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The automatic multiple-beam Fizeau fringe technique with the aid of the slab model is used to
characterize the macroscopic and the microscopic optical parameters of bent optical fiber cladding.
The contour line of the interferogram is obtained using a one dimensional Fourier transform. The
used mathematical expressions are based on a consideration of refraction of the beam through the
liquid/bent fiber interface. The refractive index profile, the induced birefringence profile and the
dispersions are studied along the cladding diameter. The influences of bending on the dispersion
parameters, such as the oscillation energy Eo and the dispersion energy E4, for the optical fiber
cladding are investigated. Also, the variations in the molecular polarizability and corresponding

parameters are illustrated.
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I. INTRODUCTION

The refractive index profile and the birefringence of
fibers are important parameters in many fields of appli-
cations. The values of the refractive indices of the opti-
cal fiber give useful information about the structural pa-
rameters of those fibers. Also, they provide information
about the microscopic parameters, such as the oscillation
energy, the dispersion energy and the molecular polariz-
ability. Some optical sensors and optical communication
devices are based on the induced birefringence of optical
fibers.

The effect of the mechanically induced residual stress
on the refractive index of a single mode optical fiber was
studied by Hibino et al. [1]. The birefringence was nega-
tive for elongation stress. The cutoff wavelength shifted
to shorter wavelengths with decreasing refractive index.
The relation between the residual stress and the drawing
tension was linear.

An isotropic plastic optical fiber becomes a uniaxial
fiber as a result of the bending effect. The induced bire-
fringence is linearly proportional to the distance mea-
sured from the neutral line [2].

Tai and Rogowski [3] gave a more generalized study
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that was applicable to all plastic and glass fibers. They
observed that, bending leads to a linear increase in the
refractive index in the compression part and vice versa.
Barlow and Payne [4] measured the stress optic coefli-
cient and its dispersion for twisted optical fiber. They
found that the dispersion effect of the photoelastic co-
efficient couldnot be neglected in fields of applications
based on the optical fibers and their birefringence.

The macro bending loss for optical fibers was stud-
ied as a function of the bending radius by using the
beam propagating method [5,6]. Many different tech-
niques have been applied to determine the refractive in-
dex profile and the birefringence profile of fibers [7-12].

T multiple-beam Fizeau fringe system [13-15] is one of
the most sensitive and non-destructive techniques used
to investigate optical fiber parameters. Numerous au-
thors have investigated the optical properties of fiber by
using the manual multiple beam Fizeau interferometer
in transmission with mathematical expressions that ne-
glected the refraction of the incident light beam [16,17].

Hamza and coworkers [18-20] derived a mathemati-
cal expression to calculate the refractive index of a fiber.
The mathematical expression was based on the refrac-
tion of the light beam through the fiber. The method
based on the refraction consideration gave more accu-
rate results than the methods neglecting the refraction.

The power of multiple-beam Fizeau fringe interferom-
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eter changed dramatically with the introduction of auto-
mated methods of detection and analysis of fringe pat-
terns [21-23]. The refractive index profile, the induced
birefringence and some guidance parameters of the bent
optical fiber were calculated using the automatic Fizeau
interferometer and a new mathematical model [24] (slab
model). The slab model takes into consideration the re-
fraction of the incident beam by the bent optical fiber.
The present paper focuses on automatic determination
of the contour line of the multiple-beam Fizeau fringes
and then calculates automatically the perturbation of the
macro and the microscopic parameters due to the bend-
ing process, taking the refraction of the incident beam
by the bent optical fiber into consideration.

