through the tubular
AR-HCF 21 minutes after cleaving of the fiber end. The inset is a SEM image
of the HCF.

present before the MMF is removed by a long-pass filter (LPF).
The spectrometer can detect Raman Stokes signals between
1300 cm−1 and 4000 cm−1 with a resolution of ∼4 cm−1 and ac-
quisition time of∼5 seconds. As with the experiments described
above, experimental data was recorded as soon as possible after
cleaving the HCF ends, 21 minutes in the measurement reported
here. The Raman spectra recorded from the HC-ARF 21 minutes
after cleaving off the sealed fiber ends is shown in Fig. 6 with the
inset of a SEM image of the HC-ARF used; the core diameter and
the length of the HC-ARF were 18.5 μm and 34 m, respectively.
Four peaks were observed from the spectrum, corresponding
to oxygen (1546 cm−1), nitrogen (2316 cm−1), water vapor
(3637 cm−1) and a further species which does not originate from
the atmosphere (2873 cm−1). The concentration evolution of the
water vapor, oxygen and nitrogen up to 60 hours after opening
the HCF ends is shown in Fig. 7(a)–(c); note that the small
oscillations on the experimental data was due to the temperature
fluctuation in the laboratory. The Raman signals are normalized
to the stabilized maximum value which occurs at 2.35 hours for
the water vapor and 3.5 hours for the oxygen and nitrogen.

The water vapor showed the same features as those observed
in the absorption spectroscopy experiment with the HC-PBGF,
albeit with a different time scale due to the difference in fiber
geometry and length. Here, again the signal of the water vapor
initially increased (up to about 2.35 hours) and then gradually
decreased. The rate of reduction for the water vapor was higher
in the HC-ARF than the HC-PBGF. This could potentially be
attributed to the large inner surface area surrounding the hollow
core; the inner core surface area of the HC-ARF used here is
∼3.5 times larger (due to the non-circular core shape) than that
of the HC-PBGF studied in Section III A.
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Fig. 7. Evolution of the Raman Stokes signal of (a) water vapor, (b) oxygen
and (c) nitrogen. The green solid line is the numerical solution of (1) using P0

= 0 and the experimental parameters described in the main text.

On the other hand, the filling time of the oxygen and nitrogen
was about 3.5 hours and the signal decay observed for the
water vapor was not seen and, after the initial increase, their
concentration within the hollow core was stable over the 60 hours
of measurement. The differences observed between the water
vapor and the nitrogen and oxygen gases were most probably due
to degree of interaction of the different gases with the inner silica
surface of the HCF (see Section IV for further discussion). The
small reduction in the Raman signals observed after 3.5 hours
for the oxygen and nitrogen can be due to different average
gas pressures inside the hollow core and the cladding tubes
as the pressure inside the microstructured regions equalizes to
atmospheric at different rates due to the different hole sizes. This
was reported in a recent HCF-based Raman gas sensing study
[24] in which similar transient behavior in the Raman signal was
observed using a tubular HC-ARF during gas filling.

The model described by (1) was used again with the follow-
ing parameters: 2r = 18.5 μm, L = 34 m, μair = 1.8192 ×
10−5 kg/(m·s), P0 = 0 Pa and Pfill = 1 atm., and the predictions
from the model are plotted along with the experimental results in
Fig. 7(a)–(c). Again, we applied (1) assuming an initial internal
gas pressure of 0 Pa, and in this case, the theory agrees well
with the experiments; in particular, the peak time of the oxygen
and nitrogen reasonably matches with that of the calculation.
This provides further evidence that the internal pressure post-
fabrication is much lower than the atmosphere, close to 0 Pa. The
small discrepancy between the model and the oxygen/nitrogen
behaviors could be due to: (i) the pressure-driven gas flow model
was built for a circularly shaped tube [20] and (ii) the actual
initial internal pressure (P0) was close to but not exactly 0 Pa.

In addition to the atmospheric gasses, the peak at 2873 cm−1

was observed just after opening the fiber ends and this indicates
that the gas species originated from the fiber itself. Calibration
of the detected O2 and N2 peak position with reference values
(1555 cm−1 and 2331 cm−1 for O2 and N2, respectively [25])
suggests that the undefined peak is attributed to hydrogen chlo-
ride gas (HCl) which has a Q-branch peak at 2886 cm−1 [26],
[27]; see Section IV for further discussion regarding the origin
of this peak. The time dependence of the Raman Stokes signal
is under further investigation.

