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Abstract—We theoretically explore the fundamental limits on
the efficiency of coupling light into hollow-core antiresonant
fibres. We study in particular the coupling of a free-space
Gaussian beam to the guided modes of one of the most successful
antiresonant fibre (ARF) geometries, the the nested antiresonant
nodeless fibre (NANF). Through finite element simulations, we
study the effect of the geometrical parameters of the fibre on the
coupling efficiency, showing that coupling into the fundamental
LP01-like mode is typically maximized around 96-98 % when
the incident beam waist is about 70 % of the core diameter.
We find that due to the nature of antiresonance guidance,
higher coupling efficiencies are achieved for fibres operating in
the second antiresonant window (or generally even-numbered
windows) than in those operating in the fundamental antiresonant
window (or generally odd numbered windows), although the
difference between even and odd decreases with the order of
the window. We verify this theoretical finding experimentally
with precise measurements of coupling efficiency into two NANFs
operating in first and second windows, respectively. Our results
which consistently show a steady 1.4 percentage point higher
coupling efficiency for the second window fibre imply that such
fibers may be the most suitable candidates for applications such
as laser delivery which require up to a few hundred meters of
fiber.

Index Terms—Coupling efficiency, Optical fibre, Hollow-core
fibre, Anti-resonant fibre, Single-mode fibre, Beam delivery

I. INTRODUCTION

RECENT fast-paced progress in the development of
hollow-core antiresonant fibre (HC-ARF) technol-

ogy, culminating in the reduction of their attenuation to
0.174 dB/km [1], is rapidly establishing these fibres as an
attractive option to replace existing solid-core optical fibres
in a host of applications. These range from high power laser
delivery [2], [3], to sensing [4], [5], and telecommunications
[6]–[8] where its first commercial deployments have now been
reported [9]. In addition to this sustained progress in loss
reduction – which theory predicts can be lowered still – the
case for these fibres is even more compelling given their
attractive properties of low optical non-linearity [10], near
vacuum latency, environmental insensitivity and polarization
purity [11], to name just a few. All of these unique proper-
ties bring significant improvements in numerous applications,
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whilst unlocking many new ones where vacuum-like guidance
in a long thin and flexible waveguide can be a radical game
changer.

An important enabling step towards wider adoption of
hollow-core optical fibre technology is the ability to efficiently
interface the fibres with existing components, including light
sources and solid-core fibre based devices. Let us consider
as an example, the case of precise laser based material
processing. Here, the optical power must be delivered flexibly
from a high brightness laser source to a work piece [12]. The
efficiency with which the laser light is launched into the fibre is
an important consideration. Solid-core fibres (SCFs) have been
used already with great success in such applications [13], but
they ultimately face fundamental limitations due to the fact that
the most intense part of the laser light is propagated through
the solid core material.

As the optical power increases, it gives rise to nonlinear
light-matter interactions which cannot be neglected. Based
on the type of laser radiation – i.e. pulsed or continuous
wave (CW) – optical nonlinearities, such as the Kerr effect,
stimulated Brillouin or Raman scattering (SBS and SRS,
respectively) become important parasitic effects with unwanted
consequences for the desired application [2]. More intense
laser beams can cause damage to the fibre coating if the
heat generated at the initial section of fibre is not managed
appropriately [3]. Finally, the ultimate physical limit is reached
when the incident optical power is higher than the glass
damage threshold, causing irreversible breakdown damage to
the fibre. Clearly, these effects can be overcome by employing
HC-ARFs in which light is confined and guided in a hollow
region, effectively reducing the overlap between the guided
beam and the glass structure by 4 − 5 orders of magnitude
[14]. This is illustrated by recent demonstrations of near-
infrared (central wavelength λ0 ≈ 1060 − 1080 nm) CW
laser light delivery through HC-ARFs [3], [15], including the
breakthrough result of transmitting 1 kW of power over a 1 km
long nested antiresonant nodeless fibre (NANF) [2].

In their most successful embodiments, ARFs consist of a
number of non-contacting thin glass tubes, nested, double
nested or otherwise, surrounding a central hollow core and
attached on the inside of a thicker silica jacket tube. Figure 1
shows example cross-sections of ARFs fabricated by our team
at the University of Southampton. As can be appreciated, the
fibre’s geometries – and by extension their supported mode
fields too – lack the same circular symmetry that is associated
with free space beams or those emerging from solid-core fibres
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Fig. 1. Typical scanning electron micrographs (SEM) of some antiresonant
hollow core fibres: (a) Simple tubular Antiresonant Fibre (ARF) [10], (b)
Nested Antiresonant Nodeless Fibre (NANF) used in this article, (c) Double
Nested Antiresonant Nodeless Fibre (DNANF) [1]. The red scale bars in of
each of the images correspond to 20 µm, respectively.

and related components. It will be shown that whilst the a
priori expectation of this symmetry mismatch imposing some
limitation on the coupling efficiency between such beams and
the fibre’s fundamental mode (FM) holds true, the maximum
achievable coupling efficiency is not too dissimilar to values
achieved in standard fibres.

