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Abstract

In the present article experimentally we have measured optical polarization and birefrin-
gence in commercially available endlessly single mode photonic crystal fiber (PCF) named
ESM-12B. We have applied the twist into the PCF using mechanical rotator in the experi-
mental setup. The twist angle varied from 0° to 1440° with the interval of 360° rotation.
Polarization and birefringence calculated for each twist angle using Polarimetry technique.
It is observed from the experimental results that polarization and birefringence can be con-
trolled by applying appropriate twist angle. Theoretical simulation is performed for optimi-
zation of the twist angle and calculation of dispersion for each twist angle with respect to
wavelength from 0.6 pm to 1.8 um. It is realized that initial value of dispersion for left rota-
tion is less than — 250 ps/nm/km but for right rotation initial value is less than —400 ps/nm/
km. Application of the present work leads to use the PCF ESM-12B as polarization rotator
and optical sensors.
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1 Introduction

Optical fibres are used in a wide range of applications including telecommunication, medi-
cal, defense, industrial and commercial. In order to achieve high data rates in the area of
telecomm particular, long haul, high data rate systems, and also used in the intrinsic fiber
optic sensors. In order to fulfill the demand of latest technology commercially available
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endlessly single mode PCF particularly ESM-12B have come in picture which has the
unique flexible features like controllable dispersion, non-linearity and loss with a property
of endlessly single mode (Upadhyay et al. 2021a, 2021b, 2021c). When optical wavelength
interacts with PCFs, the three physical parameters of light like polarization, amplitude and
phase are used to carry information. Despite the benefits of fibre use, we must consider
the negative impacts that exist in real non-ideal optical fibre. The existence of inherent
and induced birefringence is critical in telecommunications (Singh et al. 2022) and sens-
ing applications (Almawgani et al. 2022). The existence of birefringence might result in an
unfavorable polarization shift.

Changes in the principal axis angle and phase retardance of the optical medium as a
result of differences in the externally applied stress define birefringence effects. In other
words, birefringence effects are caused by a feature of some optical media called "optical
activity," which causes right-circularly polarized light to go through the medium at a dif-
ferent speed than left-circularly polarized light. The applications of birefringence effect are
Strain-sensing systems, wave plates, glucose concentration monitoring devices, and etc. As
a result, there are numerous proposals for determining the linear (Ulrich and Simon 1979;
Rashleigh 1983) or circular (Kapron et al. 1972; Papp and Harms 1975) birefringence fea-
tures of optical media. About two decades ago pioneering studies, establish precise rela-
tionship between the kind of perturbation acting on the fiber and the properties of the
induced birefringence (Ulrich and Simon 1979; Rashleigh 1983; Kapron et al. 1972; Papp
and Harms 1975). Twist has a close relationship with the linear birefringence that exists in
any genuine fibre (Kapron et al. 1972; Papp and Harms 1975) as a result of deviations from
a circular core form or owing to internal tension. Depending on the relative magnitudes of
the twist rate X and the linear birefringence, three typical circumstances can be recognized.
Linear birefringence is the dominating effect in the case of weak twist, and the twist rotates
its principal axes. In terms of these axes, polarization evolves almost identically to how it
would in a non-twisted fibre. As a result, the polarization gets twisted with the fibres.

Being able to characterize the birefringence of fibre structures (loops, helical coils) is
crucial since birefringence has a substantial impact on many applications employing fibre.
This test can be carried out utilizing a monochromatic input signal with known polariza-
tion and a polarimeter setup to measure the output signal. If the sample’s birefringence
matrix is known, both polarization states can be easily connected using matrix mathemat-
ics. As a result, validation of the birefringence matrix utilized to describe the birefringence
properties of the fibre structure is a crucial aspect of this characterization procedure. In
general, fibre architectures have two basic deformations: bend and twist; in this paper, we
investigate the birefringence of twisted PCF.

The polarization ellipse of the output signal spins as the twist rises in an anisotropic
medium. Twist generated birefringence, as Ulrich and Simon (Ulrich and Simon 1979)
pointed out, is dependent on the intrinsic birefringence of any fibre. They propose that
at medium twist, the shear strain in the twisted fibre generates circular birefringence,
which is changed into elliptical birefringence when paired with the fiber’s intrinsic linear
birefringence.