Fig. 8. (a) Experimental set-up of the liquid water flow measurement using
OTDR. (b) The OTDR traces of the HC-PBGF A at t= 0 hour and t= 12 hours
after loading into the liquid water.

C. Pressure-driven Liquid Water Flow Measurement

The observed changes in gas concentration provide strong
evidence of low internal gas pressure inside as-drawn HCFs. In
this section we complement these results with a fluid mechani-
cal measurement which provides information on the absolute
pressure within the hollow core by introducing liquid water
and tracking its ingress. The equilibration of forces acting on
this liquid inside the fiber provides a measure of the difference
between internal and external pressure.

Here, the consideration of capillary action in a vertical tube
[28] is extended to include the situation where the internal
pressure differs from atmospheric pressure by ΔP (see supple-
mentary material for a more detailed discussion). Under static
conditions, the force balance on the meniscus is given by

2γcosθ
r

+ΔP = ρgheq (3)

where ρ, γ, θ, g, heq and r are the density of the liquid, the surface
tension of the liquid, the contact angle between the liquid and
the solid surface, the acceleration due to gravity, the equilibrium
height of the liquid and the tube radius, respectively.

To measure the movement of liquid water inside the hol-
low core we use optical time domain reflectometry (OTDR,
LOR200). While OTDR is conventionally applied to optical
fibers for loss and defect measurements, as water ingresses
into the hollow core, the air-water interface inside the hollow
core causes a measurable reflection of input light which can be
detected by the OTDR. The set-up for this experiment is shown
in Fig. 8(a). Two HC-PBGFs were prepared for this experiment:
HC-PBGF A and HC-PBGF B which had the same microstruc-
ture as shown in Fig. 1(b). The former was an as-drawn fiber and
the later was an atmospheric-pressure fiber. For the as-drawn
pressure measurement, 26.5 m of HC-PBGF A was used, with
∼18 m wound on a bobbin and 8 m suspended vertically in
a straight length. In order to maintain the as-drawn pressure
inside the HCF during the measurement, the HCF end connected
to the OTDR was spliced to an all-solid large mode area fiber
and a SMF pigtail in advance; the HCF end was exposed to
atmosphere for ∼3 mins during this process. A container filled
with deionized water (liquid) was placed near the lower end
of the HCF and this distal end of the HCF was loaded into the
water immediately after cleaving off the sealed tip. OTDR traces,
examples of which are shown in Fig. 8(b), were then recorded
every 2 minutes for a total time period of 40 hours. The height
of the water rises inside the HCF as a function of time was then
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Fig. 9. Time variation of the rising water level inside the as-drawn PBGF A
and the atmospheric-pressure PBGF B. The green dashed and red solid lines are
the numerical calculation of (4) with (θ, ΔP) = (90◦, 81 kPa) and (0◦, 72 kPa),
respectively, and the parameters described in the main text. The dashed black
line highlights h = 8 m at which PBGF A started to bend.

deduced from the OTDR traces. The capillary rise height is given
by h(t) = (t)− d0 where d0 and (t) are the observed distances
to the reflection point at the end of the fiber, as measured at time
t = 0 and during the experiment due to the air-water interface,
respectively. d0 was measured before loading the HCF into
the water. The wavelength and pulse width of the probe laser
within the OTDR were 1550 nm and 2 ns, respectively. The
surface tension, density and dynamic viscosity of liquid water
used for the calculations below are γ = 72.75 × 10−3 N/m,
ρ = 998.2 kg/m3 and μ = 1.002 × 10−3 kg/(m·s), respectively
[29]–[31].

The deduced rise of water within the as-drawn HC-PBGF A
is shown in Fig. 9 and compared with a result obtained using
a 20 m length of HC-PBGF B, that was left in the atmosphere
with open ends for two weeks before testing. According to (1),
this 20m length would have been completely filled with air in
∼40 minutes when P = 1 atm. and P0 = 0 Pa, and therefore two
weeks exposure to air is more than enough to ensure atmospheric
pressure inside the hollow core. A dramatic change was observed
in the as-drawn fiber; the water rose up to 8.0 m over the 20 hours.
On the other hand, in the atmospheric-pressure fiber the water
level was only found to increase relatively slowly and the height
at 20 hours was 1.7 m, which was significantly lower than that
of the as-drawn fiber.

