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Organic polymers have the distinct
advantage that they can easily be proc-
essed into complicated three-dimensional
parts, thin films or fibers, thin coatings on
substrates. Moulding in the molten state,
spin-coating from solution or casting from
solution are just some of the possible

processing methods. Polymers are thus
extremely well suited for the manufactur-
ing of optical components, particularly for
optical communications.  Polymers pos-
sess the aditional advantage that the rela-
tion between their chemical structure and
relevant optical properties (refractive in-
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Abstract. Since scattering oflight, together with absorption,
to study the scattering behaviour

in optical fibres, it is important
function of their molecular
homopolymers
have been studied in detail. Particular
fluctuations  which depend on the thermal

mixtures and copolymers exhibit additional scattering from concentration
theoretically.
that transformation
is an interesting method to reduce the scattering

has been estimated
polymer indicate

This contribution
semicrystalline
morphology
polymers.

1. Introduction

Optical fibres for long-distance data
transmission are manufactured from high-
ly purified inorganic glasses which exhib-
it much lower losses ($0.5 dB/km) than
polymer fibres (~ 100 dB/km). For data
transmission over shorter distances, how-
ever, polymer optical fibres represent a
low-cost alternative with better mechani-
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and supramolecular
results from anisotropy and density fluctuations.
attention has been given to long-range density

contributes to the total loss
structure. Light-scattering  of glassy
The two contributions
history of the material. Glassy polymer
fluctuations.
Experiments  conducted
of a spherulitic into a fibre
loss of melt-crystallized

cal properties and less complex engineer-
ing solutions to the problem of fibre con-
nection. Polymer optical fibres are likely
to find diverse applications as local area
networks, short data links, light pipes for
automotive dashboard displays, etc. Since
scattering of light, together with absorp-
tion, contributes to the total loss in optical
fibres, it is important to study the scatter-
ing behaviour of polymers as afunction of
their molecular and supramolecular  struc-
ture. Scattering of light results from fluc-
tuations of the refractive index which may
be caused by anisotropy, density and con-
centration  fluctuations. The amount and

of polymers as a

on a

397
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nonlinear
transparent
already be
modeling tech-

dex, birefringence,
optical properties) is rather
and can in many instances
predicted by molecular
niques. This contribution describes the
use of polymers in optical components,
taking as examples amorphous polymers
as well as liquid crystalline polymers. It
also addresses a set of problems related to
the organic nature of the polymers such as
dimensional instability, chemical degra-
dation, water uptake, physical aging.

absorption,

*Correspondence:  Prof. Dr. J.H. Wendorff
Fachbereich  Physikalische Chemie
Philipps-Universitiit  Marburg

D-35032 Marburg (Lahn)

angular dependence of the scattered light
are governed by the amplitude and corre-
lation length of these fluctuations, respec-
tively. The scattering loss is obtained by
integration of the intensity over the whole
angular range. In order to fully exploit the
great potential of polymer optical fibres,
interest has been focused on the scattering
beha viour of such diverse systems as glassy
homopolymers,  polymer mixtures, and
copolymers, as well as semicrystalline

polymer fibres. The information obtained
from the theoretical and experimental stud-
ies may be used to improve specific phys-
ical properties of future core and cladding
materials while keeping their scattering
losses acceptable.

2. General Considerations

Fig. J shows the structure of an optical
fibre in which light propagates by total
reflection at the core-cladding interface.
The attenuation of light along the fibre is
given by the equation

Qa

where

10 = intensity of incident light

J = intensity of light after propagating a
distance |

o' = attenuation coefficient

Instead of o, the loss coefficient
|

am- =4.-L(Q
| 10

&)

is frequently used to express the loss of the
fibre in units of dB/km.
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In the absence of impurities and de-
fects, attenuation of light results from ab-
sorption and scattering of the fibre materi-
als. This article concentrates on the sec-
ond contribution which is intimately relat-
ed to the structure of the materials.