II. THEORETICAL CONSIDERATIONS

1. Multiple Beam Fizeau Frings Interferometer

The automatic multiple-beam Fizeau fringe interfer-
ometer with the aid of the slab model is used for the bent
optical fiber characterization. The mechanical bending
of the homogenous isotropic optical fiber leads to the ap-
pearance of an anisotropy in the bent fiber. The bent op-
tical fiber becomes uniaxial material. This fiber will have
different refractive indices in the directions parallel and
perpendicular to the fiber optical axis. The refractive in-
dices in the parallel and the perpendicular directions are
called nll and n', respectively. These refractive index
components can be calculated using a monochromatic
light beam’s components vibrating parallel and perpen-
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dicular to the fiber optical axis. The parallel component
of the refractive index (nll) is affected by the mechanical
bending. There are no changes occurring in the other
component of the refractive index (n') due to the bend-
ing . The mechanical bending leads to a compression
in the inner region and an extension in the outer region
of the bent fiber. The refractive index increases in the
compressed region and decreases in the extended region
so that the induced birefringence will be positive in the
compressed region and it will be negative in the extended
region.

The slab model [24] divides the bent optical fiber into
a great number of slabs. These slabs are perpendicular
to the bending radius (see Fig. 1). Every slab is charac-
terized by its own refractive index. The incident beam
suffers refractions due to its path across the slabs of the
bent optical fiber. Figure 2 shows the path of the inci-
dent light beam across k slabs and its angles of incidence
and refraction. This mathematical model is based on the
refraction consideration of the used light beam across the
fiber/liquid interface, as well as the refraction across the
slabs of the bent fiber. The incident light beam will enter
the bent fiber at slab number j and leave the fiber from
slab number j 4+ k — 1. The refractive index of slab num-
ber j is n;. The angles of incidence and refraction are
0;; and 0,;, respectively. The incident beam will strike
the fiber at a distance z;; and leave the fiber at a dis-
tance xej4k—1, with these distances being measured from
the fibers center. The refracted beam enters slab num-
ber j + 1 at distance z;4; and so on. The optical path
difference of the refracted beam through k slabs can be
calculated using the following recurrence relation:

j+k—2
AZjjtk—1 — |n Tij — Lj+1 T Z n Ty — Ti41 n_+k71xj+k71 — Tej+k—1
2B 7 sin (Gij — 0,-j) I=j11 COS (97-1) J CcOos (97-j+k—1)
v J+k—2
—np | — 4 >l — mga tan ] + (21 — Tejpp—1) tan b 1] | (1)
tan (01']' - GT]-) =11

where A is the wavelength of the incident light beam,
Zjj+k—1 is the shift of the incident light beam through
its path in k slabs and B is the interfringe spacing. The
summation index takes the valuesl = j+1,7+2,...,7+
k — 2. The bent optical fiber immerges in a liquid of
refractive index ny,.

The automatic Fizeau fringe interferometer with the
aid of a prepared computer program based on the slab
model is used to calculate the refractive index profile of
the bent optical fiber. The refractive indices along the
bent optical fibers diameter at different wavelengths are
used to calculate the dispersion parameters. Also, the
molecular polarizability and the corresponding parame-
ters can be obtained.

(

2. Macroscopic and Microscopic Parameters of
the Bent Optical Fiber

The dispersive characterization of the optical fiber ma-
terial can be described using the Sellmeier dispersion for-
mula (c¢f. Ref. 25) for the refractive index:

A2
2 J
n—1= —_— (2)
2 _ 2

. A = AG;
where \g; and A; = (Ne?)o;/ (2mc)?egm) are the reso-
nant wavelength and the magnitude of the 7" resonance,
e and m are the electron charge and the electron mass, re-

spectively, N is the number of molecules per unit volume,
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Fig. 1. (Color online) Schematic diagram of the bent fiber
cross section.

Fig. 2. (Color online) Ray tracing cross k slabs.

c is the velocity of light and ¢ is the dielectric permit-
tivity of free space. The refractive index will decreases
as wavelength increases for transparent linear isotropic
dielectric materials if all electrons have the same natural
frequency wg. This leads to that the dispersion relation
taking the following form [26]:

Ne? 1
n2—1=—-- (3)

gom wg — w?’

where w is equal to (27wc/\).
Multiplying the right side of Eq. (3) by (h/2m)?/
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(h/27)?, one can get

F
2 _
n _1_E87E2’ (4)

where F is the oscillator strength (F = (Ne?h?)/
(47%€pm)) and h is the Planck constant. Ey and E are
the oscillator energy and the incident beam energy, re-
spectively.

