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ABSTRACT

We study the mid-infrared attenuation of antiresonant hollow-core fiber made of fused silica glass. The role of absorptive losses increases
with wavelength but can be minimized by reducing the overlap of the trapped light with the silica. We show that this overlap is least at the
lowest-order antiresonance condition, corresponding to the thinnest core wall, and for higher resonances scales with the core wall thickness.
A record-low minimum attenuation of 18 dB/km measured in our fiber at 3.1 ym wavelength is not limited by silica absorption. We measured
40 dB/km attenuation at 4 ym wavelength, where the attenuation of bulk silica is 860 dB/m. We show that this corresponds to a modal overlap
of 2.81 x 107> which is in good agreement with simulations, suggesting that at this wavelength, attenuation is limited by silica absorption. This
enables us to predict the achievable attenuation at longer wavelengths as well. Extrinsic losses due to gaseous molecular absorption may make
demonstration of such losses difficult in some spectral bands. In contrast to shorter wavelengths, where leakage loss is the primary attenuation
mechanism, introducing additional elements into the cladding design is unlikely to reduce the attenuation further, and further loss reduction
would require a larger core size.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5115328

I. INTRODUCTION of hollow-core waveguides in the 1-2 ym spectral band was reduced

to tens of decibels per kilometer and below in a small core of tens

Hollow-core (HC) waveguides were originally developed for
electromagnetic wave transmission at long wavelengths from the
microwave' to the far/mid-infrared” where material absorption is
dominant. By using highly reflective material (metal or multilayer
coating) and a large core design, improved transmission perfor-
mance from several dB/m to 0.1 dB/m could be reached even in
a simple tube waveguide, although only over short lengths due to
fabrication issues.’

The invention of a photonic-bandgap hollow-core fiber (PBG-
HCF)® greatly enlarged the available parameter space for hollow-
core waveguide design. Thanks to the photonic bandgap effect aris-
ing from a periodic index variation in the cladding, the attenuation
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of micrometers, while the bend loss was no longer an issue. ' For the
first time, the use of hollow-core waveguides at near-infrared and
visible wavelengths became an attractive proposition.”” The low-
est attenuation reported to date in a hollow-core waveguide was
1.2 dB/km at 1620 nm in a PBG-HCF’ made of fused silica. High
purity silica has been widely used as an optical fiber material for its
high transparency in the visible and near-IR spectral range as well
as its mechanical robustness, high chemical resistance, and good
biomedical compatibility. The gentle slope of its thermal viscosity
curve leaves a broad fabrication window for microstructured opti-
cal fibers. However, silica rapidly becomes opaque at 2.5 ym and
longer wavelengths, with the phonon absorption rising from tens of
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decibels per meter to tens of thousands. Nevertheless, the attenua-
tion of PBG-PCF in the mid-infrared has been shown to be around
1% of the bulk material absorption,”” which is only possible because
of the low overlap of the guided light with the glass. Further signifi-
cant reduction of this overlap below 1% was found to be challenging
due to a range of design and fabrication issues.”*

Since 2011, a new family of fiber designs has emerged. Antires-
onant hollow-core fibers (AR-HCFs) are based on an antiresonant
core wall and a simple cladding structure.'’'” Unlike the PBG-HCF,
the AR-HCF does not require a regular 2-dimensional array of iden-
tical air holes to confine the light to the core. A thin glass mem-
brane can reflect the light effectively at glancing incidence under
antiresonant conditions as in a Fabry-Pérot resonator.” The use of
a negative curvature for the core wall shape'’ and control of the size
of the ring of air holes immediately outside the core wall enables
the leakage loss of AR-HCEF to be further reduced. AR-HCFs based
on these design concepts have demonstrated below 2 dB/km atten-
uation at around 1550 nm,'i“”’ almost outperforming PBG-HCEF.
Theoretical studies suggest that AR-HCF may eventually demon-
strate lower attenuation than the current state-of-the-art standard
optical fiber, where losses are limited by Rayleigh scattering and by
absorption.'”"

