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Abstract

Numerical simulations were conducted to analyze the influence of the design parameters of tubular inhibited-coupling
guiding hollow-core photonic crystal fibers (IC-HCPCFs) on the bending-induced phase shift. The possibility to implement
polarization-maintaining (PM) tubular IC-HCPCFs using a low-birefringence approach (with a modal birefringence param-
eter B <7 x 107°) is discussed. Two different tubular IC-HCPCF designs with 7 and 8 glass capillaries are proposed for
operation at a wavelength of 1030 nm. The numerical simulation predicts low guiding losses and a PM behavior sustaining
a degree of linear polarization (DOLP) larger than 90% after 10 m of fiber with a bend radius larger than 0.2 m. This shows
great potential for high-power beam delivery in an industrial environment. The influence that fabrication deviations have on
the polarization-maintaining behavior was also investigated and indicates tight fabrication tolerances for both proposed fiber
designs. Small deviations from the ideal symmetrical structure can lead to an enhancement of undesired modal birefringence.
To ensure a DOLP larger than 90% at the exit of a 10 m-long fiber and for a bending radius > 0.2 m precise control of the
drawing parameters during the fiber production is required, which is challenging but is considered to be technically feasible.

1 Introduction

The flexible guiding of light in air-filled hollow-core fibers
over long distances has been of interest already for several
decades due to the inherently low absorption and dispersion
of this kind of fiber [1, 2]. Low losses [3], tunable disper-
sion [4], and effective single-modeness [5] can be achieved
using photonic bandgap hollow-core photonic crystal fibers
(PBG-HCPCFs) [6]. The drawbacks of PBG-HCPCFs are
however a comparatively narrow transmission bandwidth
[7] and a high overlap of the core-guided mode with the
surrounding glass [8], which limits the applications of this
kind of fibers. An alternative hollow-core fiber concept is
that of the inhibited-coupling guiding hollow-core photonic
crystal fibers (IC-HCPCFs) which were introduced by [9].
Thanks to their low confinement losses [10], low dispersion
[11], broad transmission bandwidth [12], high laser-induced
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damage threshold [13], and the possibility of effective sin-
gle-mode guidance [14], IC-HCPCFs show great potential
in data transmission [15], gas photonics [16], quantum com-
munication [17], optical sensing [18], and high-power beam
delivery [19].

The development of ultrafast lasers with high energies
and high peak powers has enabled numerous applications in
material processing, such as precise drilling of holes with
high aspect ratios and minimal heat-affected zone [20],
high-quality and high-throughput cutting of carbon-fiber
reinforced composites [21] and surface structuring [22, 23].
In this kind of application, IC-HCPCFs are seen as an ideal
means for the flexible delivery of ultrashort laser pulses due
to their capability to handle high powers and intensities [24].
During beam delivery, it is always desirable to preserve all
the important properties of the laser beam, including tempo-
ral pulse shape, spectral width, peak power, and especially
the state of polarization, since the latter plays an essential
role in many of the processes [25].

Conventional solid-core fibers with circular symmetrical
structures are not polarization-maintaining since any inho-
mogeneity of the profile of the refractive index and devia-
tions from the perfect circular geometry of the fiber lead to
random differences in the propagation constants of the two
orthogonally polarized fundamental modes, thus resulting in

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00340-024-08214-z&domain=pdf

78 Page2of11

B.Chenetal.

a degradation of the polarization state [26]. The difference
in the propagation constants between the two orthogonally
polarized fundamental modes can intentionally be enlarged
by using stress rods or applying elliptical core shapes [27].
This high modal birefringence provokes a periodical change
of the polarization state which can therewith be maintained
for a given fiber length [28].

The approach to enlarge the modal birefringence using
elliptical cores to maintain the polarization state in the fiber
has also been adopted for HC-PCFs [29]. The difference in
the effective refractive indices between the two orthogonally
polarized modes was increased by using four elliptical ele-
ments surrounding the fiber’s core to obtain a PM behavior
[30]. Engineering two shunts in the cladding’s glass web,
high birefringence can be achieved by inducing coupling
between one of the polarized modes with surface modes
surrounding the fiber’s core [31]. The overlap between the
core modes and the surrounding glass structures is however
increased as well with these concepts, which are therefore
not suitable for high-power applications.