An experimental examination of the polarization changes has observed when twist is
applied to a commercially available continuously single mode (ESM-12B, 87 cm length)
fibre with no intended birefringence. Rather than looking at the evolution of the state of
polarization (SOP) along the fibre (Collett 1993; Tang and Kwok 2001; Shurcliff 1962;
Kliger et al. 1990) on the Poincare sphere, we also looking for at the evolution of output
Stokes parameters with torsion ranging from 0° to 1440°. It has been assumed that twisting
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a fiber induces circular birefringence. Twist-induced alterations have been investigated by
perturbation for an isotropic PCF. It has been demonstrated that the plane of polarization
spins in the direction of twisted light path. Because the modification of the polarization
state of transmitted light is the most common manifestation of birefringence phenomena, a
brief recapitulation of polarization states and its illustrative is offered.

2 Theoretical modeling and design analysis of the PCF:

To undertake a theoretical analysis of twisted PCF, we assumed that the original birefrin-
gence is not changed, but that the geometric change. The PCF in this situation can be a
sequence of equal birefringent plates with rotational birefringence axes. The birefringence
axis of each differential plate that is rotated at the same angle as the previous plate is
depicted in Fig. 1.

Further to continue the theoretical investigation we have implicit that for short endlessly
single mode PCF sample the waveguide structure is uniform and they can be described
as homogeneous retarders (elliptical retarders). Therefore, using the 3 X 3 Mueller matrix
M. (8, 0) (Tsao 1992)

1—2C0$20'Sin2<§> —cososinéd —sin2(fsin2(5/2)
M, = cososiné cosé sin ¢ cos & (D
—sin 20 sin® (6/2) —sinosing 1 -2 sin’ o sin’ 6/2)

c=nr/2-2¢ )
e =Ellipticity angle; d =Phase retardation between elliptical polarization eigen modes.
& =06+ 3)

where 9, is linear shift and &, is circular shift, each transverse section is rotated with respect
to the previous one an angle given by 1, (angle of rotation per unit length of fiber). This
means that two neighbouring differential cross sections at a distance dz rotate through a
relative angle do = t,dz. For a fiber’s length L the total torsion angle is T = wL. The retar-
dation between elliptical polarization modes is depicted in Fig. 2. After mathematical anal-
ysis it is demonstrated that the new matrix (Mgg) (Tentori et al. 2009a; Chen et al. 2015)
including the contribution of the geometric rotation of the birefringence axes is given by,

Mgg = R(bT)M, (6, 0) 4)

Fig. 1 Rotation of birefringence
axes of twisted PCF X
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Fig.2 Representation of linear, A

circular and elliptical retardation . .
Circular retardation

Ellipt'ifal retardation

6
L >

Linear retardation

Which is the product of two matrices: M,(5, c) that describes the anisotropy of the
medium given by the residual birefringence of the straight fiber and a rotation matrix that
includes the total angle of torsion. The rotation matrix R(bt) includes the total angle of
rotation (Tsao 1992),

cos 2bt amp; — sin 2bt amp;0
R(bt) =| sin2bt amp;cos2br amp;0 |with b =1 6]
0 amp;0 amp;1

Twist |t| =~ [B|

In this case we assume that the total induced elliptical retardance &, varies linearly with
T, a = gt, 8, = §, + ct, where ¢ is an unknown constant and §, is the retardance value for
T = 0, that is §, represents the retardance value due to the fiber’s residual birefringence.
This value can be used of &, in Eq. (1) to obtain the below equation (Tsao 1992),

1 — 2 cos? o sin’ [%] cososind, sin 20 sin’ [%]
M, (ém) = cososind, cos o, sinosiné, 6)
= —sin 20 sin’ [%] —sinosing, 1 —2sin’ o sin’ [%]
If we have a linear polarization state S;, with azimuth angle ¢ given by,

cos (2p)
Si(@) = | sin (2¢) ©)
@0

The Stokes parameters S1and S2 present a fixed azimuth shift of 180°, therefore, we pro-
pose that the total matrix for twist induced birefringence is S, = My ([3, 7,8, 0, O)Sinin(cb).
The output Stokes vector S, can be found to be

Sour = {Slaut’ Szom’ S3uut} ()
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S1,,, = —sin[2(br — 0 + p)]{cos o sin6_ cos 2(¢ — )
+cos o, sin2(¢p — 0)} + cos2(br — 0 + p) 9)

+ {1 = 2cos? 6sin*[8,/2] cos 2(¢ — §) — cos & sin 6, sin 2(¢p — 6)}

out

82, = c082(bt — f+ 0){cososind, cos2(¢p — ) + cos 6, sin2(¢p — 0)}
+sin2(br — 0 + )

s (10)