The simplicity of AR-HCF makes it possible to scale the fiber
dimensions for different transmission windows from the UV,
through visible’' and near-infrared'” to the mid-infrared.””” At
mid-infrared wavelengths, 30 dB/km loss”* and less*’ have been
reported in silica-based AR-HCF around 3 ym wavelength and
100 dB/km at 4 um.” By using chalcogenide glass instead of fused
silica, a transmission window has been demonstrated at longer wave-
lengths with approximately 5 dB/m attenuation at 10 ym wave-
length.”” Despite a low material absorption, relatively high loss
has been found in a chalcogenide-based hollow-core fiber due to
increased leakage losses arising as a consequence of the challenges
of fiber fabrication. The low-loss performance of AR-HCF at long
wavelengths enables high-power mid-infrared laser beam delivery.”
By filling an AR-HCF with molecular gases, novel light sources
have been demonstrated at mid-IR wavelengths based on Optl—
cally pumped gas lasing and stimulated Raman scattering.””"
These systems offer the merits of fiber lasers such as excellent
laser beam quality, high power conversion efficiency, stability, and
compactness.

In this paper, we focus on the limits to the attainable atten-
uation of AR-HCF at mid-infrared wavelengths. Our simulations
show that using current designs, the material absorption of the silica
glass plays a limiting role in the attainable attenuation of AR-HCF at
4 pym wavelength and beyond. We demonstrate an attenuation of
40 dB/km at 4 ym wavelength where the material absorption of bulk
fused silica is 860 dB/m.

Il. LOSS MECHANISMS OF AR-HCF IN THE MID-IR
SPECTRAL BAND

There are a range of loss mechanisms which contribute to
the overall attenuation in AR-HCEF, and their relative significance
depends strongly on wavelength. In the mid-IR spectral band, the
most significant are leakage loss, material absorption by the bulk
silica, and molecular absorption by gaseous species in the fiber
core. Surface scattering loss,” which dominates the attenuation of
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PBG-HCF at shorter wavelengths and may be a concern for AR-
HCF in that spectral band as well, is of little consequence in the
mid-IR due to the relatively low field strengths at the glass-air inter-
faces in AR-HCEF, the scaling of scattering with wavelength, and the
dominance of other loss mechanisms.

A. Leakage loss

Modes of AR-HCEF are leaky in nature, and the light guidance
can be broadly described by the ARROW model."” At wavelengths
corresponding to resonances of the core wall, the optical power tran-
sits the core wall and is lost through scattering, leakage, or absorp-
tion."” The resonance wavelengths therefore define the edges of the
fiber’s transmission bands, approximated by

2
a2 - M
m ni

where 1 is the refractive index of the core and #; is the fiber mate-
rial, d is the thickness of the core wall, and m is an integer, standing
for the order of resonance.

At antiresonant wavelengths, the interference between the
reflections from the glass-air interfaces can theoretically reduce the
leakage losses to less than 0.1 dB/km,'” making AR-HCF a candidate
to break the current loss floor of a conventional single-mode silica
fiber. Additional constructive reflections from interfaces have been
theoretically demonstrated key to reaching this goal. In 2017, Bird
analytically modeled the simplest AR-HCF consisting of concentric
glass and air layers and derived the leakage loss formula,'”

x0 \V21 2D 4
27-[) 2 (7[2 1)(N+1)/2 N+3 H ¢i

Am =

AN+2 N

(in dB/m),
2

where acy is the leakage loss of HE/EH modes in the antiresonant
hollow-core fibers, N is the number of glass and air antiresonant lay-
ers, xg is the mth zero of Bessel function J,_1 for HE,,, modes or of
Jn+1 for EHpp modes, # is the refractive index of glass, A is the wave-
length, 7. is the core radius, and ¢; are phase angles corresponding
to each successive layer.

Equation (2) explicitly shows that the leakage loss is closely
related with the number of layers N in the radial direction and the
phase lags ¢; of each layer. In practice, enlarging the core size r. is
the most effective means to reduce the leakage loss of AR-HCF.

acr = 8. 686(

B. Material loss

Absorption by the solid material used to define the structure
contributes significantly to the overall fiber loss because although
the overlap between this material and modal field of interest is low,
the material absorption becomes very high in the mid-infrared. The
absorption of fused silica rises by over four orders of magnitude
from 2.5 ym to 5 ym wavelength. The modal overlap can be defined
as

= % (3)
I, [P-

where P is the Poynting vector along the light propagation direc-
tion z in the fiber, S; is the whole cross section of the fiber, and S; is
the region of the solid material.