High birefringence can be obtained in IC-HCPCFs with
an elliptical core shape [32, 33] or by modifying the thick-
ness of the glass strut of the capillaries in the fiber’s cladding
[34-39]. This is however quite challenging to control by
pressurizing the capillaries during fiber production. In the
meantime, it has also been proven that even without such
intentional modifications, IC-HCPCFs can exhibit a polari-
zation-maintaining behavior due to the ultralow interaction
between core and cladding modes inherent to the guiding
mechanism [40]. High polarization purity can be achieved
due to the low overlap and thus the weak perturbation of the
core modes. For a 3-m Kagomé IC-HC-PCF with an opti-
mized hypocycloid-shaped core, a 26 dB maximum polariza-
tion extinction ratio (PER) was measured [41]. The polari-
zation-maintaining properties of another tubular IC-HCPCF
were reported on in [10] showing a maximum measured PER
of 15.5 dB after 16 m of fiber. A high PER larger than 40 dB
could be measured through a 33-m long tubular IC-HCPCF
without being intentionally designed for high birefringence
[40]. The same group demonstrated an even higher measured
PER of 69.8 dB after 178 m hollow-core Nested Antireso-
nant Nodeless Fiber (HC-NANF) and this high polarization
purity was robust against temperature changes [40]. Nev-
ertheless, the state of polarization can degrade when the
phase shift between the two orthogonally polarized fiber
modes is increased due to the bending of the fiber. Due to
the low birefringence exhibited by the tubular IC-HCPCEF,
the polarization mode coupling cannot be avoided by bend-
ing the fiber. Thus, the phase shift between the two polar-
ized modes determines the state of the polarization at the
output of the fiber. It was shown that the bending-induced
phase shift gets larger with diminishing bending radius due
to the enhanced polarization mode coupling between the two
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orthogonally polarized core modes [42]. When the beam
is polarized either parallel or perpendicular to the bending
plane of the fiber, it excites only one polarized mode. Both
orthogonally polarized fiber modes are excited otherwise.
The linear polarization state of the beam is maintained when
the phase shift between the two polarized modes is zero. The
influence of the design parameters of IC-HCPCFs on the
bending-induced phase shift has however not been studied
in detail yet.

The influence of key fiber parameters on the bending-
induced phase shift, which can lead to a degradation of
the polarization state during propagation through tubular
IC-HCPCFs, was therefore studied numerically. We pre-
sent a theoretical analysis of the polarization-maintaining
properties of two fiber designs and discuss the impact that
fabrication deviations have on the PM behavior of tubular
IC-HCPCFs. Although the analysis is devoted to tubular IC-
HCPCFs in this report, the same design strategy can also
be used for the other fiber structures, such as Kagomé [43],
conjoined-tube [44], and nested [2] fibers. Our work concen-
trates on the application of flexible delivery of fundamental-
mode laser beams for material processing. Considering the
critical bending losses and laser-induced damage threshold
only bending radii larger than 0.2 m [45] were taken into
consideration while the wavelength was set to 1030 nm as
for beams emitted from Yb: YAG lasers.

2 Numerical methods

A simulation model based on the finite-element method
(FEM) was implemented using the commercially available
software COMSOL Multiphysics to calculate the effective
refractive indices n,; | and n,4 | of the orthogonally polar-
ized fundamental modes, parallel or perpendicular to the
plane of the fiber bending, respectively. The maximum mesh
size was set to be < 0.2 times the wavelength and the whole
fiber cross-section was surrounded by an optimized perfectly
matched layer with a thickness of 10 um [46]. Conformal
mapping was implemented to model the effect of fiber bend-
ing with different orientations of the bending plane [47].
The geometries of the tubular IC-HCPCFs which were
investigated are shown in Fig. 1. The fiber consists of several
glass capillaries with thin membranes (blue) forming the
cladding structure inside the glass outer cladding (yellow)
and a hollow core filled with air. Since the orientation of the
bending of tubular IC-HCPCFs was found to have only a
limited influence on the resulting phase shift in our previous
work [42], only one bending orientation was considered for
each fiber design in the present analysis. Fibers with an odd
number of capillaries are bent in the plane through the gap
between two capillaries and the center of the opposite capil-
lary, while fibers with an even number of capillaries are bent
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Fig. 1 a—c Cross-sectional view of tubular IC-HCPCFs with 7, 8 and 9 capillaries. d Coordinate system used to characterize the polarization of
an incident laser beam launched into the fiber (see later). The dashed horizontal line indicates the plane in which the fibers are bent