The dramatic change in the height of the liquid in the as-drawn
fiber can be attributed to the pressure difference inside the HCF
compared to the atmosphere, and the experiment showed thatheq

was above 8.0 m (the position at which the as-drawn fiber was
bent within the experimental set-up). To estimate heq from the
experimental data, capillary flow in a cylindrical tube, expressed
by the Newtonian dynamics equation [28], can be modified to
introduce pressure-driven liquid flow:

ρπr2
∂

∂t

(
h (t)

∂h (t)

∂t

)
= πr2

2γcosθ

r

−πr2h (t) ρg − 8πμh (t)
∂h (t)

∂t
+ πr2ΔP (4)

In (4), the left-hand side represents the inertia force and the
terms on the right- hand side of the equation represent the forces

due to surface tension, gravity, viscous sheer stress and pressure
difference, respectively. The pressure difference is assumed to
be constant over time and any evaporation of the liquid water
inside the fiber is not considered. Here, a numerical calculation
of (4) was compared with the experimental data between h = 0
m and h = 8 m by changing ΔP for two fixed contact angles
of θ = 0◦ and 90◦; both extremes of the contact angle were
considered here due to the uncertainty of the inner silica surface
conditions [32], [33]. ΔP was determined using a least squares
method for different r. In Fig. 9, the pressure-driven capillary
flow in the as-drawn fiber showed the best fit with the numerical
calculation using (θ, ΔP) = (90°, 81 kPa) or (0°, 72 kPa) for
r = 15.1 μm; both sets gave similar dynamics. The slightly
smaller core radius found for the calculation could be due to the
non-perfect circularly shaped core as seen from the SEM image
in Fig. 1(b) and the effect of dynamic contact angle [28]. heq

estimated from the numerical results was 8.29 m for both sets
and the upper limit of heq predicted using (3) with ΔP = 1 atm.,
θ = 0◦ and r = 15.8 μm, gives the maximum heq = 11.3 m,
indicating that the estimated heq appears reasonable.

The results of 72 kPa < ΔP < 81 kPa with the uncertainty
of 0◦ < θ < 90◦ imply that the absolute initial pressure inside
the hollow core is 20 kPa < Pi < 29 kPa, which is about one
quarter of atmospheric pressure. Since the fiber was exposed
to the atmosphere during the splicing process, ΔP immediately
post-fabrication is likely to be higher (and Pi lower) than that
implied by this experiment. This quantitative estimation of
the internal gas pressure is in reasonable agreement with that
indicated by the gas spectroscopy measurements and, to our
knowledge, is the first time that the internal pressure inside a
HCF post-fabrication has been estimated.

IV. DISCUSSION

A. Prediction of the As-Drawn Pressure

As mentioned in Section II, the different HCFs in this work
were all fabricated via the conventional two-stage stack and
draw technique [3]. A key difference between the fabrication
of all-solid optical fiber and microstructured optical fibers is
the use of pressurization during the fabrication processes. For
HCFs, the hollow microstructure of the preform is pressurized
during the fiber-drawing process using inert gas applied from
the top of the preform. This is necessary both to stop the holes
within the microstructure contracting due to surface tension,
and to enable precise control of the final fiber geometry [19],
[34]. The pressure applied to the microstructure is usually above
atmospheric and is controlled via a sealed pressurization system
which is connected to the top of the fiber preform, and so, at
first-glance it may not be obvious why the final HCF should
have an internal structure containing gas at a pressure well
below atmospheric. However, as we consider the temperature
drop between the furnace and the surrounding environment and
the increase in air-filling fraction of the final HCF, a rationale
for the sub-atmospheric pressure begins to emerge. To aid this
discussion, Fig. 10 shows a schematic of a HCF preform at the
neck-down region during the fiber fabrication process where the
preform structure is transformed to the fiber geometry by heating
at ∼2000 °C inside a furnace.
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Fig. 10. Schematic of a HCF preform at the neck-down region inside the
furnace. The system is vertically positioned and the top of the preform is
closed by a pressure interface in reality. P , V and T are the pressure, volume
and temperature, respectively. The fiber inside and outside the furnace are
represented by f1 and f2, respectively.

