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ABSTRACT— Square-core optical fiber is one of
the modern optical fibers used in many fields
such as astronomical spectroscopy, laser cutting
and thermal applications of lasers and beam
shaping optics. In this paper, an optical fiber that
has a square core with a side of 55 pm is designed
for propagating laser light at a wavelength of
1060 nm. Then, using numerical analysis by
finite element method (FEM), the distribution of
electric and magnetic fields with different
polarizations and magnetizations is analyzed for
the first three propagating modes of the optical
fiber. In the following, the changes of total
energy density and power flow are investigated.
Finally, the results of the figures and plots are
discussed completely.

KEYWORDS: electric field, magnetic field,
modes, optical fiber, power flow, total energy
density.

|. INTRODUCTION

Optical fibers are used in many well-known
fields such as telecommunications [1], [2],
computer networks [3], [4] and medicine [5]—
[7]. Also, these optical devices have many uses
in sensors [8], [9], fiber lasers [10], [11], high-
frequency optical scanners [12], scanning near-
field  optic/atomic  force  microscopes
(SNOAM) [13], optical recording [14],
measurement of the degree of coherence of
light [15], optical imaging transport [16], [17],
photolithography techniques [18], three-
dimensional optical memory [11], sensitive
detection of the refractive index [19],
measurement of piezoelectric vibration [20]
and others.

141

One of the simplest and most widely used types
of optical fibers is step-index fiber. In these
devices, core is surrounded by a cladding region
which has the lower refractive index, satisfying
inequality N, (n,. [21]. This leads to the

well-known total internal reflection
phenomenon and the simple guided-ray picture
of wave-guidance [22]. Considering the
number of modes that step-index optical fibers
propagate, they can be classified into two
important groups: single mode and multimode
step-index optical fibers. Multimode step-index
optical fibers are more easily excited than
single mode ones [23] and are useful in
qualitative and quantitative chemical analysis
[24], transmission media of optical
communication systems [23], networks [25],
coupling with LED [26] and other applications.

Optical fibers, in their simplest form, have a
circular core on their cross-sectional area
through which light is transported to the end of
the fiber with minimal loss. By improving the
geometrical possibilities [27], fiber optic cables
in addition to laser light transmission, are an
important part of system design that reduce the
need for beam shaping optics [28], [29].
Therefore, depending on optical fibers
applications, they are existed in different
shapes, including octagonal, rectangular,
square, etc [30]. Square fibers are highly
multimode and perform a great deal of ray
mixing during optical propagation [30]. These
fibers can convert a Gaussian beam into higher-
order optical orbital angular momentum
(OAM) modes because of breaking the circular
symmetry of the waveguide [31]. Therefore,
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they can propagate both EHmn and HEmn
modes that m and n refer to azimuthal and radial
coordinates [31], [32]. In such a fiber, these
modes are not degenerate, because square is not
invariant under rotating with /4. However, the
HE modes in square-core fiber is also
degenerate, since square cross section remains
the same under rotation of w/2 [32]. These
optical fibers can be used for works in which
the shape of the beam is important and needs to
be done with great precision [29]-[31]. Also,
due to their square nature, these fibers couple
the output of diode lasers much more efficiently
[29]. Optical fibers with square cores were
widely used in astronomical spectroscopy [30].
These fibers have a high potential for use in
laser welding, laser cutting and other heat
treatment applications because the square-
formed beam treats the materials more
uniformly than the circular-formed beam when
it moves along the surface [29], [33].
Experimental results also show that the power
of square-core optical fibers is comparable to
the power of circular-core optical fibers [29].
The dispersion characteristics and in particular,
the zero dispersion wavelength of the single-
mode optical fibers (SMFs) fabricated with
silica, were studied in the telecommunication
region as the structural parameters such as the
radius of the fiber core and the relative core-
cladding index difference are changed before
[34]. It is interesting to note that a square-core
optical fiber could be beneficial from the
perspective of modal behavior [27]. square-
cores are somewhat analogous to round-cores in
that they possess two degenerate orthogonal
modes with no cut-off for the lowest order
mode [27]. To the best of the author's
knowledge, no one has studied in detail the
modal behavior and especially the properties of
the dispersion of such a square fiber.

