IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 30, NO. 6, NOVEMBER/DECEMBER 2024

4301308

Light Transmission Through a Hollow
Core Fiber Bundle

Md Abu Sufian

Abstract—This paper reports on the fabrication and perfor-
mance of a fiber bundle with seven hollow cores arranged in a
hexagonal pattern. The bundle shows individual core transmis-
sion with less than 0.07% core-to-core coupling over a length of
11 cm. Each core exhibits several transmission windows in the
visible to near infrared region. These low attenuation regions with
large higher order mode suppression are a result of anti-resonant
guidance due to the negative curvature membranes encircling the
cores. The central core exhibits the widest transmission window
with a minimum loss of 4 dB/m between 1250 nm and 1450 nm.
The lowest loss for the central core is estimated to be 2.5 dB/m at
600 nm. Such hollow core fiber bundles may be employed in ap-
plications including communication, imaging systems, high power
laser delivery, or sensing.

Index Terms—Hollow core fiber, multicore fiber, fiber bundle,
HCF bundle, HCF, PCF.

1. INTRODUCTION

OLLOW core fibers (HCFs) are a type of micro-structured

fiber where light confinement is achieved in a core where
the core solid material is removed. Compared to conventional
fibers, HCFs offer a great potential of significant mitigation
of material-imposed limitations such as transmission windows
restricted by material absorption or optical power handling
constrained by nonlinear optical effects or material damage.
Over the last two decades, hollow core fiber technology has
been explored as an alternative candidate to replace solid silica
fibers [1], [2], [3]. In this effort, novel HCF fiber designs and
fabrication techniques have been demonstrated to reduce the
fiber loss and to extend their transmission windows. In con-
trast to conventional fibers, which carries light by total internal
reflection (TIR), anti-resonant HCFs (AR HCFs) guide light
exploiting the inhibited coupling, low overlap between core and
capillary modes [4], and anti-resonance from the encircling glass
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membranes [5] which provide improved light confinement. The
membranes surrounding the core act as Fabry Perot resonators
defining the high attenuation regions in the transmission spec-
trum while wavelengths away from these resonances exhibit
better confinement due to small overlap between the core and
glass modes. The resonant wavelength, X...; can be obtained [6]
from—

4tv/n? — 1

)"res -
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,where k=1,2,3... (1)
t is the capillary thickness, n is the refractive index of glass, and
k is the order of the resonant wavelength.

Advanced AR HCFs have already surpassed silica fibers in
terms of attenuation at fiber optic communication wavelengths
in the O-band [7] and at mid-infrared wavelength (MIR) beyond
4 pm [8], where silica absorption severely limits the transmission
[9]. While solid core fiber technology is mature and considered
to be the primary platform in optical communications and laser
light delivery, novel AR HCF fiber designs still continue to
improve in performance from UV to MIR wavelengths [10],
[11], [12], [13]. In particular, the introduction of negative cur-
vature designs [2], [14], [15], node-less lattice structures [16],
and nested-capillary designs [17], [18] have enabled further
improvement of AR HCF optical performances and the limits
are still to be explored. The lack of solid core materials in HCFs
allows low latency transmission [4], [19] since light travels at
near vacuum speed in the hollow core and significantly enhances
the power handling capabilities due to nonlinear optical effects
[14]. In the last few years, transmission of high peak power ns/ps
pulses [20], fs pulses [21], [22], and kW average power [23], [24]
through AR HCFs have been reported. Owing to the progress
in HCF technology, they are considered to be a potential rival
to replace solid core silica fibers in many applications and are
opening new avenues for fiber optics [10], [11], [17], [18], [25].

Amongst the promising application areas of HCFs are medical
imaging and diagnostics. Imaging fibers are typically bundles,
where many individual fibers or fibers cores are densely packed
together to form a multi-core structure [26]. In addition to
medical imaging [27], [28], [29], multicore fibers and bundles
have been employed in numerous applications including optical
fiber communication [30], [31], [32], sensing [33], [34], [35],
[36], [37], fiber lasers [38], [39], [40], fiber couplers [41], to
name but a few.