+ { 1 — 2 cos? o sin? [77] } cos2(¢p —0) —cososinéd, sin2(¢p — 0)}

1)
s3,, = —sin’ [7’] sin2c cos 2(¢p — 0) — sin 6, sino sin 2(¢p — ) 11

3 Experimental setup

Figure 3 shows an experimental setup for measuring the input and output states of polarisa-
tion using the Stokes polarimetry approach (Wang and Oakberg 1999). A polarizer P1 is
used to polarise the Gaussian beam from an unpolarized (SmW, 632.8 nm) He—Ne laser.
After that, the linearly polarised light travels via a half-wave plate positioned on a rota-
tion stage, allowing the polarisation direction of the input beam released into the PCF to
be adjusted. After passing through the polarisation components, the beam is focused onto
the cleaved end of the ESM-12B PCF, which is positioned using a three-axis stage, using a
0.4 NA 10 microscope objective lens OL1. Figure 4 shows the original picture of the scan-
ning electron microscope (SEM) image of ESM 12B. The PCF is 87 cm long and is kept
horizontal with one end fixed and the other end mounted with a mechanical rotator (MR)
to generate twist.

At the output end another microscopic lens OL2 with 0.41 NA is used to collimate the
beam. Quarter wave plate (QWP) with combination of polarizer P2 is placed at output
end connected with CCD camera and computer to collect out beam for measuring Stokes
parameters. Two cases are considered in the above setup; In the first case we have kept

PCF

(ESM-12B) NA—0 41 m
i @ OL1 @
ccp

LASER NA= 0 4
P1 Qwp P2

COMPUTER

PCF (ESM-12B)

Fig.3 Experimental setup used for the measurement of birefringence due to twist. P1, P2-polarizer; OLI,
OL2-objective lenses; PCF- photonic crystal fiber; MR-mechanical rotator, CCD-camera
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Fig.4 SEM image of cross
sectional view of endlessly single e
mode PCF ESM 12B \ ESM-12B

20pm EHT=3.00 KV Signal A= InLens Date: 27 March 2021
| s | WD=3.3 mm Mag=724 X Time: 13:42:23

the input state of polarization constant and changed the twist rate for each measurement.
To analyse the output state of polarization Stokes parameters are taken into account (Lo
et al. 2004; Cameron and Cote 1997; Lo and Yu 2006). The Stokes parameters describe
any polarisation condition of light in detail. Originally, the Stokes parameters were simply
employed to define the optical field’s measured intensity and polarisation state (Tentori
et al. 2009b). In the second case we have changed the input state of polarization for each
twist and performed the same measurements (Hameed et al. 2020).

4 Results and discussion
4.1 Experimental results

The birefringence matrix is a unitary transformation since it is the product of two unitary
matrices. This behaviour may be validated by changing the azimuth angle of the input lin-
ear polarization state in the experimental setup. In our case input state of polarization is
fixed, a linearly polarized horizontal beam is launched into the PCF with an objective lens.
At the output end Stokes polarimetry setup is used to measure Stokes parameter, normal-
ized Stokes parameter are calculated and shown in Fig. 5 for various twist angle. The meas-
urement has performed for five different twist angles from 0° to 1440° with an interval of
360°. Initially when no twist is applied i.e. twist angle is 0°, the normalized Stokes param-
eters are depicted in Fig. 5B. An algorithm is developed to extract the normalized Stokes
parameters from the experimentally measured data. Total intensity SO, horizontal and ver-
tical components S1, diagonal and anti-diagonal components S2, right circularly polarized
(RCP) and left circularly polarized (LCP) component S3 is calculated and plotted for each
twist angle varied from 0° to 1440°.Stokes measurements can be performed as follows,

So =1(0°0") +1(90°,0°)
S, =1(0°0") —1(90°,0°)

S, =1(45°,0°) —1(135°,0°)
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(@)

(e
|

Fig.5 Measured normalized Stokes parameter at twist angle B 07, C360°, D720, E 1080 and F 1440 of
PCF at horizontal input polarization

Sy = 1(45°,90%) — 1(135°,90°)

1(B, d) intensity of the light variation in the direction which makes an angle 8 with the
x- axis direction after the phase retardation d.

Ellipticity x = %sin_1 (S3/S,) and ellipse orientation o = %tan‘1 (S,/S,) are calculated
by measured data and ellipse orientations are shown in Fig. 6. From Fig. 6a it is clear
that direction of polarization ellipse and ellipticity changes clockwise as the twist angle is
increased. Input state of polarization is fixed for the evolution of the output state of polari-
zation measured for the endlessly single mode PCF (ESM-12B). Orientation of polariza-
tion ellipse without any twist angle for various input state of polarization is shown in Fig. 7
for ESM-12B PCF. It is observed from Fig. 7 that orientation of polarization ellipse and
ellipticity changes with different state of input polarization without introducing any exter-
nal twist. For right and left circularly polarized beams the measured ellipticity is more.