The interaction between electromagnetic fields
and the states of the glass makes it polarized
and magnetized. Simulation of how electric and
magnetic fields are distributed in the optical
fibers, as well as predicting the amount of
energy they carry in a special wavelength of the
light, is very important in the process of
designing of the optical fibers because of saving
in fabrication costs.
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As a result of light-matter interactions, an
important modal characteristic includes the
effective mode index, n, ,which defines phase

matching conditions in a number of nonlinear
processes [21]. This value can be determined by
computing the propagation constant in the fiber
[35]. Analytical study of the square fiber modes
and calculating of the electric and magnetic
field functions of such fibers faces
computational complexities even for the
circular—core optical fiber which is the most
common and simplest core shape [36].

This paper focuses on the designing a step-
index square-core optical fiber as shown in Fig.
1 Then, the distribution of electric and magnetic
fields is obtained by using finite element
method (FEM) that is shown in Fig. 2 and Fig.
3 respectively. In the following, the plots of
total energy density and power flow of the
fundamental mode of this optical fiber is drawn
in Fig. 4 Finally, the results of the figures and
plots are explained in detail.

Il. THEORETICAL METHODS

A. Physical Structure of Square-Core
Optical Fiber

Optical fiber with a square core consists of a
core that is covered by a cladding and a buffer
coating similar to a circular-core optical fiber.
In Fig. 1, the cross section of this fiber and its
dimensions is shown.
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Fig. 1. The schematic diagram of the cross-sectional
area and the dimensions of the core, cladding and
buffer coating of the square-core optical fiber.

Due to have the step-index structure, the core of
this fiber is made of doped silica with a
refractive index of 1.4646, the cladding is made
of undoped silica with a refractive index of
1.4572 and the buffer coating is made of a
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polymer with a refractive index of 1.3827 [37]—
[40]. In This work square-core optical fiber is
used for propagating light with a wavelength of
1060 nm. This wavelength of the light is used
in many fields such as single-mode diode lasers
for telecommunication, industrial and medical
applications [41]-[43], gain-switched laser
diodes for high average power and high
repetition rate [44], high-brightness edge-
emitting semiconductor lasers [45], hybrid
integrated tunneling diode [46], compact
ultrafast reflective Fabry-Perot tunable lasers
[47], cutting and skin-ablative properties of
pulsed mid-infrared laser surgery [48], fiber-
coupled diode lasers for material processing
and pumping applications [49], ultrashort pulse
fiber amplifiers [50] and others.

B. Computing the Propagating Modes of
Square-Core Optical Fiber

The electromagnetic wave is propagated along
the z direction as follows [36]

( y) (at—kz) (1)

Where o is the angular frequency and k is also
the propagation constant. The eigenvalue
equation for the magnetic field H is derived
from the Helmholtz equation as follows [36]:

H(x,y,z,t)=

Vx(n?VxH)-k*H=0 (2)

The magnetic field outside the optical fiber is
set to be zero because the amplitude of the
magnetic field is a function of the radius of the
optical fiber cladding and decays rapidly when
it increases [36].

As told before, analytical study of computing
the propagating modes faces computational
complexities. Therefore, finite element method
(FEM) is used to compute the first three modes.
This model is simulated for the cross section of
the optical fiber in xy-plane [51]. The optical
fiber effective mode index must be as follows:

nclad <neff <ncore (3)
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Using the finite element method, the first three
effective mode indexes is computed for the
square-core optical fiber as follows:

Ny, ~1.4645
Ny, ~1.4644 (4)
Ny, ~1.4643

It should be noted that the number of elements
used in this simulation is so high and the
maximum of the mesh size is 20 nm to achieve
reliable numerical calculations. In the
following, the electric and magnetic fields
distributions for the first three modes and total
energy density and power flow for fundamental
mode are discussed and investigated in detail.

111.RESULTS AND DISCUSSION

A. Distribution of Electric Field in Square-
Core Optical Fiber

Figure 2 shows that the square symmetry of the
optical fiber core is very important in the
distribution of the electric field profile.

Fig. 2 The dlstrlbutlon of the norm of the eIectrlc
field inside the optical fiber core that propagates
laser light at a wavelength of 1060 nm for (a) the first
and (b) second situation of the fundamental mode, (c)
the first, (d) second, (e) third and (f) forth possible
situation of the second mode and (g) the first and (h)
second situation of the third mode with different
polarizations.