One major limiting factor of fiber bundles, particularly for
imaging applications, is core-to-core crosstalk. A conspicuous
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approach to limit the crosstalk between adjacent cores is to
increase the core separation and the mode confinement [42].
However, these weakly coupled fibers impose restrictions on
the fiber design and the operating wavelength range. In addi-
tion, the imaging resolution is reduced while the fiber diameter
increases. An alternative solution is to employ disordered lattice
structure, where anti-symmetry reduces the modal overlap be-
tween neighboring cores resulting in reduced coupling efficiency
which enables decoupled modes propagating through individual
cores [43]. On the other hand, multi-core structures with small
core-to-core distances exhibit strong coupling between cores
and the formation of supermodes [44]. Such supermodes can
be considered the eigenmodes that extend over the waveguide
cross-section and remain invariant along the fiber length [45].
In general, the optical fields propagating inside a multi-core
structure can be described using the coupled-mode equation
given by [46]—

dA,;,(2)

T = ) R X An(2) x IV < 6(z) (@)

n#m

where A,,, and A,, are mode field amplitude distributions in cores
m and n respectively, ¢(z) is a random phase function which
takes into account bending and twisting effects of the fiber, and
ABumn = Bm — Bn, where 3, and f3,, are propagation constants
of the modes in cores m and n respectively.

According to the coupled mode theory, the mode coupling
coefficient k,,,, from core n to m is determined by the overlap
integral of the corresponding guided modes for each individual
core, [47], [48]-

k2 [ AbrmAmAndSs,
2B, [ A2dSs

where kg is the wave number in free space, Sy is the infinite
cross-sectional area and A€, = n2,,. ,, — n2,4- While the
coupled-mode theory can describe the statistical nature of the
coupling strength between two cores, a more accurate approach
to obtain the coupling coefficient is the supermode theory. Here,
the eigenvalue problem of the waveguide is solved, and the
propagation constants can then be used to estimate the coupling
efficiency.

In this paper, our research focuses on the analysis of the light
propagation in a fiber bundle formed by hollow cores distributed
in a hexagonal pattern. The choice of a hexagonal distribution
is warranted since it offers the maximum core density, for 7
cores, 19 cores, 37 cores, etc. [45], [49], [50]. Here, we propose
and demonstrate a 7-core hollow core fiber bundle (HCFB)
where each core forms an anti-resonant waveguide exploiting
the inhibited coupling in a negative curvature design. The bundle
is drawn in house using the popular stack and draw method. The
hexagonal 6 capillary cladding architecture allows for a dense
multicore design with a small distance between neighboring
cores. On one hand, such small core-to-core pitch might intro-
duce some core-to-core coupling that could impede high-quality
imaging due to the superposition of modes [51]. On the other
hand, nonuniformities introduced during the fabrication process
reduce the mode overlap and potentially reduces the coupling
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Fig. 1. Fabrication of the hollow core fiber bundle by the stack and draw
method. (a) A stack (¢ 25 mm) of the bundle structure with a suitable arrange-
ment of glass capillaries, (b) SEM image of the fiber bundle cross section (¢
375 pm) drawn from the preform. The light grey regions are the cladding glass
microstructures, whereas the black regions represent fiber bundle areas filled by
air.

efficiency significantly [52]. Unlike multicore fibers, where
core-to-core coupling may be desired for supermode formation,
minimization of crosstalk is among the desired features of fiber
bundles. In this paper, we analyze the core-to-core coupling in
our HCFB experimentally and through simulations using the
finite element mode solver provided by COMSOL. Experiments
and simulations demonstrate that even small non-uniformities
prohibit the formation of supermodes and strongly decouple the
transmission of individual hollow core.

II. FABRICATION AND CHARACTERIZATION

The HCFB, shown in Fig. 1(b), consists of seven hollow
cores, each surrounded by six glass capillaries forming claddings
with negative curvatures. The fiber bundle is fabricated using
a two-stage stack-and-draw method. In the first stage, shown
in Fig. 1(a), fused silica capillaries are stacked inside a larger
jacket tube. The HCFB is drawn to its final dimensions with an
outer diameter of 375 um. The cross-section of the drawn fiber
bundle is shown in Fig. 1(b). The SEM image reveals the HCFB
geometry with a central core diameter of 54.2 pm, capillary
diameters of about 44 ;m, and capillary thicknesses of about
2.9 pm. While the overall structure of all seven hollow cores are
similar, slight differences between individual cores due to the
fabrication process are also indicated in Fig. 1(b).

