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ABSTRACT: Automatic variable wavelength interferome-
try (VAWI) is used in combination with a Pluta double
refracting polarizing interference microscope for measuring
the spectral dispersion parameters of the refractive indices
of poly(ethylene terephthalate) (PET) highly oriented yarn
fibers (1000 denier/250 filaments). The resulting data are
utilized to calculate the spectral dispersion and structural
parameters such as Cauchy’s constants, the dispersion en-
ergy, the oscillation energy, the density, the mean polariz-
ability of the monomer unit, the number of monomer units

per unit volume, the dielectric constant, the electric suscep-
tibility, the optical orientation function, and the electric po-
larizability constant. Microinterferograms are given for illus-
tration. © 2003 Wiley Periodicals, Inc. J Appl Polym Sci 89:
1737–1742, 2003
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INTRODUCTION

The refractive indices of fibers and their birefringence
are generally accepted as good indicators of molecular
orientation, structural homogeneity, polarizability,
and other physical properties that describe the func-
tional behavior of natural and manufactured fibers.
The investigation of dielectric properties is one of the
most conventional and sensitive methods of studying
the polymer structure.1

Microinterferometry has been recognized as a use-
ful tool for the investigation of natural, synthetic, and
optical fibers.2–8 A detailed survey of the investiga-
tors, methods, and techniques of microinterferometry
applied to fibrous materials is given by Barakat and
Hamza.9

The main task of any kind of interferometry is to
correctly determine the interference order in the image
of the object under study. This task was simplified by
using an interferometric method reported by Pluta,10

referred to as variable wavelength interferometry
(VAWI). Pluta11 used his VAWI method to measure
the spectral dispersion for the birefringence and/or
the refractive indices of textile fibers. Recently, the two
beam interference Pluta microscope12,13 has been

modified to be suitable for automatic measurements
and studies of optical and textile fibers.14

Hamza et al.7,15,16 used this method to determine
the spectral dispersion curves of polypropylene and
highly oriented fibers. Sokkar and El-Bakary17 also
used this method to determine the refractive index
profile of highly oriented fibers.

In the present work, the automatic VAWI technique
is used to measure the spectral dispersion parameters
of the refractive indices of poly(ethylene terephtha-
late) (PET) fibers. The resulting data are utilized to
calculate the spectral dispersion and some structural
parameters of the polymer material such as Cauchy’s
constants, the dispersion energy, the oscillation en-
ergy, the density, the mean polarizability of the mono-
mer unit, the dielectric constant, the electric suscepti-
bility, the optical orientation function, and the electric
polarizability constant of PET fibers.

THEORETICAL

Dispersion properties of fiber material using
automatic VAWI technique

The VAWI10 method uses highly monochromatic light
of a continuously variable wavelength. This method is
commonly used in combination with the double re-
fracting polarizing interference microscope (Pluta mi-
croscope12,13) for measuring the initial interference or-
der (m1) of the interference pattern produced by a
fiber, which is found via the following equation10:
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m1 � qs

bs

b1 � bs
(1)

where bs is the interfringe spacing corresponding to
the wavelength �s and b1 is due to the wavelength �1.
The subscript S denotes the coincidence number, and
qs is the increment of the initial interference order.
Using eq. (1), the initial interference order can be
determined from which the refractive indices and bi-
refringence can be calculated using the following
equations:

�s
� � �n�s � ns�t � �m1

� � qs��s
� (2)

�s
� � �n�s � ns�t � �m1

� � qs��s
� (3)

where �S
� and �S

�, m1
� and m1

� , and �S
� and �S

� are the
optical path differences, the initial interference orders,
and the wavelengths for light vibrating parallel (�) and
perpendicular (�) to the fiber axis, respectively. Using
the above equations, the spectral dispersion parame-
ters of the refractive indices (n� and n�) can be ob-
tained. The birefringence is given by the following
equation:

�n � n� � n� (4)

Cauchy’s dispersion relation

The variation of the refractive index of the fiber ma-
terial with the wavelength can be written from
Cauchy’s dispersion relation18:

n��� � A �
B
�2 (5)

where n(�) is the refractive index at a given � and A
and B are Cauchy’s constants, which depend on the
fiber material.