The distribution of the norm of electric field for
two different polarizations of the fundamental
mode in Figs. 2(a) and 2(b) is almost Gaussian
and for both of these cases, the electric field
decreases as it moves away from the center of
the core. Near the cladding, the norm of electric
field reaches its minimum value in the core. In
first case of the arrangement of the electric field
vectors for the fundamental mode showing in
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Fig. 2(a), the core of optical fiber is polarized
along the y direction and acts like an electric
dipole because the electric field vectors are
directed from top to bottom of the core,
indicating the accumulation of positive charges
in the upper part of the core and the
accumulation of negative charges in the lower
part of it. Figure 2(b) which shows the second
case of the arrangement of the electric field
vectors for the fundamental mode, the core of
optical fiber is polarized along the x direction
and acts like an electric dipole because the
electric field vectors are directed from left to
right side of the core, indicating the
accumulation of positive charges in the left side
of the core and the accumulation of negative
charges in the right side of it.

For Figs. 2(c)-2(f) which represent all situations
of electric field distribution of the second mode,
the core is divided in two polarized regions that
in the center of the core, the norm of electric
field is zero. In Fig. 2(c) which shows the first
situation of the arrangement of the electric field
vectors for the second mode of the fiber, the
core is polarized along the y direction
symmetrically and acts like two electric dipoles
so that the upper and lower parts of the core are
two polarized parts with different polarizations
and in the upper part of the core, the upper part
of this region, positive charges and the lower
part of this region, negative charges have
accumulated. Also, In the lower part of the core,
the upper part of this region, negative charges
and the lower part of this region, positive
charges have accumulated. Figure 2(d) shows
that in this case, the core is polarized along the
x direction symmetrically and acts like two
electric dipoles so that the left and right sides of
the core are two polarized parts with different
polarizations and in the left side of the core, the
left side of this region, positive charges and the
right side of this region or the middle of the
core, negative charges have accumulated. Also,
In the right side of the core, the right side of this
region, positive charges and the left side of this
region, negative charges have accumulated. For
the third case of this mode which shows in Fig.
2(e), the core is polarized along the y direction
symmetrically and acts like two electric dipoles
so that the left and right sides of the core are
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two polarized parts with different polarizations
and in the left part of the core, the lower part of
this region, positive charges and the upper part
of this region, negative charges have
accumulated. Also, In the right side of the core,
the upper part of this region, positive charges
and the lower part of this region, negative
charges have accumulated. It is interesting to
note that the electric field is zero in the direction
x=0 and y=0 and the intersection of these lines
inside the core. The final possible situation of
the second mode of this fiber showing in Fig.
2(f), the core is polarized along the x direction
symmetrically and acts like two electric dipoles
so that the upper and lower parts of the core are
two polarized parts with different polarizations
and in the upper part of the core, the left side of
this region, positive charges and the right side
of this region, negative charges have
accumulated. Also, In the lower part of the core,
the right side of this region, positive charges
and the left side of this region, negative charges
have accumulated. It is interesting to note that
the electric field is zero in the direction x=0 and
y=0 and the intersection of these lines inside the
core.

Considering two possible situations of electric
field distribution of the third mode which shows
in Figs. 2(g) and 2(h), the core is divided in four
polarized regions that the norm of electric field
is zero in the center of the core. Figure 2(g)
which shows the first case of the arrangement
of the electric field vectors for the third mode
of this fiber, the core is polarized along the y
direction symmetrically and acts like four
electric dipoles so that in the left side of the
upper part of the core, the middle of the left side
of it positive charges and the upper part of this
region, negative charges and in the left side of
the lower part of the core, the middle of the left
side of it positive charges and the lower part of
this region, negative charges have accumulated.
Also, in the right side of the upper part of the
core, the middle of the right side of it negative
charges and the upper part of this region,
positive charges and in the right side of the
lower part of the core, the middle of the right
side of it negative charges and the lower part of
this region, positive charges have accumulated.
It is interesting to note that the electric field is
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zero in the direction x=0 inside the core. In the
case of the final possible situation of the third
mode of this fiber which shows in Fig. 2(h), the
core is polarized along the x direction
symmetrically and acts like four electric dipoles
so that in the left side of the upper part of the
core, the middle of the upper part of it positive
charges and the left side of this region, negative
charges and in the left side of the lower part of
the core, the middle of the lower part of it
negative charges and the left side of this region,
positive charges have accumulated. Also, in the
right side of the upper part of the core, the
middle of the upper part of it positive charges
and the right side of this region, negative
charges and in the right side of the lower part of
the core, the middle of the lower part of it
negative charges and the right side of this
region, positive charges have accumulated. It is
interesting to note that the electric field is zero
in the direction y=0 inside the core.

