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Abstract. We report single-mode midinfrared laser beam delivery through a 50-cm-long tapered hollow-core
waveguide (HCW) having bore diameter linearly increasing from 200 to 260 xm. We performed theoretical cal-
culations to identify the best HCW-laser coupling conditions in terms of optical losses and single-mode fiber
output. To validate our modeling, we coupled the HCW with an interband cascade laser and four quantum cas-
cade lasers with their emission wavelengths spanning 3.5 to 7.8 um, using focusing lenses with different focal
lengths. With the best coupling conditions, we achieved single-mode output in the investigated 3.5 to 7.8 um
spectral range, with minimum transmission losses of 1.27 dB at 6.2 um. © 2017 Society of Photo-Optical Instrumentation
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1 Introduction

Hollow-core waveguides (HCWs) are optical fibers that
guide light within a cylindrical hollow region contained in
a tube with walls composed of metallic/dielectric high-
reflective layers. Unlike the conventional light guiding
scheme where a high-refractive-index core is surrounded
by a low-refractive-index cladding, in HCWs the light is
guided through a low-index core (air) surrounded by
high-index cladding layers. HCWs have become increas-
ingly important in applications, such as trace gas sensing
and the opto-fluidic."™ HCWs recently found applications
as a laser beam delivery device to guide light in the midin-
frared spectral range due to the lack of low-absorption mate-
rials for solid-core fibers.”~” Typically, these types of HCWs
consist of a fused silica capillary tube of fixed bore size with
a reflective silver film deposited on the inner surface. A thin
film of silver iodine is deposited on the silver layer. The
dielectric film thickness determines the optical response of
the HCW, leading to the design of an optimized structure
for a desired spectral range of operation.” As for all wave-
guides, the propagation losses and the mode profile play a
critical role in their operation.® A single-mode beam profile
output can be obtained when the bore diameter is up to 50
times larger than the light wavelength.”!" Silica-based
HCWs with a bore diameter of 300 um have recently been
reported that can deliver optical guidance in the 8 to 11 ym
spectral range with a single spatial mode at the output.'®~'? In
the 3.7 to 7.6 um spectral range, low-loss and single-mode
laser beam delivery through silica-based HCWs with a bore
diameter of 200 m was demonstrated.'> HCWs can also act
as an efficient, mid-IR spatial modal beam filter with single-
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mode Gaussian-like beam output.'*'> These results led to the
implementation of HCWs in gas spectroscopic sensor sys-
tems to improve the spatial quality of laser beams, which
can affect the ultimate performance of gas sensors. For exam-
ple, HCWs with a bore diameter of 300 ym have been imple-
mented in quartz-enhanced photoacoustic sensors employing
quantum cascade lasers (QCLs). The beam filtering provided
by the fiber enables high-performance detection of SF, gas
traces with concentrations down to a few tens of part-per-tril-
lion in volume.!*-1216

Tapered HCWs, i.e., with the diameter linearly varying
along the HCW length, have been proposed as a clever
way to provide single-mode operation and facilitate the opti-
cal coupling alignment using the larger bore size as input.'’-!3
The propagation losses and the quality of the HCW output
beam are strongly influenced by the laser-HCW optical cou-
pling conditions. The selection of the focal length of the cou-
pling lens is mainly determined by the laser beam diameter
as well as the wavelength and the HCW bore diameter.!’
However, a single focusing lens cannot guarantee optimal
coupling conditions for a wide wavelength range.

In this work, we investigate the properties of an HCW
with a tapered bore profile, i.e., with the bore diameter lin-
early increasing from 2a; = 200 ym to 2a, = 260 um for
an L = 50 cm fiber length. The internal high-reflective sur-
face is composed of a silver/silver iodine double layer. The
tapered fiber was coupled with an interband cascade laser
(ICL) emitting at 3.5 ym and four QCLs emitting at 4.6,
5.2, 6.2, and 7.8 um, to investigate the performance of the
HCW in a wide spectral range. The launch conditions, the
propagation losses, and the beam quality at the waveguide
output were analyzed and evaluated using both fiber sides
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as HCW input (i.e., coupling into the smaller end versus cou-
pling into the larger end).