3. Glassy Polymers

3.1. Homopolymers

Considerable interest has been focused
on the scattering behaviour of glassy
homopolymers  such as poly(methyl meth-
acrylate) (PMMA), polystyrene (PS), and
polycarbonate (PC) [l -7]. From these stud-
ies, it is well known that both anisotropy
and density fluctuations of the refractive
index contribute to the total amount of
light scattering. The two contributions may
be separated by measuring the scattering
components for different polarization di-
rections of the incident and scattered light.
The scattering components of an unorient-
ed amorphous polymer exhibit spherical
symmetry, i.e. they are only a function of
the magnitude of the scattering vector

cladding

S=--,In- ()

where Adesignates the wavelength oflight
in the material, and Ois the angle between
the wave vectors of the incident and scat-
tered waves. Because of the spherical sym-
metry the scattering components are meas-
ured in asingle plane. The scattering com-
ponents Xy expressed as Rayleigh ratios
refer to the directions of the analyzer (X)
and polarizer (Y) which are oriented ver-

tical (X,Y =V) or horizontal (X,Y =H)to
the scattering plane. Since

H=H 4
and
measurements  of only two components,
e.0. Vvand VH, are sufficient to character-
ize the scattering behaviour. The depolar-
ized light-scattering  component VH re-

sults from anisotropy fluctuations of the

Fig. I. Structure of an optical fibre with refractive indices of the cladding and core materials n, and

n2 respectively
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Fig. 2. V~Component oflight-scattteringfrom
magnitude of the scat/ering vector. Parameter

density fluctuations
is the annealing time of the samples at T = 180°.

in poly(methyl methacrylate} vs.
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refractive index. The component Vv for
incident and scattered waves having the
same polarization direction may be writ-
ten in the form

= D+~ 6

where the first and second term represent
the contributions from density and anisot-
ropy fluctuations, respectively.

The attenuation coefficient for scatter-
ing is obtained by integration of the scat-
tering components over the whole angular
range

i

@=rl{ v+ 1 I\+ly in Ode (7)
0

With Eqns. 4-6, (amay be written in the

form

where

n
(@ = anB(I +cos2 B)sin BdB (9)
0

and

1"
@=wxd ~ 1+ os (} in(QdB (9

are the contributions from density and
anisotropy fluctuations, respectively. The
loss coefficient defined in Eqn. 2 may be
written in an analogous form

ex= cf] +ex" 1]
using Egns. 8-10

Studies on PMMA, PS, and PC have shown
that Y H is independent of the scattering
angle, i.e. VH(s) =const. This result indi-
cates that the anisotropy fluctuations of
the refractive index extend over regions
small compared to the wavelength of light.
The magnitude of YW, and hence @A is
governed by the optical anisotropy of the
monomer unit and intramolecular  chain
correlations  [3]. PMMA is the core mate-
rial that is most frequently used in polymer
optical fibres. Since the monomer unit is
nearly isotropic @* is small as shown in
the Table.

The angular dependence of the Ve
component clearly reveals the existence
oflong-range  density fluctuations in both
amorphous polymers [1-7] and glass form-
ing liquids of low molecular weight [8].
These fluctuations may be described by a
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Fig. 3. Correlation length as afunction of time
for floly(methylmethacrylate)  annealed at T =
180°

correlation function F(r) which is related
to V ~ by a Fourier transformation

Ao= wavelength of light in vacuum
n = refractive index
(1n) = mean square fluctuation
refractive index.