in the plane through the center of two opposite capillaries
(grey dashed horizontal line). The anti-resonant wavelength
of the fiber, which approximately corresponds to the center
of the spectral transmission band, can be estimated by [12]

2T
nglas‘v2 - nair2 (1

ianti -
(-0.5)

where T is the strut thickness of the capillaries, [ is an inte-
ger numbering the transmission band (1, 2, 3, ...), and n
and n,;, are the refractive indices of glass and air, respec-
tively. The phase shift between the two polarized modes can
be calculated with
2r 2r

Ab = TAneﬁf = R | = Nefr,L 2)
where A is the wavelength of the light propagating in the
fiber [12].

3 Influence of key fiber parameters
on the polarization-maintaining effect

As a starting point, the initial fiber design was based on the
seminal work of Kolyadin [48]. A core diameter of D, =
40 um and 8 evenly sized glass capillaries with an outer
diameter of d,.,;y,r, = 15.08 um were chosen, see Fig. 1b.
The characteristic ratio d iy /D,,re therefore amounts
to 0.377. Instead of operating the fiber in the fundamental
transmission band as reported in [10], the strut thickness
was set to 736 nm, by which the anti-resonant wavelength
of 1030 nm comes to lie in the second transmission band.
This has the advantages that the fabrication of the fibers
is less challenging and that the thicker glass membranes
are less susceptible to damage. According to a theoretical
analysis in [49], the coupling efficiency between an inci-
dent Gaussian beam and the fundamental mode of the fiber
is even higher than in the first transmission band, which is

beneficial to suppress the excitation of modes with higher
transverse order.

Figure 2 shows the calculated confinement losses aver-
aged between the two orthogonally polarized fundamen-
tal modes (left) and the phase shift between them as a
function of the wavelength for different bending radii in
the plane of two opposite capillaries as specified above
(right). As expected, the confinement losses increase with
decreasing bending radius. At a wavelength of 1030 nm,
they amount to about 8 dB/km in the straight fiber and
9 dB/km when the fiber is bent to a radius of 0.2 m. Still,
the spectral bandwidth in which the losses are lower
than 15 dB/km is larger than 200 nm, which shows the
advantage of tubular IC-HCPCFs for the flexible guid-
ing of ultrashort laser pulses. The phase shift between the
two orthogonally polarized modes in the straight fiber is
always almost zero in the whole wavelength range, which
means that the polarization state of the transmitted beam
can be maintained as long as the fiber is not bent. For
bent fibers, however, the phase shift first decreases to a
minimum value close to zero and then increases again with
increasing wavelength. The bending-induced phase shift
increases with decreasing bending radius, but the spectral
position with minimal phase shift is virtually kept at the
same wavelength. Near the spectral position with mini-
mal phase shift, however, the phase shift is only weakly
affected by a change of the bend radius. This phenom-
enon can be attributed to the low interaction between the
core-guided modes and modes in the cladding capillaries
with high transverse order which constitutes the guid-
ance mechanism of IC-HCPCFs. It is important to note
that Eq. 1 is only an approximation for the anti-resonant
wavelength. The actual anti-resonant wavelength of the
IC-HCPCFs depends not only on the strut thickness but
also on the number of the glass capillaries, their diameter,
and the core diameter of the fiber. As can be seen from the
example in Fig. 2, the actual anti-resonant wavelength of
the fiber is approximately 1012 nm and deviates from the
1030 nm calculated with Eq. 1. In the following analysis, it
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Fig.3 Computed phase shift between the two orthogonally polar-
ized fundamental modes in tubular IC-HCPCFs at a bend radius of
0.2 m (see Fig. 1 the grey dashed line) with the design parameters
given in Table 1. a Tubular IC-HCPCFs with a core diameter of 40

is shown that this anti-resonant spectral position at which
the phase shift is minimized can be shifted mainly by a
proper choice of ratio d.ary/ D ore-