2 Theoretical Model

When optical coupling between a collimated laser beam and
the HCW is obtained using a focusing lens, the propagation
losses and the beam quality at the waveguide exit are affected
by the input laser beam quality, the size as well as the focal
length of the coupling lens. The propagation of the guided
light within an HCW can be treated by the ray-optics model,
assuming that an optical beam can be guided by zig—zag
reflections at the guiding walls. The model is based on
tracking consecutive reflections of a bundle of optical rays
within a cone at the waveguide entrance and propagating
through the waveguide.'® Such a model allows the determi-
nation of both the number of reflections at the waveguide
wall and the angle of incidence for each reflection.
However, to determine how the coupling conditions are cor-
related to waveguide losses and to the output-beam quality,
we exploited the theoretical model proposed in Ref. 9. This
model is based on Maxwell’s equations and Gaussian optics
assumptions. Considering a diffraction-limited collimated
Gaussian beam with a radius w illuminating a lens with a
focal length f and radius of curvature R, the waist radius
wy at the focal plane is given by

Wo = ———— (1)

2\ 2
1+(7,g)

and the focal length f at different laser wavelengths 1 is
given by

R — @)

Hence, by measuring the size of the collimated beam, it is
possible to estimate the waist radius at the waveguide
entrance. When a Gaussian beam is focused into a hollow
waveguide, the best coupling condition is obtained by maxi-
mizing the input laser mode coupling into the HE; wave-
guide hybrid mode, providing the lowest theoretical losses
and characterized by a Gaussian-like optical power
distribution.'”! ~ Spatial profiles of HE;, waveguide
modes can be approximated by the zero-order Bessel func-
tions J(u;, r/a), where a is the bore radius and u,, is the
m’th root of the zero-order Bessel function. If a Gaussian

beam is focused to a waist wy at the fiber input plane, the
intensity distribution is given by

2

G(r) = Gye ™, 3)
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and the amount of the optical power coupled with the m’th
waveguide mode can be expressed in terms of the power cou-
pling efficiency defined as

2
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Hence, the 7, coefficients depend on w,/a. The highest
coupling efficiency to the HE;; mode is obtained for
wo/a = 0.64."7 Values significantly lower than 0.64 guaran-
tee low propagation losses, but cannot ensure single-mode
output conditions, since a significant fraction of the input
power is coupled to higher order modes that can propagate
to the waveguide exit, whereas operating at wy/a > 0.64
leads to higher losses but the HCW output beam remains sin-
gle mode.!” For a collimated beam radius w = 1 mm and
coupling lenses with f =25, 50, and 75 mm, using
Egs. (1)-(4), we calculated the #,; coupling efficiency as a
function of the laser wavelength, considering a; or a, as
input bore radius. The results are shown in Fig. 1.

Using f = 50 mm, it is possible to keep the theoretical
coupling efficiency 7y, > 90% in the 3.9 o 7.8 um spectral
range, by appropriate selection of the smaller (a;) or the
larger (a,) bore side as the HCW input [see Fig. 1(b)],
whereas for 7.8 ym < A< 8.5 um, values of #;; > 90%
are obtained using f =25 mm and a; as the input side
[see Fig. 1(a)]. Instead, for 3 yum < 4 < 3.9 um it is feasible
keeping 7y, > 90%, with f =75 mm and a; as input side
[see Fig. 1(c)].

To estimate the propagation losses, we employed the
equation derived by Miyagi and Kawakami in Ref. 22 to
determine the attenuation coefficients a;, for the HE;,
waveguide modes, considering that the inner core radius
a(z) varies linearly along the waveguide as

aoulput - ainput

L Z + ainpu[, (5)

a(z) =

where ainpy and agygpy; are the bore radii at the HCW input
and output, respectively.
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Fig. 1 (a-c) 14 coupling efficiency calculated as a function of the laser wavelength, when the input beam
is coupled through the a; (red dashed line) or a, (blue solid line) input side, using a coupling lens with

f =25, 50, or 75 mm, respectively.