With the already demonstrated low loss levels and with the
expectation of even lower losses still to come, the coupling
loss into the fibre will dominate the overall power loss in
applications requiring relatively short fibre lengths (e.g., tens
to hundreds of meters in most high-intensity laser beam
delivery applications). Besides this undesirable coupling loss,
the power that escapes at launch into the fibre is most likely to
generate heat and lead to end-face damage [16], or some other
type of fibre failure [3], [17], particularly when operating with
high laser powers.

Several works have investigated various practical methods
of optimizing launch into hollow-core fibres (HCFs): either via
free-space coupling into bare HCFs [18], splicing end-caps to
HCFs [19], direct splicing of HCFs and commercial SCFs [20],
gluing intermediate graded-index elements [21], [22], or more
delicate ones, such as employing tapered nanospikes [23], or
silica balls [24]. However, no study has hitherto established
the fundamental limits governing this coupling efficiency (CE)
and whether it can be optimized through the design of the fibre
cross-section itself.

In this paper, we theoretically investigate the CE between
a free-space Gaussian beam and the modes of an idealized
NANF. We find the coupling to the fundamental LP01 mode to
be maximized (over 97%) when the incoming beam diameter
is approximately 70% the core diameter. We perform detailed
numerical studies of the impact of the fibre’s geometrical
parameters on the coupling efficiency. We find that due to
the odd or even number of sign changes in the mode field as
it crosses the cladding membranes when the fibre operates in
odd or even numbered antiresonant windows, the maximum
achievable coupling efficiency in even-numbered antiresonant
windows is higher [25]. In particular, the difference in coupling
efficiencies between similar idealized fibres operating in the
first and second window is predicted to be as high as 1.3
percentage point (p.p.), or 1.4% relative improvement. When
we assume that comparable loss levels have been achieved in
fibres operating in the first and second window at the important
laser wavelength of 1064 nm for example, this difference

in CE can be significant. Assuming the same attenuation
for such pairs of fibres, second window fibres provide the
lowest total loss, and thus are the ultimate choice for many
applications. Furthermore, their thicker glass membranes make
them more resilient, less prone to handling related damage,
while also showing more resilience to fluctuations during the
fibre drawing process [26]. This difference in CE between
first and second window fibres is then verified experimentally
with careful measurements of the coupling efficiency into
NANFs operating in the first and second antiresonant windows,
respectively, at the aforementioned 1064 nm wavelength [27].

This paper is organized as follows. Section II introduces the
theoretical background essential for discussions regarding the
different optical transmission windows of the ARFs, as well as
efficient excitation of their optical modes. The methodology of
the experiments is detailed in Section III. In Section IV, results
of the measurements are compared to theoretical expectations,
and finally, Section V concludes the paper.

II. THEORETICAL ANALYSIS OF LIGHT COUPLING INTO
ARFS

We consider in this section how an incoming mode field
which we denote |ψ⟩ is coupled to the modes of the HC-ARF
denoted by |ψk⟩. The modes supported by the fibre consist
of the discrete core-guided modes, cladding modes and the
continuum of radiation modes which form a complete and
orthogonal set. Though the core-guided modes are leaky, they
still approximately satisfy the power orthonormality relation
[28]: ∫∫

z⃗ · (E∗
k ×Hk′ +Ek′ ×H∗

k) dA = δk,k′ (1)

where Ek and Hk represents the the electric and magnetic
field distributions of the mode |ψk⟩ and δk,k′ is the Kronecker
delta. Because the modes of hollow-core fibers are leaky,
the power orthonormality relation of Equation (1) only holds
approximately. Although more rigorous orthogonality relations
have been derived for leaky modes [29], [30], we find that the
low-loss of current HC-ARFs affords the use of Equation (1)
without loss of accuracy.