Wemple and DiDomenico [27] represented an empir-
ical relation between the oscillator strength F' and the
parameter Fy (dispersion energy), which measured the
strength of inter-band optical transition as follows:

F

Eqg=—.
d Eo

(5)

Using Eq. (5) in Eq. (4), one gets

2 EdEO

n°—1= - E (6)
This equation is applicable in a wide range of crystalline
and amorphous solids [28]. Using Eq. (6), it is easy to
calculate Ey and E;. The values of Fy and E; describe
the refractive index dispersion data of a given material.
The dispersion energy FE; depends on the coordination
number and the chemical valency [27,28]. These with the
aid of the localized molecular theory of optical transition
lead to an understanding of the behavior of the refractive
index [27].

The molecular field F,, defines the electric field at
a molecular position in the dielectric. This field is
produced by all external sources and by all polarized
molecules in the dielectric with the exception of the
molecule at the point under consideration. Lorentz es-
timated the relation between the E,, and the external
field E and the polarization P to be as follows [29]:

1
E,=E+—P. 7
+ 3 (7)
The dipole moment p,, of a molecule is proportional to
the polarizing field E,,:

P,, = aE,,, (8)

where « is the molecular polarizability and is defined
as the ratio between the dipole moment of a molecule
and the polarizing field [29]. Some authors have called
a the mean polarizability [30]. The relation between the
refractive index and the molecular polarizability can be
expressed as:

_ 3eom® —1
- N n2+2

(9)

This equation is known as the Clausius-Mossotti equa-
tion [31] and represents the relation between the macro-
scopic parameter n (the refractive index) of the dielectric
and its microscopic parameters o and N.
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Equation (9) can be rewritten in the following form
[32]:

_ Beoni—1

= 1
YTN w22 (10)

where n; and «; are the refractive index and the molec-
ular polarizability components when one use monochro-
matic light vibrating in the direction i (parallel | or per-
pendicular | to the fibers axis, respectively. Also, the
polarizability per unit volume, ®;, can be written as fol-
lows [32]:

n?—1
n?+2

P = (11)
The polarizability per unit volume increases as the re-
fractive index increases and vice versa.
The polarizability of a mole of the dielectric M; can
be defined as [30]:
_ Naay My nf -1

M, = _ , 12
3eo p n?+2 (12)

where m,, and p are the molecular weight and the density,
respectively. N4 is Avogadro’s number, and M; is the
molar polarizability of a dielectric. The refractive index
depends on the density of the material.

III. EXPERIMENTAL TECHNIQUE

The Fizeau interferometer is used to determine the re-
fractive index profile of fibers as well as the structural pa-
rameters of fibers, with high accuracy [33]. In our study,
we use the automatic Fizeau interferometer in transmis-
sion. Figure 3(a) illustrates the Fizeau interferometer
setup. The Hg lamp is used as a light source of differ-
ent wavelengths. To obtain a parallel beam of polar-
ized monochromatic light we used suitable optical com-
ponents. The used optical components are a condensing
lens, a collimating lens and the desired interference fil-
ter. To select a certain component of the monochromatic
light beam we used a polarizer. Now, one can obtain a
polarized monochromatic parallel beam of light. Fig-
ure 3(b) shows the wedge interferometer. It consists of
two circular optical flats with a 5 cm diameter, a 1 cm
thickness and a £0.01 pm flatness. The optical flats are
coated on the inner face with pure silver. The silvered
layer has a reflectivity an about 75% and a transmittance
an about 22%. A special holder was prepared to contain
the optical flats to form the wedge interferometer. The
wedge contains the bent optical fiber immersed in a suit-
able liquid (n;, = n'). One can get a sharp interference
pattern perpendicular to the fiber by adjusting the wedge
angle and the gap thickness between the flats. We use
a microscope to observe the pattern. A CCD camera
attached to the microscope was used to capture the pro-
duced interferogram. The CCD was connected to a PC
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Fig. 3. (Color online) Schematic diagrams of (a) the Fizeau
technique and (b) the wedge interferometer.

through a frame grabber. A prepared image processing
program was used to obtain the contour line of the fringe

pattern and then to calculate the refractive index profile
of the used fiber.