Optical Engineering

011004-2

January 2018 « Vol. 57(1)



Giglio et al.: Low-loss and single-mode tapered hollow-core waveguides. ..

The theoretical propagation losses can be calculated by
using the following expression:

L,(dB) = —10L0g10{zm:;11m exp [—2 /OL alm(z)dz} }

(6)
where the attenuation coefficients are given by
U \2 A2 n 1 n 2
Am =\ 5~ 3 2\ LT
2z ) a(z)’ n® +k*2 n:—1
ul A%
=K 1m , 7
a(2)? )
with
1\2 »n 1 n’ 2
K=(—) V5= (1+—=—) . 8
(o) e (1 ) ®

Here, n and k are the real and imaginary parts of the complex
index of the metallic layer, while n, is the refractive index of
the dielectric film. By combining Egs. (5)(8), L, can be
written as

L, (dB)

Ainpu +a utpu
— _10Log, {me exp <—2Ku%m/12L M)] .

2ainputaoutput

®

While the attenuation coefficients do not change whether
a, or a, is selected as the HCW input core size, the

propagation losses L, are affected by which HCW side
is chosen, since the coupling efficiency depends on the
wp/a; ratio. These dependences cannot be extracted by
the standard ray-optics model, for which propagation losses
are not dependent on input tapered HCW bore radius.'®
Using Eq. (9), we calculated L, values as a function of
the wavelength with f =25 mm, f=50mm, and
f =75 mm, respectively, as reported in Figs. 2(a)-2(c).
In Figs. 2(d)-2(f), we reported the corresponding wy/a;
ratios. For the wavelength dependence of n, k, and ny
we used relations as reported in Ref. 23.

The simulation results reported in Fig. 2(b) show that
using a lens with f =50 mm, the appropriate selection
of the HCW input side provides propagation losses
<1 dB in the 3 to 7 um spectral range. However, minimiz-
ing the optical losses does not imply the achievement of a
single-mode HCW output condition in the entire investi-
gated spectral range. Indeed, as shown in Fig. 2(e), wy/a
values close to the optimum 0.64 are achieved in the 4
to 7 um spectral range, while for A <4 um, even if using
the lowest core size (a;) as HCW input side, wy/a; values
substantially lower than 0.64 are extracted, and therefore do
not guarantee the achievement of single-mode output. A
lens with a longer focal length provides higher wy/a values
and more feasible single-mode output conditions for
A <4 um. In Figs. 2(c) and 2(f), we reported the calculated
optical losses and the wy/a; ratios when using a coupling
lens with f = 75 mm. For wavelengths <5.5 pum, losses as
low as 1 dB and wy/a; values approximating to 0.64 could
be achieved. On the other hand, for A > 7 uym, f = 25 mm
and the selection of a; as the HCW input side guarantees
that Lp <1 dB and wy/a; approaches 0.64, as shown in
Figs. 2(a) and 2(d).
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Fig. 2 (a—c) Propagation losses L, as a function of the wavelength when the laser beam is focused
focused into a; (red dashed line) or a, (blue solid line), using a lens with f = 25, 50, or 75 mm, respec-
tively. (d-f) The wy/a; ratios calculated as a function of the wavelength when the laser beam is focused
into a; (red dashed line) or a, (blue solid line), using a lens with f = 25, 50, or 75 mm. The dashed
horizontal lines mark the wy/a; optimum value of 0.64.
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3 Beam Profiles at the Hollow-Core Waveguide
Waveguide Exit

The tapered HCW employed in this work consists of a fused
silica capillary tube having a bore diameter linearly increas-
ing from 200 to 260 um for a length of 50 cm. A sketch of
the section of the fiber along its axis is shown in Fig. 3.
The fabrication technique used to realize such a fiber and
deposit high-quality silver (Ag) and silver iodide (Agl) films
on the capillary bore is known as a dynamic liquid deposition
phase.” Custom tapered glass tubing was produced at a com-
mercial glass drawing facility, based on OKSI Inc. propri-
etary design and specifications. The fused silica capillary
inner surface is sensitized to improve adhesion of the silver
film to be deposited and reduce the time needed for this pro-
cedure. A metallic coating is successively deposited by flow-
ing a silver solution through the capillary. Finally, an iodine
solution is pumped through the coated waveguide, which

Hollow core waveguide
Laserin

I 2a, Tapered air core 2a, ‘

Hollow core waveguide

Fig. 3 Sketch of the longitudinal section of the tapered HCW. The air
core diameter increases linearly from 2a; = 200 ymto 2a; = 260 um,
for a total fiber length of 50 cm.