Transmission spectra of individual cores are obtained using a
broadband light source (SuperK Compact by NKT Photonics)
and an optical spectrum analyzer (AQ6370B by Yokogawa).
Each core is excited by imaging the facet of the supercontinuum
laser delivery fiber (SMF28) onto individual cores of the HCFB
using a pair of aspheric lenses. At the output facet of the 1.7 m
fiber, two circular irises are employed to spatially filter out the
transmission modes of the individual capillaries. This procedure
is repeated several times for each fiber core. While both ends of
the fiber are clamped on to nano-stages, the mid-section of the
fiber is spooled in a single loop with a diameter exceeding 50 cm.
A large bend radius helps to keeps the bending loss to a minimum
[8].

Normalized transmission spectra for cores 1, 2 and 3 are
shown in Fig. 2(a). For better visibility we only show trans-
mission spectra for 3 cores while the other 4 cores exhibit very
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Fig. 2. (a) Normalized transmission spectrum of cores 1, 2 and 3, as denoted
in (b) SEM of fiber bundle. (c) The transmitted fundamental mode (H E'11) for
the central core at a wavelength of 1550 nm.

similar transmission. Each spectrum exhibits multiple windows
of high transmittance and high attenuation. Here the high atten-
uation bands correspond to 4th to 9th order resonances, going
from longer to shorter wavelengths, see 1. Spectral locations of
these high attenuation regions are determined by the membrane
thickness. The measurement range of the spectra is limited by
the OSA (600 nm to 1700 nm).

Although the dominant features are similar for all cores,
some variations can also be observed because individual cores
differ slightly in core diameter, curvature of the surrounding
membranes, capillary shapes, and node sizes. For instance, core
1 has the largest diameter of 54.2 um, followed by core 2 and
core 3. The average diameter of core 2 and core 3 are 51.2 ym
and 49.5 pm, respectively. For this bundle it is found that the
high attenuation band edges for core 3 are located at shorter
wavelengths compared to cores 2 and 1 resulting in slightly
smaller windows of high transmission. In addition, the capillary
junctions or nodes, where adjacent tubes touch and fuse together,
have different thicknesses than the glass membranes. These
nodes surrounding the cores introduce additional losses within
the transmission windows [53]. This is particularly evident
near 1600 nm where the node resonance causes a dip in the
transmission spectrum for all the three cores.

III. SIMULATIONS

The commercial finite element mode solver COMSOL is
used to simulate the transmission spectrum that corresponds
to the central core structure of the bundle cross section shown
in Fig. 3(b). As shown in Fig. 3(c), the 2D COMSOL model
features an idealized transverse structure where the capillaries
are perfectly circular and symmetric. This disparity between
simulations and experiments was chosen to significantly reduce
the necessary computation resources that would be required
considering the actual geometry. As seen in Fig. 3(a), our
COMSOL simulations cover the whole wavelength range of the
experimental data using reasonable computation times of a few
hours. The simulated attenuation spectrum exclusively accounts
for confinement losses, leakage and bending losses are not taken
into consideration in this work.

Fig. 3(a) compares the attenuation spectra obtained from
both experimental measurements and model simulations. The
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Fig. 3. (a) Measured vs. simulated attenuation spectrum of the fiber bundle.
The measurements of attenuation within the central core of the bundle shown
in (b) are performed using the cut-back method. Multiple high and low atten-
uation regions can be observed and reproduced in simulations considering the
fundamental air-core mode in the idealized structure shown in (c).

experimental attenuation spectrum shown is obtained using the
cutback method with the broadband light source launched into
the central core. We started with an initial length of the fiber
bundle of 1.71 m and cut back to a length of 21 cm. While
the simulated geometry deviates from the actual fiber, the main
anti-resonant transmission features of spectra are in good agree-
ment. The low-attenuation windows are positioned at similar
wavelengths and their bandwidths widen from short to longer
wavelengths. Experimentally, the lowest confinement loss of
2.5 dB/mis measured at 600 nm. The widest transmission band is
found between 1250nm-1450 nm, with minimum losses around
4 dB/m.

Unsurprisingly, the simulated loss is 3 orders of magnitude
lower than that of the experimental results. This is due to
the imperfect transverse bundle structure and possible, but un-
known, local non-uniformity along the propagation direction
which contribute to the increase in attenuation. While the perfect
circular structures and the node-less fiber geometry of the model
results in very good mode confinement and low losses in the
simulations, the presence of capillary nodes surrounding the
core in the real fiber bundle introduces additional resonance
within the transmission windows [53], further downgrading
the experimental loss profile of the fiber bundle.