Correlation  functions derived by De-
bye and Bueche [9]

of the

"
N =e- A (13

as well as by Ornstein and Zernicke [10]

L-

=-e (14

have been used to describe the scattering
data [1-4][6-8]. The thermal history of
the glass forming system strongly affects
the long-range density fluctuations [6-8].
This is shown in Figs. 2 and 3 for PMMA
samplgs, annealed at T = 180° (T, = 120°).
The Component  (Fig. 2) and the cor-
relation length a (Fig. 3) evaluated from
Eqns. 12 and 14 decrease with increasing
annealing time. The origin of the long-
range density fluctuations is presently not
very well understood. However, there is
strong evidence that they are closely relat-
ed to the glass transition [7][8]. For exam-
ple, Figs. 4 and 5 show that the Vv compo-
nent of polymerizing MMA becomes an-
gular dependent in the autoacceleration
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Table. Origin of Scattering Losses in Poly(methyl

rigin of light ~catlt,;rjng

nl olropy nu lualion'

Lonp-range and shon-rungll
densil.  llu walian  in unanneulcd
samples (Fig 2)

hon-nmgc  den~ilY nuciu<iiions

In samples annealed 24 hal | 0
hon-rung~ den'H) tluclualions
de enbed b flucluation Ihl:ol) EIfil. /9

methacrylate) (.10 = 633 nm)

L s. [dB/KIIl

41.7

11.6

1:2.9
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range when Tg ofthe PMMAJMMA  solu-
tion rapidly approaches the polymeriza-
tion temperature Ts [7). The angular de-
pendence of Vv is also observed at lower
conversions  provided the solutions are
cooled down to temperatures T close to Tg
T Tg + 20°). -

Fig. 2 demonstrates that the Ve com-
ponent of PMMA annealed far above Tg
becomes independent of the scattering
angle. In the absence gf long-range densi-
ty fluctuations, the V Ucomponent may be
calculated from Egn. ]2 using fluctuation
theory. In the case of density fluctuations
which extend over regions small com-
pared to the wavelength of light, Eqn. ]2
may be written in the form

o4 A )
Ao

where the correlation volume

Qa

(16)

is independent of s. L1nof glassy homopol-
ymers is given by

17)

where the second term may be neglected.
With [3][1]]

1)

Eqgn. 15 yields

aCid B km"

’
10

Fig. 6. Scattering loss by
concentration fluctuations
in a miscible polymer blend 100

calculatedfrom ~ Eqn. 23 (A" 0 0.02

=633nm,n=  1.5,Vo—= 1.66
10-2H m3, za =zs = 1000, tP
2 0.5)

The values of Ve, and hence of cfJ,
calculated from Eqn. ]9 are inclose agree-
ment with data measured for PS [3) and
PMMA [6][7] in the absence of long-
range density fluctuations (see also the
Table).

3.2. Polymer Mixtures and Copolymers

It is assumed that the polymer mix-
tures and copolymers discussed in this
section consist of two species with differ-
ent refracti ve indices. In that case, concen-
tration fluctuations ¢ produce fluctuations
of the refractive index

()

( Tr (20)

which must be added to those described by
Eqn. ]7. Provided the concentration fluc-
tuations extend over regions small com-

pared to the wavelength of light, Egn.
]5and 20 yield for the additional scatter-
mg
(I::J.cz) is given by
--)
0.0L. 0.06 0.08 0.10
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where nis the osmotic pressure. Benoit et
af. [12)[13) have calculated c5m'&:forpol-
ymer mixtures and copolymers on the
basis of the lattice theory. With the simpli-
fying assumption that the volume occu-
pied by each monomer unit is identical to
that of the lattice cell (VA = VB = Yo),
Eqgns. 2] and 22 give for polymer mixtures
[12-14]

K = constant

za, zB = degree of polymerization of
components A and B

I>= volume fraction of component B

X = Flory-Huggins interaction parameter

Since light-scattering data are not avail-
able Eqll. 3 may be used to estimate the
scattering loss cf of a miscible polymer
blend. The results shown in Fig. 6 demon-
strate that (- is acceptable ($; 100 dB/km)
provided the difference in refractive indi-
ces of the two components is small and X
is negative. However, (f- strongly increas-
es when X becomes positive. In fact, e
goes to infinity when X equals one half of
the first two terms in Eqn. 23. This condi-
tion reflects the phase separation of the
system.