Dispersion and oscillation energy

The dispersion energy and oscillation energy are
given by the following equation19:

�n2 � 1��1 �
Eo

Ed
�

E2

EdEo
(6)

where Eo is the average energy gap or oscillation en-
ergy, E is the photon energy, n is the refractive index
of the fiber material, and Ed is the dispersion energy.
The dispersion energy is called the electronic oscillator
strength, which is a measure of the strength of the
interband optical transition. It is related to the charge
distribution within each unit cell and to chemical
bonding. It plays an important role in determining the
behavior of refractive indices and properly normalizes

the interaction potential describing these optical ef-
fects. This is due to the relationship between the elec-
tronic optical properties of the material and its chem-
ical bond.20 Equation (6) can be used for light vibrat-
ing parallel and perpendicular to the fiber axes.

Mean polarizability of monomer unit

The polarizability of a monomer unit like the polariz-
ability of a simple organic molecule usually differs in
different directions. Because the refractive index of a
polymer depends upon the total polarizability of the
molecules, this leads to the Lorentz–Lorenz by the
following equations21:

n�
2 � 1

n�
2 � 2

�
N�1��

�

3�
(7)

An analogous formula can be used for n�, where n�

and n� are the mean refractive indices of the fiber for
light vibrating parallel and perpendicular to the fiber
axis, respectively; �� and �� are the corresponding
polarizabilities of the monomer unit; and � is the
permittivity of free space. For a bulk polymer of den-
sity � and monomer unit molecular weight M, the
number of monomer units per unit volume, which
also equals the number of carriers of the dipole mo-
ment, is given by the following equation22:

N�1� �
NA�

M (8)

where NA is Avogadro’s number, the PET M value is
192,22 and de Vries et al.23 gives � for PET fiber in the
following form:

� � K
�niso

2 � 1�

�niso
2 � 2�

(9)

where niso � (n� � 2n�)/3 is the isotropic refractive
index24 and K � 4.047 for PET fiber.23

Dielectric constant and electric susceptibility

The following relation25 gives the dielectric constant d:

d� � n�
2 (10)

With an analogous formula, n� can be given. The
electric susceptibility 	 is related to the d value by the
following equation25:

	 �
d � 1

4

(11)
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The index of refraction niso is given by the square root
of the direct current (dc) dielectric constant (ddc) by the
following equation25:

niso � �ddc or ddc � niso
2 (12)

Plotting {1/(niso
2 � 1)} versus (1/�2), a linear relation-

ship is obtained from which the ddc value can be
calculated.26,27

Optical orientation function and electric
polarizability constant

The optical orientation function can be calculated us-
ing the classical relation28

�P2���� �
�n

�nmax
� f� (13)

which is the same function named by Hermans.29 The
�nmax value of PET fibers has been previously deter-
mined, which equals 0.24 according to de Vries22 for a
perfectly (or fully) oriented fiber, and �n is the mea-
sured mean birefringence. Hermans’ optical orienta-
tion function (f�) has been corrected by de Vries22 to be
in the range of 0 	 �n 	 0.8, as determined by

f� � �1 � a�f� � af�
2 (14)

where the constant a is given by the following equa-
tion:

a �
2n�

2n�
2

nv
3�n� � n��

� 1 (15)

in which nv is the virtual refractive index as defined by
the following equation22:

nv � �1 �
3
n�

2 � 1�
n�
2 � 1�


n�
2 � 1� � 2
n�

2 � 1�
(16)

Cunningham et al.30 derived a relation between the
optical orientation function �P2(�)� and the polarizabil-
ity, which is given by

�� � ��

�� � 2�� � ���

3�o
� �P2���� (17)

where

�� �
n�

2 � 1
n�

2 � 2
, �� �

n�
2 � 1

n�
2 � 2

are the polarizabilities per unit volume when using
monochromatic light vibrating parallel and perpen-
dicular to the fiber axis, respectively. The quantity

[��/3�0] is a structure constant for a given polymer
that depends on the molecular orientation function.

EXPERIMENTAL

Automatic VAWI technique

An automatic computer-aided microinterferometer14

is used. This technique is specially designed to mea-
sure and study the spectral dispersion of the refractive
indices of fibrous material using the VAWI technique.
The main part of the automatic optical system is the
Biolar PI microinterferometer.12,13 It is fitted with a
halogen lamp (12 V/100 W) as a highly monochro-
matic light source, a wedge interference filter, a step-
per motor controller, a PC computer with frame-grab-
ber, a CCD camera, and an image display monitor.
The intensity of the interference field and the contrast
of the fringes are optimized by adjusting the width of
the condenser slit. The measurements using this tech-
nique are controlled using an image analysis software
program.

Automatic measurement of fiber thickness and
refractive indices using VAWI technique

The test sample of PET fibers is placed on the micro-
scope stage and the microinterferometer is adjusted in
subtractive position14 for measuring the thickness of
the fiber. The average thickness of the test sample is
21.8 �m.