A key factor to consider is the impact of the temperature
reduction between the inside and outside of the furnace. To
estimate the impact of this, we compare the pressure inside two
fiber sections; a section of HCF inside the furnace, immediately
after the neck-down at a temperature of ∼1400 °C, which is
lower than the softening temperature of silica [35] and a similar
fiber section just outside the furnace, at ambient temperature.
These fiber sections are highlighted in blue in Fig. 10 and as
both sections are after the neck-down region of the preform,
and below the softening temperature of silica, we assume these
sections to have identical geometry. Mass conservation of the
pressurizing gas molecules in the fixed volume, V, of these fiber
sections gives:

Pf1Vf

Tf1
=

Pf2Vf

Tf2
= Constant (5)

where the subscripts f1 and f2 represent the fiber inside and
outside the furnace, respectively. P and T are the pressure and the
temperature, respectively. For the HC-PBGF used in Section III,
the hollow core was pressurized with 6 kPa + 1 atm., and if Pf1

is equal to the pressure inside the preform, the temperature re-
duction between these fiber sections (Tf2 /Tf1 = 293 K/1673 K)
decreases the pressure of the final fiber to Pf2 = 19 kPa. This
estimation is in reasonable agreement with the estimations from
the experimental results in this paper, especially considering
that all experiments involved some exposure of the fiber to
atmospheric pressure pre-measurement.

There are also likely to be secondary factors in the sub-
atmospheric internal gas pressure related to the gas flow dynam-
ics within the preform and fiber. Typically, the pressurization
during the fiber draw yields an air-filling fraction of the final
fiber which is significantly increased as compared to that of
the initial preform. Considering mass conservation and the very
small dimensions of the final fiber (which reduce pressure driven
gas flow), the significant change in volume by the expansion of
the microstructure could also be a factor in the pressure inside
the fiber being a small fraction of the pressure applied to the
preform.

The ideal gas law is built upon the following assumptions: (i)
molecules have no volume and (ii) there is no attractive force
between molecules [36]. It is, therefore, understood that the
behavior of a real gas does not obey the ideal gas law when
these assumptions are not valid, e.g., under high pressure and
low temperature conditions. In the case of the HCF fabrication,
the applied pressure is not significantly higher than atmospheric

and the temperature inside the furnace is∼ 2000 ◦CBesides, the
experimental results showed that the absolute pressure inside the
drawn fiber is close to 0 kPa. These facts enable us to use the
ideal gas law to estimate the gas pressure inside the preform
and the drawn fiber. Although these calculations do simplify the
complex gas flow dynamics within the fiber drawing process,
they clearly suggest that the temperature, likely in combination
with the air-volume changes and the gas flow dynamics during
fiber drawing, lowers the internal pressure of the fiber below
atmospheric pressure, supporting the experimental results re-
ported here.

B. Interaction of a Silica Surfaces With Gasses in a HCF

Apart from the behavior which can be attributed to the
pressure- and diffusion-driven transportation as shown in the
gas spectroscopy measurements, the reduction in the recorded
absorption of the water vapor during the experiments and after
the storage time (with both fiber ends sealed) are highly likely
to be due to interaction between water vapor molecules and the
inner silica glass surface of the hollow core [37]. The following
physical and chemical reactions between water vapor and a silica
surface likely occur inside the HCFs [38]:

Si−O− Si+H2O → Si−OH+ Si−OH (6)

Si−OH+n (H2O) → Si−OH · · ·n (H2O) (7)

where n and · · · represent the number of molecules and the
physical bonding, respectively. The reaction of (6) describes
the chemical reaction between the water vapor and the silica
surface which produces OH groups; these can be either isolated
or interacting with each other. Following the formation of a Si-
OH surface, excess water vapor physically attaches onto a silica
surface as expressed by (7).