It is interesting to estimate the scatter-
ing loss of a system that is completely
separated into two phases. With

and with the assumption that the correla-
tion volume is spherical, Egn. /5 yields

where D (D « A) is the diameter of the
correlation volume. The results shown in
Fig. 7 provide valuable information on the
range of Lin and D where the scattering
loss of a phase separated polymer blend is
acceptable.

Concentration  fluctuations in copoly-
mers result from fluctuations in the chem-
ical composition of the molecules. For

copolymers, Eqn. 23 must be written in the
form

K

. -D

where (L1u2) describes the mean square
fluctuation in chemical composition.
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Fig. 7. Scattering loss ofa phase separated polymer

correlation volume of diameter D 0"0=633 nm, n = 1.5).

U2 D) @2
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(u) ou,, -0

nu2 11, (27)

nj is the number of molecules with frac-
tions v and | -ujof A and B units, respec-
tively. Light-scattering studies on statisti-
cal copolymers of fluoroacrylicacid-hex-
afluoroisopropylester  and fluoroacrylicac-
id-trifluoroethylester ~ [7] have shown that
the contribution of of to the total loss may
be kept small while improving otherphys-
ical properties such as the absorption loss.

4. Semicrystalline  Polymers

Melt-crystallized  polymers frequently
exhibit a spherulitic superstructure  which
is the main origin of their high scattering
losses. The question arises whether trans-
formation of this structure into a fibre
morphology is an effective method to re-
duce the scattering losses. In fact, Norris
and Stein [15] have demonstrated that the
deformation  of polyethylene reduces the
scattering intensities. To answer the ques-
tion in more detail, experiments have been
conducted on a statistical terpolymer con-
sisting ofvinylidene difluoride, tetrafluor-
oethylene and hexafluoro-propylene  [16]
[17]. This polymer has been used as clad-
ding material in polymer optical fibres.
Small-angle  light-scattering  and small-
angle X-ray scattering have shown that
deformation  of the melt-crystallized  ter-
polymer transforms the spherulitic into a
fibre morphology. The optical loss meas-
ured by the transmission of light in fibre
direction decreases with increasing draw
ratio ~n and finally reaches a plateau as
shown in Fig. 8. The plateau value is only

111
ldU/ml
100 I

50

d

2
6 10
D/nm

mixture with spherical

drawing temperatures

two times higher than the loss of the melt
which exceeds that of PMMA because of
impurities.  Small-angle and wide-angle
light-scattering  experiments are in progress
to study the effect of the fibre morphology

on the scattering loss in more detail. The
preliminary  results presented in Fig. 8
indicate that deformation may be a prom-
ising method to reduce the scattering loss
of semi crystalline polymers.
5. Conclusions

In the absence of impurities and de-

fects the scattering losses of polymer op-

tical fibres are caused by anisotropy, den-
sity and concentration  fluctuations in the
fibre materials. Light-scattering  of glassy

homopolymers results from anisotropy and
density fluctuations. It has been shown for
poly(methyl methacrylate) that long-range
density fluctuations may be produced in
the autoacceleration range of polymeriza-
tion when Tg of the polymer/monomer

solution rapidly approaches the polymer-
ization temperature. These fluctuations are
reduced by annealing the material at tem-
peratures far above Tg. The remaining
scattering loss is close to the theoretical
value calculated from fluctuation theory.
Glassy polymer mixtures and copolymers
exhibit additional scattering from concen-
tration fluctuations. This contribution has
been estimated theoretically. The results
have shown that under appropriate condi-
tions both polymer mixtures and copoly-
mers are potential candidates for polymer
optical fibre materials. Melt-crystallized

polymers frequently exhibit a spherulitic
superstructure  which is the main origin of
their high scattering losses. Studies on a
terpolymer consisting ofvinylidene  diflu-
oride, tetrafluoroethylene  and hexafluoro-

Fig. 8. Optical loss of poly(vinylidine

co-hexafluoro-propylene) as a function

propylene
formation
morphology
duce the scattering
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