Following the work of Marcuse [31], the incident field |ψ⟩
with electric and magnetic field vectors E and H can be
expressed as a linear combination of the modes |ψk⟩ so that:

E =
∑
k

ckEk, H =
∑
k

ckHk (2)

where the coefficient ck represents the excited amplitude
of mode |ψk⟩. By combining Equations (1) and (2), the
coefficient ck is obtained as:

ck =

∫∫
z⃗ · (E ×H∗

k +E∗
k ×H) dA (3)

It follows, using Equations (1) and (3) that the total power
P carried by the incident field is simply:

P =
∑
k

|ck|2 (4)
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so that when P = 1, the power coupling efficiency – referred
to simply as coupling efficiency (CE) in the following – into
mode |ψk⟩ is given by |ck|2.

It is well-known that the large core sizes of antiresonant
fibres result in them supporting multiple transverse modes
|ψk⟩, although their structure can be engineered to achieve
effective single-mode operation [32]. Rigorously speaking,
the modes |ψk⟩ are vector modes and leaky in nature. For
simplicity however, we will adopt throughout the paper the
LP terminology to refer to groups of degenerate or nearly
degenerate fibre modes so that the LP01 for example is
understood to refer to the pair of fundamental HE11 modes,
the LP11 group made up of the TE01, TM01 and the degenerate
HE21 modes, etc.

Using Equation (3), we now consider how an incoming free-
space TEM00 Gaussian-like laser beam would excite the modes
of a NANF featuring 5 sets of nested tubes - one similar
to the illustration in Figure 1 (b). NANF samples with the
same number of tubes will be also used for the experimental
verification of expectations predicted by theory in the later
sections. We consider such an incident beam to be linearly
polarized along the x-axis so that the electric and magnetic
field vectors at the focus z = 0 are given by:

E (z = 0) = x⃗Ae−
x2+y2

w2 (5)

H (z = 0) = y⃗Be−
x2+y2

w2

where w is the beam waist of a Gaussian beam.
For the NANFs considered here, following the parameter

definitions as shown in Figure 2 (a), the core diameter is
fixed at 2a = 30 µm, the cladding membranes have thick-
ness t = 360 nm and the gaps between the larger tubes is
d = 4.0 µm. The size of the nested tube is chosen so that
z/a = 0.95, where z denotes the distance between the inner
and outer tubular elements. These parameters are similar to
those of the fabricated fibres used in the experiments described
later. Assuming that the incident beam and NANF are perfectly
aligned, we show in Figure 2 (c) the power coupling efficiency
for the first four mode groups – illustrated in (b) – supported
by the NANF. The coupling efficiency is shown here in the
form of coupling loss in decibels, i.e., −10 · log(|ck|2), as a
function of the ratio between the beam waist w and the core
radius a. This calculation was performed at the wavelength
of λ = 1064 nm, corresponding to a normalized frequency
f = 0.71 in the first antiresonance window – we recall that
f = 2t

√
(n2 − 1)/λ, n being the refractive index of the glass

[25].
We see that for the FM, the coupling loss is minimized

when the incident mode field diameter 2w is approximately
70% of the core diameter 2a. We define this value for which
the coupling from a free space Gaussian beam is maximized to
be the mode field diameter (MFD) of the fibre. The minimum
coupling loss achieved in this case is 0.13 dB, corresponding
to a coupling efficiency of ~97%. Looking at the HOMs, we
observe that the LP11 and LP21 modes receive a negligible
fraction of the incident power in the region of −110 dB to
−50 dB coupling levels, respectively, as one may expect due

Fig. 2. (a) Schematic cross section of a typical 5-tube NANF microstructure,
including the main geometrical parameters: a: core radius, t: membrane
thickness, d: separation of outer tubes, z: inner and outer tube separation,
(b) Illustration of the normalized electric field distribution of the first 4 mode
groups (note that although we use the LP nomenclature for simplicity, these
are vector modes), (c) Corresponding coupling loss values of the respective
mode group, as a function of the beam-core ratio w/a, where w is the beam
waist of a Gaussian beam. In case of ideal coupling (marked with vertical
dashed line for a 0.7 beam-core ratio), most of the field is coupled into the
LP01 (blue curve) mode, while the other higher order modes receive only
a fraction of it, −20 dB, −50 dB, −110 dB for the LP02, LP21 and LP11
modes, (red, black and green curves) respectively.

to the symmetry mismatch with the incoming Gaussian beam.
Because of its azimuthal symmetry, the coupling into the LP02
mode is of the order of −20 dB. As HOMs typically suffer
from much higher coupling loss than the FM, these results
show that with careful alignment, it is possible to achieve
effective single-mode coupling into ARFs, because after a
few meters of propagation the already low fraction of power
coupled into HOMs would be effectively lost.