The influence of all design parameters of the fiber on the
wavelength at which the phase shift between the two orthog-
onally polarized modes is minimized was investigated by the
simulations. The strut thickness was kept constant at 736 nm
to ensure the same spectral position of the transmission band
and low losses of the fiber. The bending radius was set to
the most critical value of 0.2 m (see Fig. 2). The three main
parameters of the fiber are the core diameter D,,,,, the ratio
A apitiary/ Deore and the number of capillaries N (see Fig. 1).
The different considered combinations are listed in Table 1.
The simulation results for the bending-induced phase shift
are shown in Fig. 3 while the corresponding confinement
losses are shown in Fig. 4.
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Wavelength [nm]

Wavelength [nm]

um and N=8 capillaries. b Tubular IC-HCPCFs with a core diam-
eter of 40 um and d..y4ry /D ore = 0.377. ¢ Tubular IC-HCPCFs with

d apitiary/ Deore = 0.377 and N=8 capillaries

Table 1 Set of parameters used to investigate the influence of the
design of IC-HCPCFs on the bending-induced phase shift and on the
confinement losses

Fiber design parameter  d.iary/Deore N D.,..[pm]
Starting point 0.377 8 40
Analysis 1 From 0.3 to 8 40
0.6
Analysis 2 0.377 From7t09 40
Analysis 3 0.377 8 From 30 to
50

Figure 3a shows the calculated wavelength-dependent
phase shift for a core diameter of D, = 40um and a clad-
ding consisting of N = 8 capillaries. Similar results are
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Fig.4 Confinement loss averaged over the two orthogonally polar-
ized fundamental modes in tubular IC-HCPCFs at a bend radius of
0.2 m (see Fig. 1 the grey dashed line) with the design parameters
given in Table 1. a Tubular IC-HCPCFs with a core diameter of 40

obtained for the different ratios d.,,jary/ D core With a slight
shift to longer wavelengths as the ratio increases. Figure 4a
depicts the corresponding confinement losses averaged over

the two orthogonally polarized modes. The losses are only

moderately affected by the ratio d,,,4ry/ D core @8 lOng as it is
> 0.4, which means that the ratio d,.;,y /D or €an be used

as a design parameter to change the spectral position with
the minimum phase shift between the orthogonally polarized
modes (see Fig. 3a).

Figure 3b shows the impact that the number of capillaries
has on the phase shift between the orthogonally polarized
modes. Here the ratio d,giqry/Deore Was set to 0.377 and
the core diameter of the fiber is 40 um. Only fibers with 7,
8, or 9 capillaries were considered (bending orientation see
Fig. 1) since N =6 capillaries lead to excessive losses for
the considered ratio d., 4y / D ore a1d N=10 would require
overlapping of the capillaries. Figure 4b shows the impact
of the number of capillaries N on the confinement losses of
tubular IC-HCPCFs. It can generally be concluded that the
confinement is improved with an increasing number of cap-
illaries in the fiber, but at the same time, this can also lead
to efficient guiding of unwanted higher-order modes. The
bending-induced phase shift increases more significantly
with an increasing number of capillaries but fortunately has
only a minor influence on the spectral position at which the
phase shift is minimized. This minimum shifts to slightly
shorter wavelengths with an increasing number of capillar-
ies in the cladding.

To investigate the influence of the fiber’s core diameter on
the confinement loss and the bending-induced phase shift,
the core diameter of the tubular IC-HCPCFs with 8 capillar-
ies was varied from 30 to 50um and the ratio d..,4r,/ D
was kept again constant at 0.377. The results of the numeri-
cal simulations are shown in Fig. 3c. It is already known

core

1000 1050 1100 1150
Wavelength [nm]

100
O900 950 1000 1050 1100 1150
Wavelength [nm]

pum and N=3§ capillaries. b Tubular IC-HCPCFs with a core diam-

eter of 40 um and d,.,,i4y /D eore = 0.377. ¢ Tubular IC-HCPCFs with
/D,

deapitiary/ Deore = 0.377 and N =38 capillaries

from the literature [50] that the confinement loss is reduced
with increasing core diameter since the overlap between
guided modes and surrounding glass is reduced (see Fig. 4c).
The bending-induced phase shift however increases signifi-
cantly by enlarging the core and the spectral bandwidth for
which the phase shift is below 5°/m is reduced from about
150 nm to nearly 30 nm when the core diameter is increased
from 30 to 50 pm.