IV. CORE-TO-CORE COUPLING

When two or more waveguides are in proximity, one can apply
coupled-mode theory that assumes the presence of additional
waveguides to be a small perturbation to the original single
waveguide problem. On the other hand, if a fiber consists of
multiple cores, i.e., in a multicore fiber bundle, the eigenmodes
of the structure can be obtained by solving wave equations
across the whole fiber geometry, including all coupled cores.
These multi-waveguide eigenmodes are usually called super-
modes. Simultaneous propagation of these supermodes leads to
a changing field distribution across the multiple cores in the
propagation direction [54]. In our fiber bundle the cores are
closely packed and are separated by a layer of capillaries. Similar
to a multi-core fiber, there may be crosstalk between neighboring
cores, hence supermodes. To investigate how supermodes form
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Fig. 4. Supermodes of a twin-hollow-core fiber. (a) 2D and (b) 1D electric
field distributions of the even (in-phase) mode where the fields have the same
phases in both cores, (c) 2D and (d) 1D electric field distributions of the odd
(out-of-phase) mode where fields in both cores have opposite phases.

in a multi-core structure, twin-core and seven-core hollow core
structures have been studied [52].

A. The Idealized Twin-Hollow-Core Fiber Structure

It has been shown that twin-core fibers can sufficiently rep-
resent and provide insight into the modal characteristics of a
multicore structure [52]. According to supermode theory, the
eigenmodes of such system are first-order and second-order
supermodes, and their eigen values, i.e., propagation constants,
are Beyen and Bogq [55]. Eeyen and E, 44 describe the supermode
electric field distributions. Here, we consider a system of two
coupled single mode waveguides. The whole structure features
two orthogonally polarized eigenstates (supermodes) and the
sum of these mode fields is the total electric field propagating
along the fiber. Hence, the total power intensity is defined as—

I = |Eeven + E’odal|2
= |Eeven|2 + IE‘odd|2 + 2EevenEodd COS(ABZ) (4’)

where AS = Beyen — Bodd, defines the beating term. Estimated
Ap can be used to obtain the beat length, L. = ALB =7 X

[ko(ngyc?” — ng?‘})]’l, [56], [57] which is described as the
smallest length over which the power of one core is completely
transferred to the other. The beat length derived here based on
the supermode theory can be readily used to estimate x' = %
[58], the supermode coupling coefficient. Here, s’ quantifies
the power coupling from the initially excited supermode to the
initially un-excited supermode. This is similar to the coupling of
guided modes of different cores in coupled mode theory when
the coupling of separate waveguides is quantified by £, as
defined in (3).

Fig. 4 shows the even and odd modes of the idealized twin-
hollow-core fiber where both cores have a geometry similar to
the hollow core used for the above discussed simulations, see
Fig. 3(c). The highest index mode here represents the even mode
where the field amplitudes are symmetric and equally distributed
between the two cores. The second order supermode (odd mode)
has an antisymmetric electric field distribution with field phase

reversal between the cores. The total power of each supermode
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Fig. 5. (a) Idealized 7-hollow-core fiber bundle cross section. (b)—(h) Com-
puted 2D electric field distributions for the 7 supermodes supported by the bundle
structure.

is distributed evenly between the cores for both modes. It is to be
noted that each index mode also allows polarization dependent
degeneracy. The effective refractive indices ng’}" and ng% are
obtained from the eigenvalues 3°*¢" and 3°? provided by the
COMSOL simulation, respectively. The coupling is very weak,
and the coupling coefficient is calculated tobe 8.02 x 10~ ym~*
which corresponds to a beat length of 1.94 m at 1550 nm.

B. Fiber Bundle With Seven Hollow Cores

In order to identify the supermodes in a HCFB with seven
hollow cores, the geometry of a symmetric idealized HCFB
structure (Fig. 5(a)) is simulated with COMSOL. Solving the
boundary value problem across the whole cross-section for a
wavelength of 1550 nm, 7 distinctive modes can be identified.
The corresponding electric field distributions are presented in
Fig. 5(b)- (h). The fundamental supermode (Fig. 5(b)), with
the largest effective index, exhibits a LF;-like or degener-
ate HF;; mode structure. The second (Fig. 5(c)) and third
(Fig. 5(d)) supermodes have a symmetric and anti-symmetric
L Py;-like mode structure (superposition of degenerate 7' Fy;,
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Fig. 6. Asymmetric twin-core fiber model. 2D and 1D power distributions in
the (a)—(b) left core, and (c)—(d) right core. No supermode field distributions are
found.