B. Distribution of Magnetic Field in
Square-Core Optical Fiber

As shown in Fig. 3, the magnetic field vectors
along the z direction, by moving away from the
core will be orientated in the random way which
means that the magnetic field is zero inside the
cladding and the buffer coating of the fiber. In
Fig. 3, the orientation of magnetic field vectors
obeys the transverse nature of electromagnetic
waves as expected.

| ik w N

_:I/‘:w ..,E#a _..M.s_ ‘s@%i'g&“

Fig. 3. The distribution of the magnetic field for the
square-core optical fiber that propagates laser light at
a wavelength of 1060 nm for (a) the first and (b)
second situation of the fundamental mode, (c) the
first, (d) second, (e) third and (f) forth possible
situation of the second mode and (g) the first and (h)
second situation of the third mode with different
magnetizations.

For the first situation of orientation of magnetic
field vectors of the fundamental mode of the
fiber showing in Fig. 3(a), the core of optical
fiber is magnetized along the x direction
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because the magnetic field vectors are directed
from left to right side of the core. Here, the core
acts like a magnetic dipole that the left side of
the core is supposed to be the south pole and the
right side of it is supposed to be the north pole
of a bar magnet. Also, the magnetic field is zero
in the direction x=0 inside the core. In Fig. 3(b)
which shows the second possible situation of
the fundamental mode, the core of optical fiber
is magnetized along the y direction because the
magnetic field vectors are directed from bottom
to top of the core. Here, the core acts like a
magnetic dipole that the lower part of the core
is supposed to be the south pole and the upper
part of it is supposed to be the north pole of a
bar magnet. Also, the magnetic field is zero in
the direction y=0 inside the core.

In Figs. 3(c)-3(f) which represent all situations
of magnetic field distribution of the second
mode, the core is divided in two magnetized
regions. For the first case of the distribution of
magnetic field for the second mode of the fiber
showing in Fig. 3(c), the core of optical fiber is
magnetized along the x direction symmetrically
and acts like two magnetic dipoles so that the
upper and lower parts of the core are two
magnetized parts with different magnetizations
and in the upper part of the core, the left side of
this region acts like a south pole and the right
side of this region behaves like a north pole of
a bar magnet. Also, In the lower part of the core,
the right side of this region acts like a south pole
and the left side of this region behaves like a
north pole of a bar magnet. It is interesting to
note that the magnetic field is zero in the
direction x=0 and y=0 and the intersection of
these lines inside the core. This situation is
similar to have two bar magnets that they are
placed opposite of each other in xy-plane
horizontally. Figure 3(d) that is the second
possible situation of the orientation of the
magnetic field vectors for the second mode
shows the core of optical fiber is magnetized
along the y direction symmetrically and acts
like two magnetic dipoles so that the left and
right parts of the core are two magnetized parts
with different magnetizations and in the left
side of the core, the lower part of this region
acts like a south pole and the upper part of this
region behaves like a north pole of a bar
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magnet. Also, In the right side of the core, the
upper part of this region acts like a south pole
and the lower part of this region behaves like a
north pole of a bar magnet. It is interesting to
note that the magnetic field is zero in the
direction x=0 and y=0 and the intersection of
these lines inside the core. This situation is
similar to have two bar magnets that they are
placed opposite of each other in xy-plane
vertically. The third possible case of the
distribution of magnetic field vectors of the
second mode showing in Fig. 3(e), the core of
optical fiber is magnetized along the x direction
symmetrically and acts like two magnetic
dipoles so that the left and right sides of the core
are two magnetized parts with different
magnetizations and in the left side of the core,
the left side of this region acts like a north pole
and the right side of this region or the middle of
the core behaves like a south pole of a bar
magnet. Also, In the right side of the core, the
right side acts like a north pole and the left side
of this region behaves like a south pole of a bar
magnet. This situation is similar to have two bar
magnets that they are arranged along each other
from the south pole in xy-plane horizontally.
Figure 3(f), the final situation of the distribution
of the magnetic field for the second mode of the
fiber, shows that the core is magnetized along
the y direction symmetrically and acts like two
magnetic dipoles so that the top and bottom of
the core are two magnetized parts with different
magnetizations and in the upper part of the core,
the upper part of this region acts like a north
pole and the lower part of this region or the
middle of the core behaves like a south pole of
a bar magnet. Also, In the lower part of the core,
the upper part of this region acts like a south
pole and the lower part of this region behaves
like a north pole of a bar magnet. This situation
is similar to have two bar magnets that they are
arranged along each other from the south pole
in xy-plane vertically.