Laser out

Normalized absorbance

0.0 T T
4 6 8

Wavelength (um)

Fig. 4 Absorbance profile of a 7-cm long tapered HCW segment. The
diameter of this tapered HCW segment ranges from ~190 to 200 ym
over its length of 7 cm. The thickness of the dielectric layer is opti-
mized for wavelengths >5 um.
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y (mm)
y (mm)
y (mm)

-2
X (mm)

(©)

X (mm)

(@)

X (mm)

(b)
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reacts with the metallic substrate, resulting in the conversion
of the Ag into Agl. All the fabrication steps are performed by
using a peristaltic pump and a flow rate selected to guarantee
a high coating uniformity. The dielectric layer thickness of
the tapered HCW was designed with the aim of optimizing
the fiber performance in the 4 to 10 um spectral range. The
50-cm long fiber used for the studies reported here was cut
from a coated fiber that was originally 2.5-m long. Figure 4
shows the FTIR absorption spectrum measured in the 2.5 to
8.5 um spectral range for a 7-cm long tapered fiber segment
that was cut from the same longer stock fiber near the small
side of the HCW and is thus a good representation of the
spectral absorption of the fiber used in this work.

The measured absorbance changes slightly from 8 to
5 um, while it increases rapidly at shorter wavelengths.
Therefore, higher losses are expected to occur at wavelengths
<5 pym.

The performance of the tapered 50-cm-long HCW was
experimentally investigated by employing three mid-IR
distributed feedback quantum cascade lasers (DFB-QCLs),
one mid-IR external cavity quantum cascade laser (EC-
QCL), and one ICL, emitting at wavelengths of 7.8 ym
(Corning, DFB-QCL), 6.2 yum (Daylight, EC-QCL),
5.2 ym (Hamamatsu, DFB-QCL), 4.6 yum (AdTech, DFB-
QCL), and 3.5 yum (Nanoplus, ICL). In Figs. 5(a)-5(e),
the beam profiles acquired at a distance of 7 cm from the
output of these lasers using a 124 X 124 pixels infrared
pyro-camera (Ophir, Spiricon), providing a spatial resolution
of 100 um, are shown.

The five lasers exhibit low spatial beam qualities with
asymmetric far-field optical power distributions. In particu-
lar, the beam profiles of the QCLs emitting at 7.8 and 4.6 ym
and of the ICL at 3.5 ym show the presence of multiple
lobes. For this reason, we calculated the second-order
moment of the intensity distribution along both x and y direc-
tions, as reported in Ref. 14 to extract the beam diameters.
For the five lasers, an average value for the beam radius of
w = 1 mm was estimated. The employed laser sources were
optically coupled with the tapered HCW using the input a; or
a,. The HCW was kept straight in all the measurements. The
experimental setup we used is schematically represented in
Fig. 6 and is similar to the one reported in Ref. 14.

A ZnSe coupling lens with an AR coating in the 3 to
12 um spectral range was used to focus the collimated
laser beams into the tapered HCW. We selected lenses
with f =25, 50, and 75 mm. For each focal length, we
used the theoretical model described in Sec. 2 to evaluate
the coupling efficiency and the wg/a; ratios when the

QCL @ 4.6 um ICL@ 3.5 um

y (mm)

1 2 -2 -1 0 1

X (mm)

(d)

2

Fig.5 Beam profiles acquired by positioning the pyrocamera 7 cm from the output of the (a) 7.8 um QCL,
(b) 8.2 um QCL, (c) 5.2 um QCL, (d) 4.6 um QCL, and (e) 3.5 um ICL.
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Laser

Pyrocamera

Cage system

Tapered HCW

Fig. 6 Schematic of the experimental setup used to optically couple the laser sources to the tapered
HCW by employing a ZnSe focusing lens with AR coating in the 3 to 12 um spectral range.

laser beams are coupled to the a; or a, HCW sides. In
Table 1, for each wavelength, we reported the focal length
providing the best coupling conditions, i.e., highest coupling
efficiencies 7y, and wy/a; ratios as close as possible to the
optimum value of 0.64.