In what follows, we focus our analysis on the coupling to the
fundamental mode alone. We first examine how the CE and the
MFD defined above change with wavelength – or analogously
with normalized frequency. We plot both quantities in Figure 3
(a) and (b) as a function of the normalized frequency across the
first three antiresonant windows. It can be appreciated that the
MFD shows fano-resonance-like behavior near the resonant
wavelengths, i.e., f = 1, 2, ..., but remains around the 70%
mark at normalized frequencies corresponding to regions with
low coupling and propagation losses. Noticeably, the minimum
coupling loss presents a clear dependence on the order of the
antiresonance window. As shown in Figure 3 (c), it reaches a
minimum of ~0.13 dB in the first window, ~0.07 dB (~98.4%
coupling efficiency) in the second window and ~0.09 dB in the
third. Note that the seemingly negligible 0.06 dB difference
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Fig. 3. Coupling between free space Gaussian beam into the fundamental
mode of a 6-tube NANF as a function of normalized frequency: (a) incident
beam waist to core size ratio w/a for which coupling loss is minimized as a
function of the normalized frequency f , (b) corresponding minimum coupling
loss as the function of the normalized frequency f . Regions highligthed in
blue, red and gray colours correspond to the 1st, 2nd and 3rd order antiresonant
windows, respectively. (c) Coupling loss versus normalized incident between
waist at selected normalized frequencies within the first (blue), second (red)
and third (black) anitiresonant windows. Note how the best coupling is
achieved at around w/a ~0.7, highlighted by the vertical dashed line.

in coupling loss between the first and second window is
comparable to the loss incurred by propagation in as long as
350m for a fibre with attenuation of 0.174 dB/km.

To examine the origin of this dependence on the order of
the antiresonant window, we take a closer look at the mode-
field distribution. We plot in Figure 4 the x component of
the electric field vector in the fibre cross-section, with a cut
taken along the diameter that bisects a cladding tube, focusing
around the cladding membrane. We see that in the first window
(f = 0.74), the electric field changes sign once across the
membrane, but does so twice when operating in the second
window (f = 1.74). This means that in the second window,
the electric field distribution of the mode is better matched
to that of the incident Gaussian beam whose magnitude does
not change sign. By extension, we can see that the coupling
efficiency – which is the overlap between the two fields – will
be greater in even-numbered windows than in odd-numbered
windows, though the discrepancy decreases as the order of the
window increases.

We next turn our attention to investigating the impact of
other geometric parameters on the coupling efficiency and
MFD, since they potentially have a direct impact on the modal
electric field distribution. First we examine the impact of
the gap between the cladding tubes. Using a 6-tube NANF
operating in the first antiresonant window as an example, we

Fig. 4. Normalized electric field distribution of the fundamental LP01 mode
of a typical 6-tube NANF. Highlighted are the curves of the x-component
of the electric fields of different wavelengths, corresponding to different f
normalized frequencies or optical windows, along the marked cut of the fibre
cross-section. It can be seen that the electric field changes sign an m-number
of times inside the cladding membrane (illustrated by the light-blue section),
where m is the order of the respective transmission window. These curves
show an increased overlap with a strictly-positive Gaussian distribution for
the case of even-numbered windows, with the best fit correlated to the 2nd

order.

change the gaps d from 1 to 5.5 µm, while maintaining the core
radius a and the thickness of the tubular elements t constant.
This means that the inner radius of the microstructured region
becomes smaller as the gaps are increased – as depicted in
Figure 5 (a). Note that by doing so, the loss of the fibre
increases markedly. As the gap increases, we note an increase
in the mode-field diameter which may be expected given that
the mode field expands to the spaces between the tubes. At
the same time, we see that the coupling loss experiences
a very slight decrease (i.e. the CE increases). This can be
understood from the preceding analysis. As the gap increases,
the size of the cladding tubes reduces accordingly implying a
smaller region over which there is a sign mismatch between
the incident Gaussian field and the mode field distribution.

Secondly, to investigate the impact of mode shape, we now
keep the parameters d, a, t constant, but alter the symmetry
of the mode field by changing the number of cladding tubes
N . Doing so changes the number of modes supported in
the structure as well as the loss of the fibre [33], [34].
Unsurprisingly, increasing the number of cladding tubes results
in a more circular mode field distribution, as well as a smaller
MFD, which in turn leads to a lower coupling loss (higher
CE), as can be seen in Figure 5 (b).