4 Resulting fiber designs

Following the previous analysis, the design of a fiber suitable
for PM transmission in the first step requires the specifica-
tion of the operation wavelength which defines the required
strut thickness as given by Eq. 1. After the choice of the
desired core diameter D_,,, and the number of capillaries N
to fulfill the requirement of a given application, the spectral
position at which the phase shift is minimized can be flex-
ibly tuned by varying the capillary diameter d,.,;;,, Which
results in a change in the ratio of 4y /D ore- However,
due to the nonexistence of a rigorous analytical model for
the tubular IC-HCPCFs, the physical reason for this fact is
still unclear and will be the subject of future work. Using
this strategy, one can easily design a tubular IC-HCPCF to
fulfill the requirement of PM transmission in an industrial
environment, as discussed in the following.

According to ISO 11145:2018 (ISO.2018), a linearly
polarized beam is defined by the degree of linear polari-
zation (DOLP)>90%. Using this criterion, the fabrication
tolerance was analyzed in the example of two proposed fiber
designs. The Stokes formalism was used to retrieve the state
of polarization of the beam after propagation through the
fiber. The polarization state is represented by the Stokes
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vector (3") which consists of the four Stokes parameters S,
S|, S5, and S;. The DOLP can be expressed as [51]

2 2
_M. 3)

DOLP =
So

The change of the polarization state of the optical fiber
can be described by a linear retarder using the Miiller calcu-
lus using the corresponding 4 X 4 Miiller matrix [51]

1 0 0

=l © cos2(20) + sin*(20)cos(AS)

0 —sin(26)sin(Ad)

c0s(20)sin(20)(1 — cos(Ab)) sin(20)sin(Ad)
0 cos(20)sin(20)(1 — cos(AS)) cos*(20)cos(AS) + sin*(20) —cos(20)sin(AS)
cos(20)sin(Ad)

A core diameter of 40um was chosen to ensure a confine-
ment loss of the fundamental mode of less than 10 dB/km as
well as a phase shift of less than 2.58°/m in a spectral range of
several tens of nanometers around the anti-resonant wavelength
for bend radii larger than 0.2 m. For fibers with a core diam-
eter of 30 um the required confinement loss of the fundamental
mode cannot be achieved (see Fig. 4c). For fibers with a core
diameter of 50 um, the spectral bandwidth in which the phase
shift is limited to 2.58°/m is too narrow (see Fig. 3c). Two PM

0
)
cos(Aod)

where A6 represents the bending-induced phase shift and 6
is the angle between the bending plane of the optical fiber
(see Fig. 1 grey dashed line) and the plane of polarization of
the beam launched into the fiber (x-direction see Fig. 1d).

Using a perfectly linearly polarized incident beam with a
1

IC-HCPCFs consisting of a tubular structure with 7 and 8 capil-
laries designed for a wavelength of 1030 nm are proposed and
discussed in the following. The two proposed fibers with 7 and
8 capillaries are labeled as T7 and T8 fibers, respectively. The
ratio of d,yiiary/ D eore Was optimized by the aforementioned
method for both fibers. Their structures are shown by the insets

polarization state S = (1) , the polarization state S7 after ~ of Fig. 5. The design parameters are given in Table 2.
To achieve a minimum phase shift at the wavelength of
o 0 1030 nm when the fiber is bent to a radius of 0.2 m, the ratio
transmission is given by A apittary! Deore Was set 10 0.524 and 0.553 for the T7 and the T8
6 1 fiber, réspectively. Figure 5 shows the computed confinement
7 5’1 M. Sem 1 loss averaged over the two orthogonally polarized fundamen-
- ,2 —me = 0 tal modes and the resulting phase shift for bend radii ranging
| S 0 from 0.1 to 0.5 m for the two fibers. Both fibers exhibit low
- 1 (5)  confinement losses of less than 10 dB/km for bending radii
c052(20) + sin®(20)cos(AS) excee.dmg 0.}5 m apd the phase shift is less tha.n 0.05°/m for
= . , bending radii ranging from 0.18 to 0.5 m, which shows the

c0s(20)sin(20)(1 — cos(Ad)) .. . .