Table 1 Focal lengths f providing the best coupling conditions for
each laser source having average beam diameter 2w and corre-
sponding 711 and wy/a; values, using a; or a, as fiber input side.

Theoretically, it is possible to reach coupling efficiencies
with the HE;; waveguide mode > 89%, by selecting the
right input side.

The laser beam profiles, acquired with the pyrocamera
located 4 cm from the tapered HCW output, at the coupling
conditions reported in Table 1, are shown in Figs. 7(a)-7(e)
and 7(f)-7(j), respectively, when a; or a, is used as the fiber
input side.

Despite the low spatial quality and, in some cases, multi-
modal intensity distribution of the input laser beams, the
tapered HCW provides single-mode circular-symmetric
Gaussian-like outputs in the 3.5 to 7.8 um investigated spec-

7(§C§llfn chﬁin Sécﬂin 4£64Lm 3'|50’f_m tral range, Whenevc_er using a or a; as the fiber input side.
Thereby, the selection of the input side giving the best cou-
2w 1.9mm 23mm 28mm 35mm 1.9 mm pling conditions requires the investigation of the related opti-
cal losses. The spatial quality of the laser beam coming out of
a4 f 25mm  50mm  S0mm  75mm 75 mm the waveguide exit can be quantified by calculating
o o o o o M-squared parameter. By collecting HCW output-beam pro-
i 89.6%  88.6%  94.0%  836%  93.8% filesqat differ;ent distance}; from thegHCW end,I:Ne calculgted
Wo/ay 0.52 0.82 0.69 0.91 0.70 the widths of the beam, by using the second-moment-based
width method, starting from 2 cm away from the HCW end.
ap f 25mm 50mm 75mm  75mm 75 mm In this way, it is possible to estimate the half-angle beam
divergence of the beam coming out of the waveguide
1 722%  946%  89.9%  936%  91.1% exit.® This value can be compared with the theoretical
Wo/as 0.40 0.63 0.80 0.70 0.54 half-angle beam divergence 6y, = 2.4051/2xa,’ calculated
by assuming that only the lowest-order HCW mode
100-130
QCL@ 7.8 um QCL @ 6.5 um QCL@ 5.2 um QCL @ 4.6 um ICL@ 3.5 um

y (mm)

X (mm) X (mm)
(a) (c)
130-100
QCL@ 7.8 um QCL@ 5.2 um

y (mm)

0
X (mm)

(f) (9)

X (mm)

(h)

Fig. 7 (a—e) Beam profiles of the five lasers acquired 4 cm from the tapered HCW exit when a; is used as
input side. (f—j) Beam profiles of the five lasers acquired 4 cm from the tapered HCW exit when a; is used
as the input side. The coupling conditions are reported in Table 1.
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propagates, and the M-squared can be expressed as the ratio
M? = 0/04e,. In Table 2, we reported both the half-angle
beam divergence and the calculated M-squared values.

Apart from the 3.5 um-ICL coupled by using a, as the
fiber input side, M-squared values in the 1.06 to 1.16
range were obtained, confirming the achievement of a sin-
gle-mode output close to a pure Gaussian beam at the wave-
guide exit.

4 Optical Losses

We calculated the total losses L, for each laser source, by
measuring the optical power at the input and at the output
of the tapered HCW at the coupling conditions reported in
Table 1. The histogram in Fig. 8 shows the comparison
between the total losses measured are compared when a,
(red and white bars) or a, (blue bars) is selected as the
input side.

In agreement with the FTIR absorbance measurements
reported in Fig. 3, the total losses increase at 3.5 ym. It is
worth noting that, for each laser source we reached lower
losses when the tapered HCW is coupled using the input
side giving the larger coupling efficiency #;; in Table 1.