IV. RESULTS AND DISCUSSION

The bent plastic optical fiber was studied using the
multiple-beam Fizeau interferometer in transmission.
Figure 4(a) shows an interferogram of multiple-beam
Fizeau fringes when we used a monochromatic light of
wavelength A = 535.1 nm without a polarizer. The bend-
ing radius R was equal to 8.95 mm. This bent opti-
cal fiber was immersed in a liquid of refractive index
1.4603. The bending effect clearly appeared along the op-
tical fiber’s cladding. The shift inside the fiber cladding
had bow shape. Referring to the interferogram show in
Fig. 4(b) one can note that, when the used monochro-
matic light vibrated perpendicular to the fiber’s axis, the
shift along the fiber was not affected by the bending.
The bending effects appear in the shift along the fiber’s
cladding when the light vibrated parallel to the fiber’s
axis (see Fig. 4(c)).

The refractive index profile was calculated, consider-
ing the refraction of the light beam through the fiber, by
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Fig. 4. (Color online) Interferograms of the multiple beam
Fizeau fringes when using (a) an unpolarized light beam, (b)
light vibrating perpendicular to the fiber axis and (c) light
vibrating parallel to the fiber axis, respectively.
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Fig. 5. Refractive index profile n!l at different wavelengths
of A = 436, 535.1, 546.1, 578, and 589.3 nm.

using Eq. (1) (slab model [24]). We prepared a special
program to detect the contour line of the fringe shifts by
using a one-dimensional Fourier transform [21]. Then,
the refractive index profile was calculated with an accu-
racy of about +1 x 107, Figure 5 shows the refractive
index profile nllof the optical fiber’s cladding when us-
ing the parallel component of the used light at different
wavelengths A = 436, 535.1, 546.1, 578, 589.3 nm, re-
spectively. The bending effect on the bent optical fiber
can be summarized in two effects; the first is a compres-
sion and the second is a tension around the fiber’s center.
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Fig. 6. Induced birefringence-strain relation at different
wavelengths A\ = 436, 535.1, 546.1, 578, and 589.3 nm for the
bent optical fiber.

Compression occurs in the inner cladding region at x <
0, and tension occurs in its outer region at x > 0, where
x is along the x-axis across the fiber’s radius. The re-
fractive index nll is larger in the compression region and
is smaller in the tension region compared to n'.

Figure 5 illustrates that the behavior of the refrac-
tive index profile (n!l) through the optical fiber’s radius
is linear, but the refractive index profile (nll) near the
fiber’s border goes toward a liquid refractive index. This
may be a result of the thickness of the optical fiber,
which decreases in the border region, leading to an as-
cendancy of the optical path through the liquid inside
the fiber. Then, the fluctuations in the refractive index
of the fiber’s cladding its and birefringence are linear in
the mechanical strain [1,2].

The induced birefringence (An = nll —nt) of the op-
tical fiber’s cladding is a result of the bending. The
mechanical strain across the fiber’s radius can be cal-
culated using the linear relation (strain = z/R), where
R is the radius of curvature. The induced birefringence-
strain curve is given in Fig. 6 at different wavelengths A
=436, 535.1, 546.1, 578, 589.3 nm. The relation between
the induced birefringence and the strain is linear across
the cladding, except in the border regions, due to the
effect of the liquid. The induced birefringence increases
in the compression region and decreases in the extension
region.