Considering runs 1–4 of the absorption measurements, the
subsequent experiments indicate that water vapor molecules
are gradually adsorbed onto the inner surfaces within the HCF
and that the adsorption rate was large when as-drawn HCFs
are initially exposed to water vapor in ambient air, but reduced
after further exposure. According to the model expressed by (1),
the pressure-driven flow stopped at ∼3 hours after cleaving the
sealed ends in the first run. However, a short-term faster increase
in the water vapor absorption was also observed at the beginning
of the second and third runs, indicating some pressure-driven gas
flow into the HCF. This suggests that the internal absolute pres-
sure was reduced during the storage time due to the adsorption
of water vapor on the inner silica surface; reduction in absolute
pressure has been previously reported as a technique to measure
the adsorption rate of water vapor to glass surfaces inside a glass
container [39]. The result of a decrease in the internal pressure
during the storage is supported by the reduction of the water
vapor absorption strength post-storage. On the other hand, this
significant reducing trend was not shown by the oxygen and the
nitrogen gasses, which provide evidence that these non-polar
atmospheric species interact to a significantly lesser extent with
the internal fiber surfaces than the water vapor. This suggests
that water vapor is a key atmospheric species that needs to be
considered when assessing the long-term optical and mechanical
performance of a HCF.
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Fig. 11. The Raman Stokes spectra between 2800 cm−1 and 3700 cm−1

detected from HC-ARFs used in Fig. 6(bottom) and used to repeat the experiment
(top). The dashed-square highlights weak features which location agrees with
the rotational lines of HCl gas.

C. Initial Gas Compositions in a Post-Fabrication HCF

The low internal pressure shown above indicates that the
initial gas concentration inside the hollow core post-fabrication
is very small. During a fiber draw, one end of the fiber is
connected to the preform, the other end far from the preform
(located on the collection drum) is open to atmosphere. With the
knowledge from our experiments that as-drawn fibers contain
gas at sub-atmospheric pressure, this implies that during the
draw, atmospheric gas species will ingress into the fiber from
the open end on the drum.

On the other hand, the Raman spectroscopy measurement
showed an additional peak which at this point has not been
identified as an atmospheric gas species. To understand the
origin of this peak, the Raman spectroscopy measurement was
repeated using another 36 m of the as-drawn HC-ARF (which
was fabricated from the same preform as the HCF used in Fig. 6)
with a high resolution of 1.5 cm−1 and acquisition time of 1
minute. In Fig. 11 the Raman spectrum which was recorded 21
minutes after opening the ends, from the HC-ARF tested here is
compared with the spectra shown in Fig. 6. The high-resolution
measurement resolved the shape of the peak at 2873 cm−1,
and the peak position and the shape are close to those of the
Q-branch vibration of HCl reported in previous studies [26],
[27]. In addition, small peaks were clearly observed between
2900 cm−1 and 3200 cm−1 and the features agree with the
S-branch rotational lines of HCl [26], [27]. The presence of HCl
gas inside HCFs has been reported previously [16] and therefore
the results observed here indicate that the peak at 2873 cm−1 was
likely attributed to HCl. Yet, more investigation is underway to
confirm this.

V. CONCLUSION

The findings in the present work are essential information
for the study of the long-term performance of a HCF. The low
internal pressure post-fabrication can impact the internal gas
composition and internal surface conditions after even short
exposure to the atmosphere. Sealing the fiber ends immediately
after fabrication is a simple method to maintain the as-drawn
conditions as introduced in this work. The subsequent mea-
surements of the gas compositions also highlight the fact that

water vapor molecules from atmospheric gas interact with the
internal silica surfaces within the HCF. It has been reported that
water vapor can increase the surface OH attenuation of a HCF
via chemical reaction with the silica surfaces [40], and excess
adsorption of water vapor could have further impact on the fiber’s
optical and mechanical performance.

The discovery of the low as-drawn pressure could also impact
HCF characterization. It has been reported that confinement
loss of a HCF can be significantly changed by introducing a
small gas-induced differential refractive index between the gas
in the hollow core and that in the cladding holes, originating
from different gas pressure within these different regions of
the microstructure [41]. The nitrogen and oxygen behavior in
Fig. 7 shows early potential evidence of this, but further work is
underway to evaluate this fully.

All data supporting this study are available from the Uni-
versity of Southampton repository at https://doi.org/10.5258/
SOTON/D1760.
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