Considering two possible situations of
magnetic field distribution of the third mode
which shows in Figs. 3(g) and 3(h), the core is
divided in four magnetized regions. For the first
possible situation of the distribution of
magnetic field vectors of the third mode which
shows in Fig. 3(g), the core of optical fiber is
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magnetized along the x direction symmetrically
and acts like four magnetic dipoles so that in the
left side of the upper part of the core, the middle
of the upper part of it acts like a south pole and
the left side of this region behaves like a north
pole and in the left side of the lower part of the
core, the middle of the lower part of it acts like
a north pole and the left side of this region
behaves like a south pole of a bar magnet. Also,
in the right side of the upper part of the core, the
middle of the upper part of it acts like a south
pole and the right side of this region behaves
like a north pole and in the right side of the
lower part of the core, the middle of the lower
part of it acts like a north pole and the right side
of this region behaves like a south pole of a bar
magnet. It is interesting to note that the
magnetic field is zero in the direction y=0 inside
the core. This situation is similar to have four
bar magnets that they are arranged along each
other pairwise in the top and bottom of the core
from the south pole and north pole respectively
in xy-plane horizontally. Figure 3(h), the final
situation of the distribution of the magnetic
field for the third mode of the fiber, shows that
the core is magnetized along the y direction
symmetrically and acts like four magnetic
dipoles so that in the left side of the upper part
of the core, the middle of the left side of it acts
like a north pole and the upper part of this
region behaves like a south pole and in the left
side of the lower part of the core, the middle of
the left side of it acts like a north pole and the
lower part of this region behaves like a south
pole of a bar magnet. Also, in the right side of
the upper part of the core, the middle of the right
side of it acts like a south pole and the upper
part of this region behaves like a north pole and
in the right side of the lower part of the core, the
middle of the right side of it acts like a south
pole and the lower part of this region behaves
like a north pole of a bar magnet. It is interesting
to note that the magnetic field is zero in the
direction x=0 inside the core. This situation is
similar to have four bar magnets that they are
arranged along each other in the left and right
side of the core pairwise from the north pole
and south pole respectively in xy-plane
vertically.
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C. Distribution of Total Energy Density and
Power Flow in Square-Core Optical Fiber

Figure 4 shows the total energy density and
power flow plots for the fundamental mode of
the square-core optical fiber which is drawn for
all parts of it in terms of x and y in kPa and
W/um? respectively.
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Fig. 4. The plots of (a) total energy density and (b)
norm of power flow in terms of optical fiber
dimensions along the x and y directions. These
quantities are expressed in kPa and W/pm?
respectively. Also, the dimensions of the optical fiber
are considered in micrometers (um).

As shown in Fig. 4(a), the maximum amount of
total energy density which is concentrated in
the center of the optical fiber core for the
fundamental mode is 46.655 kPa. Figure 4(b)
shows the biggest transfer of the power flow
from the fiber region reaches a maximum of
4.666x108 W/um? in the center of the core for
the fundamental mode of the fiber. Also, for
both of total energy density and power flow that
shows in Figs. 4(a) and 4(b), the amounts of
these quantities decrease rapidly when moves
away from the optical fiber core and reach zero
near the cladding and inside of the buffer
coating as expected. Therefore, the
electromagnetic waves propagate in all parts of
the core for the fundamental propagating mode.
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1V. CONCLUSION

In this paper, the distribution of electric and
magnetic fields for all possible situations with
different polarizations and magnetizations for
the first three modes of the square-core optical
fiber was studied using finite element method
(FEM). It was also observed that the shape of
the optical fiber core is very effective in the
symmetry and distribution of the fields. Then, it
was understood that the optical fiber core was
completely polarized and magnetized in the
direction of the wave propagation axis. Next,
the maximum total energy density and power
flow were obtained for the fundamental mode
of the fiber 46.655 kPa and 4.666x108 W/pum?
respectively. As mentioned in this work,
square-core optical fiber is one of the most
widely used types of modern optical fibers and
the author hopes that this study is helpful for the
researchers working in this field of science and
technology.
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