Equation (6) represents the relation between the re-
fractive index and the dispersion, oscillation and photon
energies. Equation (6) is used to determine the values
of the dispersion energy Fy and the oscillation energy
E,. Figures 7(a) and 7(b) give the plots of 1/(n? — 1)
versus E2 in the tension and the compression regions at
z =5, 30, 45, and 60 pm and x = -5, 30, —45, and —60
pum, respectively. According to Eq. (6) the fitting are
straight lines at any point x along the bent optical fiber
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Fig. 7. (Color online) (a) Relation between 1/(n* —1) and
E? at different values of x along the the bent fiber cladding
in the tension region. (b) The same as (a), but in the com-
pression region.

cladding. The slope of the fitted line and its intercept
are (1/EyE,) and (Eg/Eq), respectively.

Figure 8 describes the relation between the macro-
scopic strain, the calculated dispersion energy FE; and
oscillation energy F, along the bent optical fiber’s
cladding. The energies E; and Fy are linearly propor-
tional to the strain in the tension and the compression
regions. The accuracies of the measurements of Ey and
E; are £0.0452, +0.0539 eV, respectively. The oscilla-
tion and the dispersion energies of the bend-free optical
fibers are 10.6276 4+ 0.0452 and 11.4610 £ 0.0539 eV, re-
spectively. The bending of the optical fiber’s cladding
causes a macroscopic strain (z/R). The bending also
leads to a microscopic strain, which leads to a variations
in the oscillation and the dispersion energies. The micro-
scopic strain stretches or compresses the bonds between
the atoms of the bent optical fiber’s cladding. The mi-
croscopic stain is proportional to the macroscopic strain.
The dispersion and the oscillation energies decrease along
the bent optical fiber cladding as strain increases in the
tension region where the bonds will be stretched. On the
other hand, these energies increase in the compression
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Fig. 8. (Color online) Relation between the strain and Fy,
E4 along the fiber cladding under bending and fittings in the
tension and the compression regions.
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Fig. 9. Relation between the number of molecules and the
strain in the tension and the compression regions.

region where the bonds be compressed along the bent
cladding. These experimental results coincide with the
hypothesis of the inverse proportionality of Ey with the
bond length u between atoms, as proposed by Wemple
[34]. He stated that the relation between the oscillator
energy Fy and the bond length u is described by the re-
lation Egar u=2®. The bond compression increases the
oscillator energy Fjy, and the bond extension decreases
Ey. Changes in the refractive index can be takes place
due to the effects of compression and tension on Ey and
FEg4, which increase with compression and decreases with
tension. The optical fiber’s bending leads to fluctuations
in the dispersion and oscillation energies. Due to these
fluctuations, the refractive index will change along the
fiber’s diameter.

The bending affects the number of molecules per unit
volume along the bent optical fiber’s cladding. Tension
increases distances between the molecules contained in
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Fig. 10. Molecular polarizability at different wavelengths
in the tension region and the compression region.

the bent optical fiber’s cladding and vice versa for com-
pression. The number of molecules per unit volume, N,
can be calculated using the relation between FE,, FEg ,
and the oscillator strength F' (Eq. (5)). The number of
molecules per unit volume will decrease as bonds stretch
in the tension region. On the other hand, it will increase
as bonds compress in compression regions. Figure 9
shows these results. The ratio m,,/p can give the molar
volume V,,,, which is given by V,,, = (my,/p) = (Na/N)
[30]. The molar volume of the bent optical fiber will in-
crease in the extension region and decrease in the com-
pression region. Consequently, the number of molecules
per unit volume, N, will be increase when the bent optical
fiber compresses and vice versa. The density decreases
in the tension region and increases in the compression
region. The refractive index is proportional to the bent
optical fiber’s density. These results coincide with the
hypothesis that the refractive index of the bent optical
fiber will increase with compression and decrease with
tension.

One can use Eq. (10) to determine the molecular polar-
izability components at any point along the bent optical
fiber’s cladding. Figure 10 shows the molecular polar-
izability ol (z), at different wavelengths A = 436, 535.1,
546.1, 578, and 589.3 nm. The parallel component of
the molecular polarizability ol (x) increases with tension
and decreases with compression.