The microinterferometer is adjusted in crossed po-
sition14 for obtaining the duplicated images, one for
the parallel direction and the other for the normal
direction of the vibrating light, to measure the refrac-
tive indices of the PET fiber at different wavelengths.
Figure 1(a,b) shows the printed microinterferograms
taken from the image screen of duplicated images for
the refractive indices of PET fiber using the automatic
VAWI technique. The upper image shows the parallel
direction of light vibration and the lower image shows
the perpendicular one.

Figure 2 gives the refractive indices (n� and n�) as
a function of 1/�2 in the wavelength range from 400
to 620 nm. Constants A and B of the Cauchy’s dis-
persion formula are calculated. The results are given
in Table I.

From the spectral dispersion of the refractive indices
n(�), the Ed and Eo values for the PET fiber are deter-
mined using eq. (6). Figure 3 shows the plot of (n2

� 1)�1 versus the square of photon energy (E2). The
results of the calculations of Ed and Eo are given in
Table I.

The density of PET fiber is calculated using eq. (9) at
a 590-nm wavelength and it is found to be 1.358
g/cm3. The value of the density is used to determine
the number of monomer units per unit volume (N(1))
at the same wavelength using eq. (8), and it is found to
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be 4.255  1021 monomer units/cm3. Also, the polar-
izabilities of the monomer units per unit volume (��

and ��) are calculated for the same wavelength using
eq. (7). The results are given in Table I.

The dielectric constants for light vibrating parallel
(d�) and perpendicular (d�) to the fiber axis and the
electric susceptibilities (	� and 	�) are calculated using
eqs. (10) and (11), respectively, at a 590-nm wave-
length. The results are given in Table I. Figure 4 gives
the relation between (niso

2 � 1)�1 and 1/�2, from which
the ddc value is calculated. We found it to be 2.458.

The experimental values of the n� and n� and the
birefringence (�n) at a 590-nm wavelength are used
for calculating the polarizabilities (�, �) and the
�P2(�)� according to eqs. (17) and (13), respectively.
The �P2(�)� value is 0.841 and the [��/3�0] value is
0.111 for PET fiber material. The value of the electric
polarizability constant depends on the molecular
structure.

RESULTS AND DISCUSSION

The interaction between light and matter leads to the
refraction effects, which are essentially forced vibra-
tions of electrons with a natural wavelength (�o) by an
oscillatory electric field of wavelength �. The refrac-
tive index varies with the variation of the wavelength
of the incident light beam because of these interac-
tions. The relationships between the structural param-
eters (such as the optical orientation function, density,

Figure 1 The printed microinterferograms of the dupli-
cated images of PET fibers for the refractive indices in the
cases of light vibrating (a) parallel and (b) perpendicular to
the fiber axis using the automatic VAWI technique.

Figure 2 The refractive indices (n� and n�) as a function of 1/�2 to verify Cauchy’s dispersion relation for PET fiber.
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and other physical structural parameters) and the re-
fractive index is a qualitative relation because these
structure parameters are intrinsic properties of the
material.

CONCLUSION

The transmitted light VAWI technique is suitable for
microinterferometry of polymers or other synthetic
fibers. These techniques enable the spectral disper-
sions [n�(�), n�(�)] to be quickly determined. The ac-
curacy of the measurement of the refractive index is
about 0.1%. In addition, it is 0.5 nm for the wavelength
� using this technique.9 Moreover, this method should
be particularly useful and important for the structural
investigation of a given test fiber.

The following conclusions may be drawn from the
measurements carried out in the present work using
the automatic VAWI technique for PET fibers:

1. The constants that relate the molecular arrange-
ment of PET to the wavelength of the incident
light beam can be found from the plot of n(�)
versus 1/�2.

2. The plot of (n2 � 1)�1 as a function of the E2

enables us to determine the Eo and Ed values
according to eq. (6).

3. The number of monomer units per unit volume is
calculated and found to be 4.255  1021 monomer
units/cm3.

4. The ddc value is calculated from the plot of (niso
2

� 1)�1 and ��2, and it is found to be 2.458.
5. The calculated value of the [��/3�0] (0.111) de-

pends on the molecular structure of the PET fiber
material.