From the understanding gained from the analysis above,
we can predict the effect of other structural parameters.
Considering operation in the first antiresonant window, we can
see for example that by increasing the size of the larger cavity
(i.e., increasing the parameter z in Fig. 2), smaller nested
elements would result into slightly smaller coupling efficiency.
This is because a larger z would result in the mode field with
a changed sign over a larger spatial region and thus a reduced
overlap with the Gaussian field which is positive everywhere.
For operation in the second window, this parameter will not
have a significant impact on the coupling efficiency. Also
influential is the role of the number of nested tubes. Again,
for operation in the first window, the same argument leads us
to conclude that coupling efficiency into the simple tubular
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Fig. 5. Impact of the (a) inter-tube distance d and (b) number of cladding
tubes on the coupling loss and the ideal beam-core ratio w/a. While both
figures show a clear trend of the examined parameters on the coupling loss
and beam-core ratio, they can also influence other properties of the HCF,
e.g. the attenuation (see text). Note the different scaling of the y-axes for the
two simulations – both performed in the first optical transmission window,
corresponding to the normalized frequency of f = 0.74.

fibre would be the lowest. The NANF geometry improves this
slightly as the field would change signs twice as it crosses
the two membranes and a DNANF (c) would again see a
slight decrease in coupling efficiency, although the difference
would grow smaller as the number of nested tubes increases.
Ultimately, we can conclude that for practical applications
and in fibre structures which have shown great success so
far, the most effective way of optimizing the coupling effi-
ciency for a specific application is to operate in the second
antiresonant window. In the following section, we verify these
predictions by performing experimental measurements of two
NANFs operating in the first and second antiresonant windows,
respectively.

III. EXPERIMENTAL MEASUREMENTS

To validate experimentally the predictions made from the
foregoing analysis, we set out to measure the coupling ef-
ficiency of a laser beam into NANFs operating in first and
second antiresonant windows. We assess the CEs at a given
wavelength in two fibres with membrane thicknesses chosen
so that the wavelength of operation is in the first and second
window of the fibre samples, respectively. We developed a
custom-setup to optimize the launch into the NANFs across
all the degrees of freedom available. First we describe the
fibres used, followed by introducing the experimental setup,
and lastly we discuss the methodology of the measurements.

A. Fibre samples
For simplicity, the fibre samples used for the experiments

will be referred to as NANF-1 (first window) and NANF-2

TABLE I
SUMMARY OF THE MOST RELEVANT PARAMETERS OF THE NANF

SAMPLES USED FOR THE EXPERIMENTAL MEASUREMENTS

Parameter NANF-1 NANF-2

Core diameter [µm] 30.0 29.4

Membrane thickness [nm] ∼ 360 ∼ 750

Antiresonance window order for
λ0 = 1064 nm 1st 2nd

Fundamental mode attenuation at
λ0 = 1064 nm [dB/km]

1.58± 0.13 0.35± 0.05

Corresponding propagation loss (PL)
for l0 = 10m of fibre pieces [%] 0.4± 0.03 0.08± 0.01

(second window) and the relevant data will be colour-coded
with blue and red, respectively. To ensure the most accurate
measurements possible and enable conclusive comparison with
the theoretical analysis, the two fibre pieces; NANF-1 and
NANF-2 were fabricated with very similar structural parame-
ters except for the tube thickness, resulting in overlapping first
and second transmission windows of the respective fibres. This
allows measurement of the CE for both NANFs with the same
laser source and coupling setup, which facilitates comparison
between the two fibres.

For our purpose, it was necessary for the fibre samples
to: (i) have the same symmetry. We made both fibres from
a five-tube NANF preform. (ii) Have similar core diameters –
this would be paramount in ensuring that the same focusing
condition can be used for both fibres. (iii) Have comparable
and low attenuation, and corresponding propagation loss (PL),
and (iv) have the central wavelength λ0 of the laser fall into
different optical transmission windows of the respective fibre
samples. When ideal coupling is achieved for either NANF-1
or NANF-2, the difference of 0.6 µm in core diameter, will
translate to an increased CL in the order of < 0.002 dB or
< 0.04% relative difference – comparable to numerical error
levels –, assuming identical coupling conditions, and such are
neglected. Furthermore, the last criterion was achieved through
changing the thickness of the cladding membranes. The main
parameters for NANF-1 and NANF-2 are summarized in Table
I, showing compliance with all the specifications above.