4,080803-2
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To link with the experiment, the modal overlap factor can also
be calculated using
_ QKtotal — XCL , (4)
Xabs
where oy, is the overall loss that can be reliably compared to the
experiment and acy is the leakage loss from the numerical simula-
tion. &, is the bulk absorption of the fiber material determined by
measurement.

A larger core helps reduce # and consequently the attenua-
tion due to material absorption. The best overlap # achieved in
PBG-HCF was demonstrated to be 0.5%" and 0.1% according to the
simulation. In AR-HCF, an enlarged core size'"'” easily allows #
to be reduced to 107*** or even less. This very small mode over-
lap makes AR-HCF attractive for light transmission at wavelengths
where material absorption is strong, i.e., deep UV and mid-infrared,
or where overlap with the glass is undesirable for other reasons.

C. Molecular gases in the fiber core

The mid-infrared is often referred to as the “spectral finger-
print” region because so many molecular species exhibit fundamen-
tal absorption resonances at these wavelengths. This includes species
that are highly abundant in the atmosphere (H,O and CO,) as
well as more exotic species that have been identified inside fabri-
cated fibers but are not so apparent in the atmosphere. Within the
spectral range under investigation in this work,”' the atmosphere
exhibits a strong band of absorption lines due to CO, and H,O cen-
tered around 2.8 ym wavelength, a weaker series of absorption lines
due to H,O up to around 3.5 ym, a transmission window between
3.5 ym and perhaps 4.1 um, and then a strong CO, absorption band
at around 4.2 ym. In fabricated fibers, we also identify a rovibra-
tional absorption band between 3.2 and 3.8 ym that we attribute to
the presence of HCl in the fiber core.”” This is likely to be a remnant
of the halogenated precursors used in the fabrication of synthetic
silica glass.

During fabrication, our fibers are filled with nitrogen, but the
ends are not sealed and are exposed to the atmosphere in the labora-
tory. It is therefore inevitable that there is gradual ingress of atmo-
spheric gases (driven in part by thermal fluctuations in the labora-
tory) into the fiber core. The HCl is presumably present throughout
the fiber length, although our experience is that it can be removed by
careful purging.

0 2

d (pm)
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+Leakage loss

p from Eq.4 5

I1l. EFFECT OF VARYING THE CORE WALL THICKNESS

We use an ideal design of AR-HCF as shown in Fig. 1 (left) and
numerically study the dependence of loss on the fiber structure. In
Fig. 1 (left), the capillary tubes forming the cladding are identical,
with an inner radius r; of 27 ym. The fiber core radius r. is fixed
at 54 ym which is defined by a circle inscribed with all capillaries
in the cladding. The chosen geometric parameters of AR-HCF are
achievable in the practical fabrication for light transmission at mid-
infrared wavelengths.

Using the finite-element method software COMSOL, we sim-
ulate the leakage and material losses of the fundamental mode in
AR-HCF at 4 ym wavelength when varying the cladding capillary
thickness d, i.e., the core wall thickness. We assume at 4 ym the sil-
ica refractive index is 1.389°” and the bulk absorption is 860 dB/m."”’
It is noted that the gap between capillaries in the cladding slightly
changes with d and this minor difference can be neglected because
the size of gap is large compared to d.

In Fig. 1 (right), as the core wall thickness is scanned from
0.2 ym to 4.5 ym, both the leakage and material losses reflect the res-
onances and antiresonances of the cladding capillaries predicted by
Eq. (1). Two polarizations are identified in the simulation present-
ing almost identical loss properties, and the average of losses and
modal overlap are shown in Fig. 1 (right). As shown, for a certain
capillary gap and resonance of air regions, the leakage loss (blue dot
curves, left hand axis) is determined by the phase lag in the core wall
only (while 7; is fixed) rather than the absolute core wall thickness,
which agrees with the prediction of Eq. (2). The minimum leakage
loss is very similar for both the lowest antiresonance [circa 1.2 ym
core wall thickness, with m = 0.5 in Eq. (1)] and the next antireso-
nance condition [circa 3.2 ym with m = 1.5 in Eq. (1)]. However, the
material losses (blue circle curves, left axis) and the modal overlap
(two red curves on the right axis) change with both the phase condi-
tion and the core wall thickness. A thinner core wall thickness for the
same phase lag is demonstrated to reduce the modal overlap. Around
the lowest antiresonance, the modal overlap ratio defined by Egs. (3)
and (4) is 2.55 x 107> and 3.26 x 107°, respectively. For the higher
antiresonance, the modal overlap increases to 7.19 x 107> and 9.85
x 107°. The higher antiresonance condition leads to absorptive and
overall losses that are roughly three times higher than those found
for the lowest antiresonance, as a consequence of the correspond-
ingly thicker core walls, as might be naively expected. In the current
design of AR-HCF, 28.1 dB/km at 4 ym wavelength is numerically