T My, H E2; modes). The fourth (Fig. 5(e)) and fifth (Fig. 5(f))
supermodes are L P»;-like modes (superposition of degenerate
EHy1, HE31 modes). The sixth supermode (Fig. 5(g)) exhibits
L Pys-like geometry (degenerate H F'15 mode), while the sev-
enth supermode (Fig. 5(h)) shows LPs;; mode (superposition
of HE4 and EH,; degenerate modes). Each supermode is
two-fold polarization degenerate.

C. Non-Uniform Twin-Hollow-Core Fiber Structure

Although the simulation results show the support of 7 super-
modes (14 considering the polarization degeneracy) in the 7-core
structure, no supermode field distribution is observed in our fiber
bundle experiments. Our simulations indicate that this can be
attributed to the fabrication induced transverse nonuniformity
across the fiber cross-section. Non-uniformity and asymmetric
geometry truncate the field overlap between adjacent cores,
hence, reduce the coupling efficiency. A twin-core slightly
distorted structure is modeled to support this assumption. As
for the idealized structure considered previously, the coupling
coefficient, beat length, and coupling efficiency are calculated.
Compared to the idealized structure in Fig. 4, the diameters of
the two right-most capillaries in Fig. 6 are reduced by only 1%.
Albeit small, the induced dissimilarity between left and right
core is sufficient to eliminate the support of supermodes. Rather,
the mode profiles resemble that of two decoupled independent
fibers with single hollow cores. At 1550 nm, the beat length in
the distorted structure is reduced to 0.142 m, a 92.7% reduction
from the symmetric model. The coupling coefficient, estimated
to be 1.1 x 107° um™!, increased by one order of magnitude,
similar to the findings in [59]. Despite the increase in coupling
coefficient, the coupling efficiency in the antisymmetric struc-
ture is greatly reduced and power transfer between the cores is
practically negligible. The coupling efficiency, which quantifies
the fraction of power transferred from one core to the other fol-
lowing propagation over the beat length, drops from 100% (in a
symmetric structure) to 0.13% in the asymmetric fiber model. In
Fig. 6(c)—(d), 99.87% of the total power is confined in one core.
This effect is more evident in large core fibers where fabrication
induced imperfections drastically reduce the coupling efficiency,
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causing the eigenmodes to reduce to independent core modes
[52].

D. Experimental Core-to-Core Coupling in the HCFB

An experimental setup is arranged to determine the coupling
between adjacent cores in the HCFB. Only the central core
is excited. After propagation through several lengths of the
bundle, spanning from 11 cm to 1.71 m, the transmitted powers
exiting from the other cores are recorded to quantify core-to-
core coupling experimentally. Within the measurement limits of
0.07%, no power transfer between the central and outer cores
is observed. It can be inferred that the structural imperfections
and reduced symmetry of the actual bundle structure introduced
during the fiber draw process reduces the core-to-core coupling
in the HCFB to an insignificant value for the lengths examined.
This negligible coupling between cores in the multicore bundle
indicates that the formation of supermodes is prohibited in our
HCEFB, unlike prior reports on supermode based sensors [33]
and laser system [60] with solid core multicore fibers.

V. CONCLUSION

In conclusion, we demonstrated, for the first time in our
knowledge, light transmission through a multi-core hollow core
fiber bundle. Due to the imperfect symmetry of our 7 HCFB,
supermode formation is suppressed and independent individual
core modes are supported. Each core exhibits multiple trans-
mission windows with the transmission windows defined by
their corresponding core architecture. The lowest attenuation is
observed around 600 nm for the central core. Although the mea-
sured loss in this fiber bundle is significantly larger than in an-
tiresonant silica fibers with a single hollow core, similar HCFBs
may find important application in imaging and short-range data
transmission. Additionally, further performance improvement
via curvature enhancement and node-reduction can be realized
providing further avenues for practical uses. Since hollow core
fiber high attenuation regions can be tuned by controlling the
capillary thicknesses, the transmission windows can be shifted
to a pertaining wavelength for different applications. Scaled up
fiber bundles with increased number of cores have potential
for high resolution imaging and space division multiplexing in
optical communications.
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