Figure 6 shows the loss spectra of both fibre samples eval-
uated via cutback measurements (from lengths of 850m, and
2250m each to 10m for both NANF-1 and NANF-2, respec-
tively) recorded using a white light source (WLS - Thorlabs
SLS201L/M) and a broadband optical spectrum analyser (OSA
- Ando AQ-6315A). After averaging, the transmitted spectra of
several output cleaves – while the input coupling conditions
were strictly maintained – the error bars can be calculated,
as also presented in Table I. These shorter cutback pieces
were then prepared to be 10m long samples that will be used
for the experimental verification measurements. The 5-tube
NANF structure allows low FM attenuation whilst imposing
high loss on all other HOMs and achieving an effectively
single-mode operation after short propagation distances [35].
We determined from loss simulations of both fibre samples
that an initial length of l0 = 10m together with optimum
alignment would ensure effectively single-moded guidance,



JOURNAL OF LIGHTWAVE TECHNOLOGY, 2023 6

Fig. 6. Cutback measurements of the NANF samples used for the exper-
iments. Following the colour convention, the blue and red curves show the
attenuation of the 1st (NANF-1) and the 2nd (NANF-2) window fibres includ-
ing the error bars covering the 900−1700 nm wavelength range, respectively.
The dashed vertical line marks the central wavelength λ0 = 1064 nm of the
laser source, while the SEMs of the fibre samples are presented on the right.

with negligible contribution of HOMs.
After capturing cross-section images of both fibers with a

scanning electron microscope, we extracted their permittivity
profiles and used as input to the finite element solver. We
then computed the fiber modes – illustrated for NANF-2 in
Figure 7 – and used Equation (3) to compute the corresponding
CEs with a free space Gaussian beam as a function of its
beam parameter. Our results for both fibers are shown in
Figure 7. The slight asymmetry of the fiber structures induced
by the fabrication process results in them supporting modes
that are closer to the LP classification we adopted earlier but
which also receive more power at the coupling point than the
perfectly symmetric fibers.

For both fibres, the highest coupling efficiency is achieved
for w/a ≈ 0.72 due to the asymmetries in the structures.
Within ±2% of this optimum w/a value, the calculated
coupling efficiency changes by less than 0.01%, justifying
our use of the same, unaltered coupling conditions (which was
initially optimized to achieve maximal coupling into NANF-
2) for both fibre pieces in the following experiments, despite
the 2% core diameter difference between the 2 fibers. More
importantly, however, for this pair of fibres, our simulations
predict a higher coupling efficiency for the fibre operating in
the second window.

B. Experimental setup

The setup we built to measure the coupling efficiency into
the NANFs is schematically illustrated in Fig.8. The light
source used is a single-mode Bookham LC96A diode laser
emitting Pavg ~100 ± 0.7mW average power in continuous
wave operation mode. Its central wavelength is λ0 = 1064 nm
with ∆λ = 10 nm spectral bandwidth. The output of the laser
diode is connected to a commercially available PM-980 fibre
with a tightly coiled section (~13mm bending radius) to help
filter out any residual light not coupled into its FM.

The output of this patchcord – terminated with a standard
FC/APC connector – was mounted on top of an assembly
consisting of a ThorLabs MicroBlock Stage and a compatible
Pitch and Yaw (P’n’Y) platform. This enabled a 5-axis (3 XYZ
translational + 2 P’n’Y rotational) alignment of the launch
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Fig. 7. (a) Illustrations of the normalized electric field distribution of the 6
vectors modes of the first 4 mode groups. The simulation is based on the SEM
capture of NANF-2. (b) Corresponding coupling loss values of the respective
mode groups, as a function of the beam-core ratio w/a. Compared to the ideal
case (shown in Figure 2), the ideal coupling (marked with vertical dashed line)
is slightly increased to a 0.72 beam-core ratio from 0.7. However, similar to
the ideal simulations, under ideal coupling conditions, the coupling loss into
the FM is ~2 order of magnitude lower when compared to the HOMs.