(a) (b) (c) (d) (e)

0=0° 0 = 360° 0 =720 0 =1080° 0 = 1440°

Fig.6 Ellipse orientation of ESM-12B PCF at twist angle (a) 0°, (b)360’, (€)720, (d) 1080" and e 1440° for
horizontal input polarization
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Vertical Horizontal Diagonal

Anti-diagonal

Fig.7 Ellipse orientation of ESM-12B at twist angle 0" for different input state of polarization

When this fiber is twisted at a low twist rate, the components S1 and S2 of the Stokes vec-

tor S, are modified.

4.2 Simulation results

Theoretical simulation has been performed for various twist angles of PCF i.e. 0° to 1440°
for horizontal and vertical polarization for optimization of the twist angle for controlling
polarization. Using finite element method (FEM), the permanent twist can be applied at
the cladding surface of the PCF. Followed by the experimental study, the circular polariza-
tion for proposed structure is induced right and left rotation and the pattern is simulated for
different angle (360°, 720", 1080° and 1440°). Initially for the case of untwisted PCF, the
polarization in horizontal and vertical direction is plotted in Fig. 8b ¢ and after applying

@ (b) (©)

(a

Fig.8 Polarization inducement of untwisted PCF at 0°, a Horizontal polarization, b Vertical polarization
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(a) (b) (c) (d)

Fig.9 Polarization inducement of twisted PCF for left rotation a360°, b 720", ¢ 1080 and d 1440°

(a) (b) (c) (d)

Fig. 10 Polarization inducement of twisted PCF for right rotation a360°, b720°, ¢ 1080" and d 1440’

twist; the induced circular polarization for left and right rotation is given in Fig. 9a-d for
different rotation angle and Fig. 10a-d respectively.

To analyze the impact of twist over dispersion for circular polarization, we have cal-
culated waveguide (Bhattacharya 2018; Bhattacharya and Konar 2012; Mogilevtsev et al.
1998) for the case of left and right circularly polarized modes. As the polarization effects
gives the circular symmetry (Prajapati 2021a, 2021b, 2021c; Prajapati and Viswanathan
2019; Pakarzadeh and Sharif 2019), the energy confinement gets maximum in the core
region than the cladding section and hence the loss gets minimum which reflects negative
dispersion characteristics and its tendency is moving upward while increasing the wave-
length. Increase in the dispersion may cause of more number of twisting and increasing
the squeezing effect on optical power distribution is more and it may decay from its maxi-
mum core penetration resulting for incremental dispersion characteristics. The wavelength
is varied from 0.6 mp to 1.8 my and the calculated dispersion is plotted in Fig. 11(a) and
(b). It is exhibited that starting value of dispersion for left rotation is below —250 ps/nm/
km but for right rotation it is below -400 ps/nm/km. The outreach of waveguide dispersion
performance is attained better for right rotation than the left rotation. For the maximum
wavelength of 1.8 my, it reaches rotation, and squeezing effect on optical power distribu-
tion which may decay from its maximum core penetration. The wavelength is varied from
0.6 my to 1.8 mu and the calculated dispersion is plotted in Fig. 11(a),(b). The effect of
variation is merely uniform for left and right rotation but the value of dispersion is differed
for both rotations, 48.4 ps/nm/km for left rotation and 27.4 ps/nm/km for right rotation.
While matching with experimental curve characteristics, it has been done with merely sim-
ilar behavior for both rotations.
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Fig. 11 waveguide dispersion of 100 5 5 5 5
twisted PCF for both a left rota- -~ 5ol I T ©=360" T e=720" T e=1080" —©=1440
tion, b right rotation at different £
! £ L@
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5 Conclusion

In the present article very first time investigation of commercially available twisted ESM-
12B PCF is presented. The dynamic behavior of the polarization rotation is observed and
birefringence calculation is performed. Theoretical simulation for polarization and disper-
sion calculation is procured with respect to wavelength from 0.6 pm to 1.8 pm at various
twist angle. in this article. It is verified from experimental and theoretical simulation that
state of polarization is varying with change in the PCF twist angle. Dispersion is calculated
for both left and right circularly polarized mode and it is observed that the.

value of dispersion is differed for both rotations. It is realized that initial value of disper-
sion for left rotation is less than —250 ps/nm/km but for right rotation initial value is less
than -400 ps/nm/km. The present investigation of PCF can be exploited in applications of
polarization rotator and optical sensors. Our investigation presents the significant highly
dynamical nature of the evolution of the change in polarization with applied twist angle.
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