Finally, the above experimental results and calcula-
tions confirm the dispersion of selected structural pa-
rameters of PET fibers. These results are useful for

TABLE I
Calculated Spectral Dispersion and Structural Parameters for PET Fiber at 590-nm Wavelength

Using VAWI Technique

Direction of
vibrating light

Constants

A
B

(103 nm2)
Ed

(eV)
Eo

(eV)
�

(10�33) d 	

Parallel 1.694 11 17.69 9.416 2.476 2.976 0.157
Perpendicular 1.503 4.7 15.28 12.11 1.884 2.299 0.103

Figure 3 The plot of (niso
2 � 1)�1 versus the square of the photon energy (E2) of PET fiber.
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industry and human’s end use. The VAWI technique
is a more suitable and promising technique for the
accurate determination of the optical and structural
parameters of PET fibers.

The authors would like to acknowledge a dept of gratitude
and appreciation to Dr. A. A. Hamza, Professor of Physics
and former President of Mansoura University, for supplying
the sample and for his guidance, encouragement, helpful
advice, and useful discussions.

References

1. Tager, A. Physical Chemistry of Polymers, 2nd ed.; Mir: Mos-
cow, 1978; p 306.

2. Pluta, M. Advanced Light Microscopy; PWN: Warsaw, Poland,
1993; Vol. 3.

3. Hamza, A. A. J Microsc 1986, 142, 33.
4. Dyson, J. Interferometry as a Measuring Tool; Machinery Pub-

lishing Co.: London, 1970.
5. Hamza, A. A.; Fouda, I. M.; El-Farahaty, K. A.; Helaly, S. A.

Polym Test 1987, 7, 329.
6. Hamza, A. A.; Fouda, I. M.; Sokkar, T. Z. N.; El-Bakary, M. A.

J Appl Polym Sci 1996, 60, 1289.
7. Hamza, A. A.; Fouda, I. M.; Sokkar, T. Z. N.; El-Bakary, M. A. J

Opt A Pure Appl Opt 1999, 1, 359.
8. Sokkar, T. Z. N. Appl Opt 1992, 31, 1229.
9. Barakat, N.; Hamza, A. A. Interferometry of Fibrous Materials;

Adam Hilger: Bristol, UK, 1990.
10. Pluta, M. Opt Appl 1985, 15, 375.
11. Pluta, M. J Microsc 1988, 149, 97.
12. Pluta, M. J Microsc 1972, 96, 309.

13. Pluta, M. Opt Acta 1971, 18, 661.
14. Institute of Applied Optics. Automatic Computer-Aided Micro-

interferometer for Measurements and Studies of Optical and
Textile Fibers: Microinterferometer Operation Manual; Institute
of Applied Optics: Warsaw, Poland, 1996.

15. Hamza, A. A.; Sokkar, T. Z. N.; El-Farahaty, K. A.; El-Dessouky,
H. M. J Opt A Pure Appl Opt 1999, 1, 41.

16. Hamza, A. A.; Fouda, I. M.; Sokkar, T. Z. N.; El-Bakary, M. A.
Polym Test 2001, 20, 847.

17. Sokkar, T. Z. N.; El-Bakary, M. A. J Phys D Appl Phys 2001, 34,
373.

18. Subrahamanyam, N. A Textbook of Optics, 9th ed.; Brij Labo-
ratory: Delhi, India, 1977.

19. Wemple, S. H.; Didomenico, M. J Phys Rev 1971, B3, 1338.
20. Wemple, S. H. Appl Opt 1979, 18, 31.
21. Jenkins, A. D. Polymer Science: A Materials Science Handbook;

North–Holland: Amsterdam, 1972; Vol. 1, p 496.
22. de Vries, H. Z Colloid Polym Sci 1979, 257, 226.
23. de Vries, A. J.; Bonnebat, C.; Beautemps, J. J Polym Sci Polym

Symp 1977, 58, 109.
24. Samuels, R. J. Structure Polymer Properties; Wiley: New York,

1974; p 54.
25. Born, M.; Wolf, E. Principles of Optics, 6th ed.; Pergamon: New

York, 1989; p 88.
26. Marion, J. B. Classical Electromagnetic Radiation; Academic:

London, 1965.
27. Hamza, A. A.; Fouda, I. M.; Sokkar, T. Z. N.; El-Bakary, M. A.

Polym Int 1996, 39, 129.
28. Huijts, R. A.; Peters, S. M. Polymer 1994, 35, 3119.
29. Hermans, P. H. Contributions to the Physics of Cellulose Fibers;

North–Holland: Amsterdam, 1946.
30. Cunningham, A.; Davies, G. R.; Ward, I. M. Polymer 1976, 15,

743.

Figure 4 The relation between (niso
2 � 1)�1 and 1/�2 from which the dc dielectric constant (ddc) is calculated.
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