Fig. 8. Schematics of the experimental setup used to measure the CE. SMF:
tightly coiled PM-980 mode filtering fibre loop, LColl and LFoc are the
collimating and focusing lens, respectively, PM: power meter. Inset: cross-
section of the input beam waist. More specifications regarding the setup are
detailed in the text.

beam. After out-coupling from the delivery patch fibre, the
divergent beam is collimated and then refocused using a pair
of achromatic lenses, with focal lengths of fColl = 10mm
and fFoc = 50mm, respectively. This set of lenses was
chosen such that after fine tuning optical distances between the
respective elements of the system, the combined magnification
on the source results in a beam waist that matches well with
the theoretically predicted MFD of the NANF. The intensity
profile of the focused beam recorded by a CMOS detector is
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also shown as an inset on Figure 8.
After both end faces of the NANF samples were cleaved

with a Fujikura precision cleaver – reliably and repeatedly
achieving < 0.3 ° flat facet cleaves – the fibre tips were
mounted on top of the 5-axis stage assembly described above.
This stage made possible the best alignment conditions and
ensured that the highest CE would be experimentally achieved.
For all the measurements, the fibre samples were left in a loose
coil of > 30 cm in diameter, ensuring that the macro-bending
induced losses will be negligible.

At the output of the NANF samples, the power was recorded
with a power meter. The exact installation of the output facet
of the test NANFs showed no effect on the measurement
results and therefore, a singular MicroStage without a P’n’Y
component was sufficient. The Pout output and Pin input
power was recorded by a ThorLabs photodiode power sensor.

C. Methodology

After the NANF samples were prepared and mounted on the
alignment stages, we conducted the following experiments. All
power measurements were recorded over a half-minute time
window to ensure that the < 0.7% power fluctuations of the
laser source were taken into account. After the Pout output
power was collected for a given experiment, the fibre piece
was dismounted and the power meter was placed after the
coupling optics to measure the Pin input power, at a position
after the focal position of the lens assembly, such that the
beams incident in the 2 cases had identical spot sizes. This
minimized any error related to the spot size and spot position
on the detector surface. This procedure was repeated 4 times
for both fibre samples, each time with a new input cleave,
which practically meant an independent mounting condition.
After each cleave, a slight re-alignment of the input fibre tip
to the incoming beam was required to optimize the power
throughput.

Since the measured Pout/Pin ratio also includes the prop-
agation losses (PL), these also had to be considered. The
coupling loss can be obtained by subtracting this PL from
the measured loss values. Once the PL is accounted for,
the calculated experimental results can be compared with the
theoretical expectation, detailed in the next section.

IV. RESULTS AND DISCUSSION

After recording the output power for four separate input
cleaves, we calculated the transmission efficiency as the ra-
tio between the reference input power Pin and the output
power Pout. Figure 9 illustrates our measurement results in
terms of the FM transmission efficiency of the fibre samples.
In accordance with the color scheme described above, the
results shaded in blue correspond to NANF-1 whiles those
in red correspond to NANF-2. Moreover, the different hues
indicates the results of separate measurements (input cleaves
1− 4). As mentioned in the Methodology section, each single
measurement was recorded over a half minute time window,
allowing to quantify the effect of the instability of the light
source. After recording the power values over the mentioned
30 s time windows (~5000 sample points) for each cleave,
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Fig. 9. Histogram representation of measured transmission efficiency values
into NANF-1 and NANF-2. Each bin aggregates a range of 0.15%. The y-axis
covers the counts of transmission efficiency recorded for given bins for each
fibre piece, blue and red for NANF-1 and NANF-2, respectively. The different
colour shades illustrate the results from independent experimental conditions.
The average across all measurements and confidence interval is highlighted
with thick black lines and shaded backgrounds, while the corresponding
numerical values are shown above the respective histograms. The uncertainties
arise from the power fluctuations of the source.

we grouped the corresponding transmission efficiency values
shown on the x-axis into 0.15% wide bins for better visual
representation. The count percentages along the y-axis refer to
the number of occurrences of the given average transmission
efficiency value of the bins, relative to the total number of
sample points for the respective NANF. Records from different
experimental conditions, i.e., fresh precision cleaves and re-
optimized alignment, are contrasted by the distinct colours
shown on the stacked bar chart. Highlighted on the labels
are the average experimental results of 93.0 ± 0.3% and
94.6±0.3% for NANF-1 and NANF-2, respectively (M-TE in
Table II), showing an average difference of 1.6 p.p. or 1.7%
relative discrepancy in transmission efficiency. All relevant
efficiency values discussed hereinafter are summarized in
Table II.

The average coupling efficiency was then extracted from this
by accounting for the average loss accrued after propagation
over 10m of fibre. The propagation efficiencies (including the
uncertainties) were calculated from the values in Table I to be
99.6±0.03% and 99.92±0.01% for NANF-1 and NANF-2 –
corresponding to 0.016 dB and 0.0035 dB average propagation
losses – respectively (C-PE in Table II). It can be seen that the
contribution of the attenuation can account for a measurable
(~20%) portion of the expected CE difference between the 2
fibres. Separating the losses experienced during propagation
leads to the calculated coupling efficiency values of 93.3 ±
0.3% and 94.7±0.3% for samples NANF-1 and NANF-2 (C-
CE in Table II), respectively, showing an average difference
of 1.4 p.p. or 1.5% relative change.