—sin(20)sin(Ad) promising PM potential using these ﬁberg The wavelength-
- dependent confinement loss and bending-induced phase shift
and the resulting DOLP is of the fundamental modes in the two fibers with a bending
DOLP = \/ (cos*(20) + sin*(20)cos(A8))” + (cos(20)sin(20)(1 — cos(A5)))>. (6)

When 0 is 45° or 135°, two orthogonally polarized modes
are excited with equal power, which is the worst case since
the change of the polarization state of the transmitted beam
caused by bending-induced phase shift is maximal.

According to Eq. 6 the accumulated phase shift A
after the optical fiber needs to be < 25.8° to keep a DOLP
of >90% for all possible orientations 6 of the polarization
of the incident beam. For typical industrial applications of
ultrashort laser pulses, the length of the fiber needs to be in
the order of 10 m, from which it follows that the phase shift
per unit length needs to be lower than 2.58°/m. This value
was considered for the analysis of the fabrication tolerances.

@ Springer

radius of 0.2 m are shown in Fig. 6. The fibers show losses
of less than 10 dB/km for a spectral region ranging from 900
to 1125 nm. The spectral bandwidth in which the bending-
induced phase shift is below 2.58°/m amounts to over 35 nm
with a minimized phase shift at 1030 nm.

This result confirms our previous analysis and shows
great potential to implement PM tubular IC-HCPCFs using
a low-birefringence approach (corresponding to a modal bire-
fringence parameter < 7 X 10™°) by tuning a single design
parameter d,,,iijqry/ D cor instead of intentionally modifying
the structure of the fiber’s cladding to enhance the birefrin-
gence. The two proposed fibers fulfill the requirements of
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Fig.5 Confinement losses aver- 102
aged over the two orthogonally
polarized fundamental modes
(a) and bending-induced phase
shift between the two orthogo-
nally polarized fundamental
modes (b) as a function of

the bending radius for the two
proposed fibers for a perfectly
linearly polarized incident beam
with an orientation angle 0 of
45° or 135°. (T7 fiber: D,,,, =
40[4)11, dcapi[lary/DmrE = 0524’
N=7 capillaries and T8 fiber:
Dcore =40um, dcapillary/Dcore =

0.553, N =38 capillaries)
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Table2 Summary of design parameters of the proposed PM tubular
IC-HCPCFs

Fiber design param- dmpillary /Dcore N Dcore[p'm]
eter

T7 0.524 7 40

TS 0.553 8 40

PM transmission with low losses for an ideal structure. In the
production however one needs to consider small deviations
from the ideal structure, as discussed in the following.

5 Analysis of fabrication tolerances

Due to the conservation of mass, the cross-sectional area

1 0 T
0.4 0.5 0.1 0.2 0.3 0.4 0.5
Bend radius [m]

Fig. 1) stays constant during the fiber production process
when the preform exhibits a uniform structure along its
whole length and a constant ratio between the feeding and
the pulling velocities is ensured. The diameter of the capil-
laries in the fiber is adjusted by applying pressure to the
capillaries during the drawing process. A higher pressure
applied to the capillaries leads to larger capillary diame-
ters and a smaller strut thickness and vice versa. Due to
small deviations from the target process parameters during
manufacturing, the capillary properties can deviate from
the design which leads to a detrimental influence on the
PM behavior of the fiber. Figure 7 shows the influence of
the fluctuation of the capillary’s diameter on the resulting
DOLP for a fiber with a length of 10 m at a wavelength of
1030 nm and a bending radius of 0.2 m (bending orientation
see Fig. 1). The relative deviation of the diameters is defined
dyom)/ dyom> Where the d i and d,,,,, are the effective

of the thin glass walls of the capillaries (see blue parts in ~ as(dy —
Fig.6 Confinement loss aver- 103 .