exlap from Eq 30 | 100

FIG. 1. Left: AR-HCF model used in simulations. Right:
simulated leakage and material losses of the fundamen-
tal mode (blue, left axis) and modal overlap ratio (red,
right axis) at 4 um wavelength as a function of core wall
thicknesses. All curves are the average of two polarization
modes.

odal overl

M
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predicted as the minimum material loss using silica, and the lowest
overall loss 35.1 dB/km is found for the lowest-order antiresonance
condition.

It should also be noted that practical interest has usually been in
the low-loss spectral regions, where the core wall is close to antires-
onance. Although we do not doubt the accuracy of our numerical
simulations in the antiresonance regions, the computed attenuation
around the resonances can be expected to depend strongly on the
definition of the fiber structure further away from the hollow core,
and so our simulations may not reflect experimental realizations in
this high-loss regime.

IV. EXPERIMENTS

In this section, we demonstrate the attenuation limits of the
AR-HCEF fabricated using silica glass.

Figure 2 (left) is the scanning electron microscope picture of an
AR-HCF made of Heraeus F300 fused silica glass. A length of 226 m
of AR-HCF was fabricated using the stack-and-draw method. The
capillaries in the cladding were kept from collapsing by pressuriza-
tion during fiber fabrication. Technical challenges during fabrica-
tion limited the uniformity of the fiber cross section. Longitudinal
uniformity was checked by comparing the two fiber ends, which
had core diameters of 110 ym-105 ym, respectively. Low drawing
temperature and a draw-down-ratio (preform to fiber) of approxi-
mately 30 were used to minimize the nonuniformity of fiber struc-
ture along the length. In Fig. 2 (left), the maximum thickness of the
core wall is 990 nm, which gives the first resonance wavelength to
be around 2.04 ym using a refractive index of 1.4373" according
to Eq. (1). Table T summarizes the wall thickness of all 7 capillar-
ies. Details of the COMSOL model in Fig. 2 (right) can be found in
Ref. 34.

Measured fiber transmission spectra in a cutback measurement
from 226 m to 46 m are shown in Fig. 3(a). To avoid any concerns

TABLE I. Measured thicknesses of silica cladding capillaries.

Capillary# 1 2 3 4 5 6 7

Inner diameter 2r; (um) 58.7 54.3 484 50.7 554 543 59.5
Thickness d (nm) 630 760 990 790 770 910 710

APL Photon. 4, 080803 (2019); doi: 10.1063/1.5115328
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FIG. 2. Left: SEM picture of the fabricated AR-HCF made
of F300 fused silica glass. The average core diameter is
about 105 um defined by the inscribed circle of capillaries
in the cladding. The details of fiber geometry can be found in
Table |. Right: model used in the FEM numerical simulation
of the AR-HCF on the left. Details can be found in Ref. 34.

about bend loss, the fiber was rewound in loose loops with about
1 m diameter. A stabilized tungsten lamp was used as the white light
source which maintains a constant emission spectrum for hours. To
avoid the possible influence of variable insertion loss during the cut-
back measurement, the transmission spectra in Fig. 3(a) are average
of multiple measured transmission spectra for the same fiber lengths.
In each transmission measurement, the fiber end was recleaved and
plugged in the monochromator using a bare fiber adaptor. Measure-
ments of both short and long fibers were repeated at two different
spectral resolutions, giving results in good agreement and adding
further confidence to our technique. Due to the decreasing effi-
ciency of the tungsten lamp and the reduced response of the indium
antimonide detector at long wavelengths in the monochromator,
no transmitted light could be detected beyond the strong absorp-
tion lines at 4.2 ym wavelength. Single-mode transmission can be
expected in both fiber lengths because of efficient higher-order mode
filtering due to core-cladding mode coupling in the current fiber
design.”