We ascribe the difference between these measurements and
our predictions from Figure 7 to the shape of the laser beam
which is not an ideal Gaussian. To verify this hypothesis, we
repeated the CEs calculations with the modes of the fibers,
but this time using as incident beam the intensity profile
captured on the CMOS camera placed after the coupling
optics. The CE maxima from these simulation are 93.2%
and 94.5%, for NANF-1 and NANF-2 (S-CE in Table II),
respectively, indicating a difference of 1.3 p.p., or 1.4%
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TABLE II
SUMMARY TABLE OF THE RELEVANT EFFICIENCY VALUES FOR NANF-1
AND NANF-2, WITH THE LAST ROW COMPARING EXPERIMENTAL AND

SIMULATION RESULTS

Efficiency values NANF-1 NANF-2

Measured total transmission
efficiency (M-TE) [%]

93.0± 0.3 94.6± 0.3

Calculated propagation
efficiency (C-PE) [%]

99.64± 0.03 99.92± 0.01

Calculated coupling efficiency
(C-CE) [%]

93.3± 0.3 94.7± 0.3

Simulated theoretical coupling
efficiency (S-CE) [%]

93.2 94.5

Simulations Experiments

NANF-1 and NANF-2 coupling
efficiency difference [p.p.] 1.3 1.4± 0.6

relative deviation. This better agreement with measurements
confirms our hypothesis on the role of the shape of the incident
beam.

The measured data and corresponding error-bars, calculated
here assuming Gaussian error propagation through the data
sets, are also shown in Table II. The ~1.4 p.p. (or 0.06 dB)
average difference in the measured coupling efficiency be-
tween NANF-1 and NANF-2 is in excellent agreement with
the predicted difference of 1.3 p.p. of our modelling, which
could be also translated to a propagation loss over ~170m
in the latter fibre. This shows clearly that for applications
requiring up to a few hundred meters of fibre, fibres operating
in the second antiresonant window are preferable as they
offer the lowest total loss, assuming similar other experimental
conditions.

V. CONCLUSION

In summary, we have explored for the first time the funda-
mental limits on the efficiency with which laser beams with
a circularly symmetric Gaussian profile couple into hollow-
core antiresonant fibres which typically feature an N -fold
symmetry (N being the number of sets of cladding tube, nested
or otherwise). We saw that to good accuracy, a Gaussian beam
with a beam waist w ≈ 70% of the core radius a provides
the maximum coupling efficiency to the fundamental mode
of nodeless ARFs, providing a shorthand calculation for the
mode field diameter. The > 96% coupling efficiency maxima
we obtain from simulations are similar to those achievable for
example in solid-core single-mode fibres [31].

Using the NANF structure as an example, we studied how
key geometrical parameters defining the ARF geometry affect
this maximum achievable coupling efficiency. Interestingly, we
found that the most important parameter was the membrane
thickness, observing that fibres operating in even-numbered
windows achieve higher coupling efficiencies than those op-
erating in odd-numbered windows, with the highest coupling
efficiency > 98% achieved in the second antiresonant window.
This effect, we found, originates from the fact that the guided
mode field changes signs an even or odd number of times

across the membrane depending on the order of the operating
antiresonant window.

Setting out to verify this latter prediction experimentally,
we measured the coupling efficiency into two nearly identical
NANFs fabricated in-house and operating at 1064 nm in the
first and second antiresonant windows, respectively. Experi-
mentally, we achieved coupling efficiencies of 93.3±0.3% and
94.7± 0.3% for the two fibres, respectively. The discrepancy
between measured and simulated maximum values are due to
asymmetries in the cross-section of the fibre, as well as in
the profile of the experimental laser beam. Nevertheless, the
results show a consistent ~1.4 p.p. higher coupling efficiency
for the second window NANF.

The results presented in this paper show that using NANFs,
and by extension other antiresonant fibres operating in their
second antiresonant window, are the preferred choice for
various applications where coupling efficiency into the fibres
is critical. One such example is in laser power delivery, where
hollow-core fibres promise to be a game changer [2]. In this
application, optimizing the launch efficiency not only ensures
delivering the maximum power from the source to the work-
piece, but also helps simplify heat management and avert
damage to the fibre by light not captured by the fibre’s modes.
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