aged over the two orthogonally T7

polarized fundamental modes —T8

(a) and bending-induced phase - 1030 nm

shift of fundamental modes (b)
as a function of the wavelength
for a perfectly linearly polarized
incident beam with orienta-

tion angle 6 of 45° or 135°; the
bending radius was set to 0.2

m (see Fig. 1 the grey dashed
line); T7 fiber: D,,,,,, = 40pum,
d«:apillar}\'/Dmm = 0524’ N=7
capillaries; T8 fiber: D, =
40/”"’ dcapillury/Dcure = 0'553’
N =8 capillaries
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Fig.7 Confinement loss aver- 20
aged over the two orthogonally
polarized fundamental modes
(a) and resulting DOLP after
10 m of fiber (b) as a func- 10|
tion of the relative deviation
of the effective diameter of the
fiber from its nominal value
(dyg = dyom)/ dyop In case of

a perfectly linearly polarized
incident beam with orienta-
tion angle 6 of 45° or 135° and
bending radius of 0.2 m (see
Fig. 1 the grey dashed line)
and a wavelength of 1030 nm
for two proposed tubular IC-
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and nominal outer diameters of the capillaries, respectively.
While keeping a constant cross-sectional area of the glass
walls of the capillaries (see blue parts in Fig. 1), the relative
deviation varied from —3% (d 5 about 20.32 pm for T7 and
21.44 um for T8 fiber) to+3% (d about 21.58 pm for T7
and 22.76 um for T8 fiber). For all resulting fibers, a loss of
less than 10 dB/km was observed with only small changes
compared to the values of the nominal design (see Fig. 7a).
The DOLP after 10 m of fiber however drops significantly
with larger deviations from the nominal design (d,; about
20.96 um for T7 and 22.12 um for T8 fiber). The acceptable
relative deviation (DOLP >90% after 10 m of fiber) of the
capillary diameter is found to range between -2.2% (d,; =
20.49 pm) and+2.6% (d,; =21.5 um) for T7, while the tol-
erances are even tighter for the T8 fiber where the diameter

7 100 -

6.5-

-2 -1 0 1 2 3
(deff-dnom) /dnom (%]

2 3 -3
[%]

of the fiber should not vary for more than —1.9% (d,; =
21.68 um) to+2.3% (dz = 22.61 pum).

After considering a uniform change of all capillaries, we
now discuss the impact of a gradient of the diameters of the
capillaries in the fiber’s cross-section from one side to the
opposite side, which can be often observed in produced fib-
ers. The resulting fiber cross-sections are shown in Fig. 8c
where the gradient has been exaggerated for a better visuali-
zation. The gradient of the capillary diameters leads to non-
uniform gaps between neighboring capillaries and can easily
be caused by imprecise pressurization of the capillaries dur-
ing the production of the fiber (Nawazuddin et al. 2018). As
mentioned before, due to a constant cross-sectional area of
the thin membranes of the glass capillaries (see blue parts in
Fig. 1), the variation of the capillary diameters can lead to

e
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Fig.8 Confinement loss averaged over the two orthogonally polar-
ized fundamental modes (a) and resulting DOLP after 10 m output of
the fiber (b) as a function of normalized difference (d,,,, — d,in)/dnom
of the maximum and minimum diameters of the capillaries in the fib-
ers for two tubular IC-HCPCF designs with a bending radius of 0.2
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m and a wavelength of 1030 nm for a perfectly linearly polarized
incident beam with orientation angle 0 of 45° or 135°. The varying
diameters of the capillaries is sketched in ¢ which also indicates the
reference for the bending directions
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unequal strut thicknesses. This asymmetry of the fiber struc-
ture and the resulting variation of the strut thickness can lead
to a narrowing of the transmission band and a dependence
on the bending-induced phase shift as well as the losses on
the orientation of the bending.