The macroscopic parameter ®/l(z) (the polarizability
per unit volume) along the bent fiber’s cladding with dif-
ferent wavelengths is shown in Fig. 11. The polarizability
per unit volume ®l(x) decreases as the used wavelength
increases. The polarizability per unit volume ®/l(z) de-
creases in the tension region as refractive index decreases
and vice versa in the compression region.

Using Egs. (10) and (11) and V,, = (my/p) =
(Na/N), one can obtain the relation between the mo-
lar volume and the microscopic parameter «; and the
macroscopic parameter ®;, which can be writen as ®; =
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Table 1. The molecular polarizability, the molar polariz-
ability, and the polarizability per unit volume of the studied

optical fiber.

Wavelength at x 1071 M+t x1073 ol

(nm) FM? KgM?

436 0.84023 1.98294 0.27911
535.1 0.82503 1.94706 0.27406
546.1 0.82373 1.94401 0.27363
578 0.8206 1.93662 0.27259
589.3 0.81946 1.93392 0.27221
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Fig. 11. Polarizability per unit volume @ along the bent
fiber cladding at different wavelengths.
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Fig. 12. Molar polarizability M along the bent fiber
cladding at different wavelengths.

(Naw;/3e0Vin) = ((nf - 1) / (nf + 2)) The polarizabil-
ity per unit volume is inversely proportional to the molar
volume, consequently, the refractive index increases as
the molar volume decreases. This occurs when the bent
optical fiber is compressed and vice versa. According to
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the above equation, the <I>”(x) is inversely proportional
to the molar volume and to refractive index nll.

The molar polarizabilities MlI(z) and M= (z) can be
calculated using Eq. (12). Table 1 summarizes the char-
acteristic parameters of the bend-free optical fiber: the
molecular polarizability a(z), the molar polarizability
M+ (z) and the polarizability per unit volume ®*(x) at
different wavelengths A = 436, 535.1, 546.1, 578, and
589.3 nm.

M (z) along the bent fiber cladding is given in Fig. 12
for different wavelengths. The molar polarizability de-
creases as the used wavelength increases. The molar vol-
ume increases as tension increases and decreases as com-
pression increases. Consequently, the M!l(z) increase in
the tension region and deceases in the compression re-
gion.

V. CONCLUSION

A computerized Fizeau interferometer with a slab
model is used to calculate the macroscopic and the mi-
croscopic parameters for bent optical fiber cladding with
high accuracy. The considered macroscopic parameters
are the refractive index profile, the induced birefringence,
the molar polarizability and the polarizability per unit
volume. The accuracy of the calculations is increased
due to consideration of the refraction of the incident light
beam at the liquid/fiber interface. Microscopic parame-
ters such as the dispersion energy, the oscillation energy
and the molecular polarizability are obtained. All these
parameters ware determined along the cladding of the
bent optical fiber.

From this study one can conclude the following:

1. The dispersion parameters (Ey, E4) are affected by
mechanical bending of the optical fiber cladding.
The dispersion parameters are increased in the
compression region as a result of bond compression
and are decreased in the extension region. Conse-
quently, the refractive index and the induced bire-
fringence are increased in the compression region
and are decreased in the extension region.

2. The polarizability per unit volume depends on the
refractive index along the bent fiber cladding, but
the molar polarizability increases in the tension re-
gion as a result of the molar volume increase in that
region and is decreased in the compression region.

3. The molecular polarizability is inversely related to
the number of molecules per unit volume which
increase in the compression region and decreases
in the tension region so that the molecular polar-
izability decreases in the compression region and
increases in the extension region along the bent
optical fiber cladding. These parameters depend
on the wavelength of the incident beam. The po-
larizabilities inversely depend on the wavelength.
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4. The automated Fizeau interferometer is a good
tool to characterize the macroscopic and the mi-
croscopic parameters of a bent optical fiber.
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