In Table 3, the best single-mode coupling conditions are
summarized for each laser source, i.e., coupling lens focal
length f, input side a;, coupling efficiency #y;, wy/a;
ratio, and theoretical propagation losses L, as well as cor-
responding measured total losses L,.

In the 4.6 to 7.8 um spectral range, we obtained discrep-
ancies between the losses L, — L, < 1.1 dB. At 3.5 um, this
discrepancy increases up to 1.75 dB. These results suggest

Table 2 Half-angle beam divergences and related M-squared val-
ues, for each laser coupled by using a; or a, as fiber input side.

7.8 yum 6.2 yum 5.2 um 4.6 ym 3.5 um
QCL QCL QCL QCL ICL

a; 6 343 mrad 27.7 mrad 22.3 mrad 18.7 mrad 15.3 mrad

M? 1.15 1.16 1.12 1.06 1.14

a 6 26.6mrad 20.2mrad 16.4 mrad 14.5 mrad 18.7 mrad

Mm? 1.16 1.10 1.07 1.07 1.38
30] [ ==
:: | A
o 2.5 :- 4
<l u
- u
~ 2.0 -l — .. 4
2 = - =
1] o o ] |
g 151 = EE-N = B
- | ] o | |
5 = B = - o
2 10- ' i " =
= " I ] :l
= B = - -
054 Mo = = B = B
o™ " -: ™ o
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3.5um 4.6 um52 um 6.5 um 7.8 um

Fig. 8 Total losses L; measured for each laser source, when a; (red
checked bars) or a, (blue bars) was used as the HCW input side.
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Table 3 Coupling lens focal length f, average beam diameter 2w,
input HCW side radius a;, theoretical coupling efficiency 74, theoreti-
cal wy/a; ratio, theoretical propagation losses L, and measured total
losses L;, at the corresponding best coupling conditions for each
investigated laser source.

7.8 um 6.2 um 5.2 um 4.6 um 3.5 um

QCL QCL QCL QCL ICL
f 25 mm 50 mm 50 mm 75 mm 75 mm
2w 1.9 mm 2.3 mm 2.8 mm 3.5 mm 1.9 mm
A aj ap a4 a a
14 89.6% 94.6% 94.0% 93.6% 91.1%
wo/a 0.52 0.63 0.69 0.70 0.54
L, (dB) 0.98 0.8 1.52 0.74 0.65
L, (dB) 2.13 1.27 1.83 1.75 24

that Eq. (8) provides a reliable estimation of L, for wave-
lengths >4.6 um, while at shorter wavelengths additional
contributions to the losses should be taken into account.
The overall losses underestimation can be ascribed to the
low spatial quality of the laser beams. Indeed, in the theo-
retical model we assumed a pure Gaussian optical power dis-
tribution of the laser beams at the HCW input. For non-
Gaussian input beam profiles, the amount of the optical
power coupled with the higher-order HCW modes increases,
giving rise to higher total losses.”* The larger discrepancy
observed at 3.5 um is due to a dielectric layer for this wave-
length, which is thicker than optimal and this effect is visible
in Fig. 3.

5 Conclusions

In this paper, we reported a detailed study of the influence of
the coupling lens f, the laser wavelength, and the input core
size on the optical performance of a tapered HCW having a
bore diameter linearly varying from 200 to 260 ym over a
length of 50 cm. Theoretical calculations allow predicting
the best operating conditions to achieve single-mode output
and low optical losses as a function of the input laser beam
wavelength. These theoretical predictions have been verified
by optically coupling the HCW with an ICL and four QCLs
emitting within the 3.5 to 7.8 um spectral ranges. Single-
mode Gaussian-like beam profiles at the HCW exit were
obtained for all the employed light sources, even if using
the a, as the input side. This confirms that tapered HCWs
allow using a larger bore size for single-mode operation
with respect to standard HCW, thereby facilitating the
fiber-laser alignment. The reported experimental results val-
idate the theoretical calculations that can be used as a valid
tool to predict the optimal coupling lens f providing the sin-
gle-mode output and lowest losses at different wavelengths.
All these analyses can also be extended to the case of stan-
dard HCWs.
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