Figure 8 shows the computed confinement losses averaged
over the two orthogonally polarized fundamental modes and
the resulting DOLP after propagation through 10 m of fiber
with a bend radius of 0.2 m for different bending orienta-
tions while keeping a constant angle 8 =45° or 135° of the
polarization direction. In this case, the normalized deviation
of the capillary diameters is defined as (d,,,, — d,,;,)/ dnom>
where the d,, ., d,,;, and d,,,, are the largest, the smallest,
and the nominal value of the outer diameters of the capillar-
ies for each fiber. While only slight changes in the confine-
ment loss for different bending orientations are observed,
the phase shift strongly depends on the bending orientation
(see Fig. 8). The bending orientations with maximal DOLP
(hence minimal degradation of the DOLP) are 110° for the
T7 fiber and 90° for the T8 fiber, while the bending orienta-
tions resulting in a minimal DOLP are 0° and 180°, respec-
tively. The dashed and solid curves show the limit of the
maximal and minimal DOLP of the two fibers, whereas the
shaded areas show the influence of different bending orien-
tations. The degradation of the polarization is significantly
enhanced when the normalized deviation of the capillary
size increases, while the confinement losses are almost con-
stant. This leads to very tight tolerances of the fabrication
with a maximum allowed deviation of 0.64% from the origi-
nal design for both tubular IC-HCPCFs to achieve the target
DOLP of >90%. This is very challenging for fiber produc-
tion. With the tremendous development of the technologies
for the fabrication of hollow-core fibers, new approaches
have emerged, such as the direct drawing of fibers from the
stacked-cane preform using the stack, seal, evacuate, and
draw technique [52]. The fabrication of tubular IC-HCPCFs
with a nearly perfect symmetrical structure is feasible by
using the new fabrication techniques combined with the
separate control of each glass capillary during the pressuri-
zation. With precise control of the drawing parameters, it is
also feasible to maintain the rather large strut thickness of
around 736 nm and the size of the glass capillaries along the
fiber length. Another way to mitigate this narrow fabrication
tolerance is the reduction of the fiber length. Figure 9 shows
the fabrication tolerance of the two proposed fiber designs
regarding the normalized deviation of the capillary diam-
eters as a function of the fiber length, after which the DOLP
of the output beam is larger than 90%. This shows the trade-
off between the fabrication tolerance of the two proposed
fiber designs and the fiber length, after which the require-
ment can be fulfilled. The fabrication tolerance increases to
1.2% for 5 m of fiber, while this value is more than 6% for
the fiber with a length of 1 m. This will ease the challenging

(o]

Fabrication tolerance [%)]
N w B (&)

—_

Fiber length [m]

Fig.9 Fabrication tolerance of the two proposed fiber designs regard-
ing the normalized difference (d,,, —d,,;,)/d,,, of the capillary
diameters as a function of the fiber length, after which the DOLP of
the output beam is larger than 90%

task of fiber fabrication. It is worth mentioning that the fro-
zen twist introduced during fiber fabrication is commonly
known to enhance the birefringence of IC-HCPCFs [53, 54].
According to the work of Rohrer [42], this twist effect was
found to be negligible for the limited fiber length of 10 m.
Despite our analysis not encompassing all possible varia-
tions, the fabrication imperfection due to the non-equal size
of the glass capillaries shown in Fig. 8 was found to be the
most critical factor concerning the fabrication tolerance.

6 Conclusion

In summary, a theoretical analysis was conducted to investi-
gate the influence of the essential design parameters on the
bending-induced phase shift in inhibited-coupling hollow-
core photonic-crystal fibers (IC-HCPCFs). The possibility
of realizing polarization-maintaining (PM) IC-HCPCFs
using a tubular structure has been discussed. Two designs
of tubular IC-HCPCFs with 7 and 8 glass capillaries were
proposed for a PM operation at a wavelength of 1030 nm.
Numerical simulation showed low guiding losses and a PM
behavior. The resulting degree of linear polarization (DOLP)
was larger than 90% after propagating through 10 m of fiber
with a bend radius larger than 0.2 m. These designs show
great potential for the delivery of linearly polarized beams
with high intensity. Our comprehensive analysis has how-
ever also revealed tight fabrication tolerances and that even
small deviations from the ideal fiber structures lead to an
enhancement of the modal birefringence. Precise control of
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the drawing parameters during fiber production is therefore
needed.
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