The blue line in Fig. 3(b) is the fiber attenuation from the
cutback measurement. A minimum of 18 dB/km is measured at
3160 nm wavelength and 40 dB/km at 4 ym. The measured fiber
attenuation is comparable to that of a commercially available mul-
timode InF; fiber,”® shown as the black line in Fig. 3(b), although
significantly lower in the spectral range 2.9-3.2 ym. (The attenu-
ation of the InF; fiber was measured’® in a fiber with a 100 um
core and 0.26 NA.) The absorption spectrum of silica in Fig. 3(c) is
based on information provided by Heraeus and available in Ref. 37.
The simulation in Fig. 3(b) shows that, in the mid-infrared spectral
range, the contribution from absorptive material loss to the total loss
becomes comparable to leakage loss at wavelengths starting from
3 pm, as the material absorption exceeds 50 dB/m. The material loss
becomes the dominant loss mechanism when the material absorp-
tion exceeds 600 dB/m around 3.7 ym. At 3.7 ym wavelength and
beyond, the numerical simulation matches well with the experimen-
tally measured fiber loss, corresponding to a calculated 2.81 x 107
modal field overlap with the silica glass in the cladding at 4 ym by
Eq. (4) [3.07 x 107° modal field overlap by Eq. (3)]. At 4.96 um,
the simulation predicts 4.02 dB/m overall loss, while the fluoride
fiber exhibits only about 0.5 dB/m. By linearly scaling up the fiber
model [Fig. 2 (right)] by 1.25, the total loss at 5 yum wavelength is
reduced to 0.69 dB/m, giving rise to 4.0 x 107> and 4.3 x 10> modal
field overlap by Egs. (3) and (4), respectively. Higher loss of the AR-
HCF due to the silica absorption can be expected at even longer

4,080803-4
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wavelengths, which makes the light transmission in this spectral V. CONCLUSIONS

region using current AR-HCF designs uncompetitive with alterna-
tive technologies.

The minimum experimental loss is 18 dB/km around 3.2 ym
wavelength, which is greater than the simulated value of 6.4 dB/km
at that wavelength. The simulated minimum loss is only 3.7 dB/km
at 2.6 ym, where the measurement is up to 60 dB/km. However,
2.6 um corresponds to a region of strong molecular absorption lines,
the presence of which is very clear from the cutback data [Fig. 3(a)].
The degraded experimental attenuation can likewise be attributed to
the presence of gaseous molecular absorption lines in the spectral
range to 3.5 um”” as well as the effect of variations of fiber geometry
along the fiber length.

This paper reports on the design and demonstration of a silica-
based AR-HCF for the mid-IR spectra region. We have demon-
strated by numerical simulations that the lowest overlap between the
confined mode and the silica glass is obtained when the core wall is
at the lowest-order (thinnest) antiresonance condition. We predict
that this overlap will be around 2.55 x 107 in an ideal AR-HCF
and confirmed as 2.81 x 10~ by analyzing the measured fiber loss at
4 ym wavelength. On the basis of existing data on the absorption of
fused silica, we anticipate that this will result in an attenuation of
45 dB/km at 4 ym wavelength, which is in excellent agreement with
the value of 40 dB/km measured in a fabricated fiber. A very similar

APL Photon. 4, 080803 (2019); doi: 10.1063/1.5115328
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overlap can be expected for the same fiber design scaled to longer
wavelengths, so we can predict that the attenuation of similar fibers
at 5 ym wavelength would be around 0.69 dB/m. At shorter wave-
lengths (below 3.5 ym), absorptive losses are not the limiting factor
in current fibers. Instead, a combination of extrinsic gaseous molec-
ular absorption and structural variations along the fiber length leads
to the predicted attenuation not being reached. Further reductions in
attenuation beyond those predicted numerically in this work could
be achieved by use of a larger core diameter (although being aware
of the consequences for bending loss) or by fabricating fibers using
different glasses with lower spectral absorption. Unlike at shorter
wavelengths where leakage loss is an issue,'”'*** the use of additional
antiresonant features in the cladding is not likely to reduce the atten-
uation. All data underlying the results presented in this paper can be
found in Ref. 34.
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