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ABSTRACT: Light scattering from a glass fiber was investigated for a rigorous
evaluation of its size and refractive index. Angular variation of forward scattering
intensity from the fiber of about 5ym in radius with or without immersion liquid was
quantitatively measured by a laser photometric apparatus. The results were analyzed
by Mie and Rayleigh—Gans—Born (R.G.B.) scattering from an isolated and infinitely
long cylinder. Discussions were made on criterion of R.G.B. scattering, when the
theory is applied to the system, and on approximated but rapid and convenient methods
in evaluating the size and refractive index of the fiber.
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Light scattering from most of the polymeric
systems has been described in terms of the
theories of Rayleigh,' Gans,? and Born® (R.G.B.
theory) which are based upon two basic assump-
tions as described in detail by Van de Hulst:*

(@)
(b) (1)

where m.=m;/m,, the ratio of refractive indices
of the particle of radius a (when the particle is
spherical) and its surrounding medium, respec-
tively, k,=2x/A,, and 2, is the wavelength of
light in vacuo. The assumptions are strictly
valid for X-ray scattering, and are generally
valid with good accuracy for scattering from
polymer solutions and from crystalline and
amorphous solids in which the refractive index
differences between the particles and surrounding
media are usually so small that eq 1 is always
satisfied.

In this case the scattering electric vectors Ej
at far field is simply given by the sum of the

2kpalm,—1|« 1

* Present Address: Sumitomo Chemical Co. Ltd.,
1-98, Kasugade-Naka 3-chome, Konohana-ku, Osaka,
554, Japan.

scattering field E; from the j-th volume elemen t
in the particle which in turn is given as a solu-
tion of Maxwell equation of radiation of electro-
magnetic wave from oscillating dipole,*®

Es:Z E;
(2)

where R is the distance between the scattering
center and point of observation, (M;-O) the
effective induced dipole moment of the jth
scattering element where O is the unit vector
parallel to the polarization direction of the
analyzer placed in between the specimen and
the detector for the measurements of depolarized
components of the scattered light. The expo-
pential term is a phase factor of the jth element
in the R.G.B. theory as will be described later.
The R.G.B. scattering is widely applied to
characterize heterogeneities in polymer solutions®
and solids.”

When the refractive index difference becomes
greater such as in the case of colloidal dispersion
of sulfur in water,? polymer lattices in emulsion,®
and glass fibers, beads and voids in polymer
matrices (composite mateterials in general),'® the

E,;=(k,*/R)(M ;-O) exp (ih-r)
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R.G.B. theory is not valid and the scattering
phenomena from such systems becomes more
complex due to the perturbations of the scattered
and incident electric fields within the scattering
medium which, in turn, result from the electro-
magnetic interaction between the incident field
and polarized scattering elements.*****

Rigorous solutions of scattering from such
complex but general systems—Mie scattering—
have been obtained for relatively limited systems
of simple scattering geometries such as sphere,
coated sphere, simple or coaxial cylinder, ellip-
soid of revolution, and etc.*!* The Mie scat-
tering from an isolated sphere is expressed by
the Mie series, i.e., the series of products of
Legendre polynomials and Bessel functions, the
expression being much more complicated than
the R.G.B. equation. However, the Mie scat-
tering theory is more general than the R.G.B.
theory and is applicable to more general systems
of practical importance.

In this series of article, we will discuss an ap-
plication of Mie scattering from a simple cylinder
or a coaxial cylinder to that from grass fibers
and from polymer composites. The Mie scat-
tering from the cylinder systems has been de-
veloped by Churchill'® for dielectric or con-
ducting cylinders for normal incidence, and by
Kerker, et al.,'* and Farone, et al.," for oblique
incidence. The application of the theory to
the submicron cylinder has been worked out
by Kerker, et al.,' and by Lundberg.'
Rigorous solution of scattered electromagnetic
wave has been obtained also for coaxial cylinder
by Tang,'” Evans, et al.,'® and Kerker, et al."
Yeh has extended the theory to the cylider with
an elliptical cross section.”” In all these cases
the cylinder has been treated as infinitely long
and homogeneous.

The scattering from the coaxial cylinder may
be applied to the scattering from glass fibers
coated by the coupling agents and/or embedded
in the polymer matrix, and also to the scattering
from glass fiber reinforced plastics (FRP) with
void or density-lowered phase at the fiber-matrix
interface which may be generated by application
of stress. Such application will be described in
subsequent papers.?

In this article, we will discuss the application
of Mie scattering to an E-glass fiber® of radius
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of about 5 ym, to estimate its size and refractive
index. The fiber is long enough to be treated
as an infinitely long cylinder, and has a radius
much larger than the wavelength of an incident
light beam (1,=6328 A, He-Ne gas laser). Our
primary interest is focussed on the angular vari-
ation of the scattered intensity in forward direc-
tion. To our knowledge, the angular variation
of the forward scattering from such large fiber
has not often been treated so far.'®

THEORIES

R.G.B. Scattering by an Infinitely Long Cylinder

Let us first consider the R.G.B. scattering from
an isolated and infinitely long cylinder of radius
R, and refractive index m, embedded in isotropic
and homogeneous medium of refractive index
my. The cylinder which is assumed to be iso-
tropic and homogeneous (good assumption for
the E-glass fiber) is perfectly oriented along z-axis
as shown in Figure 1. We are only interested

e

X

Figure 1. Coordinate system of a glass fiber. The

axis is parallel to Oz.

s
X

Figure 2. Definition of scattering angle ¢, azimu-
thal angle g, and unit vectors ei, ez, and es.
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in the equatorial scattering, i.e., the scattering
in the plane XOY for which the azimuthal angle
pis 90 degrees as a function of the scattering
angle ¢ (see Figure 2).

The V5 scattering amplitude at far field Ey in
which scattering is observed for vertically polar-
ized incident field and through verticaily polar-
ized analyzer is given by’

Er0)=(k/R) | (M-O)y, exp (ih-riar (3)

where M=a(r)E,e;, O=e;, a(r) is the polariz-
ability at point r, and e, is the unit vector along
the z-axis. The cylinder is assumed to be optic-
ally isotropic and homogeneous, so that a(r)=
ay,=(const.)

(M'O)Vv:aoEo (4)

where E, is the electric field of the incident
beam. Using the cylindrical coordinate shown
in Figure 1, it follows that

r=p(e; cos ¢-+e, sin @)+ zeg (5)
and
h=k(s' —s,)
=k[(1 —cos f)e; —(sin O)e,] , (6)

where e, and e, are the unit vectors along the
x- and y-axes, respectively, s’ and s, are the
unit vectors along the propagation directions of
the scattered and incident rays, respectively, 2
is the wavelength of light in the medium, and
k is given by (2z/2) (see Figure 2).
From eq 3 to 6, it follows that
R
Er,(0)=(const) | " m(p2kosin 02)lpdp (7)
0
where the local refractive index m(p) is m, within
the cylinder and m; outside the cylinder, J, is
the Bessel function of order zero, and the con-
stant is related to the absolute intensity. After
integration, we obtain an expression for the ¥

scattering intensity as follows:
Iy (0)=(const.)(m;—my)"[Jy(Up)/U,)*  (8)

where J; is the Bessel function of the first order,

and
U,=(4x/2)R, sin (6/2) (9)

Mie Scattering by an Infinitely Long Cylinder
Let us consider Mie scattering for the same
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cylinder under the same conditions as above.
The solution of the Maxwell equation for the
scattered electromagnetic field must be obtained
under proper boundary conditions.”” If & is the
solution of the scalar wave equation satisfying
the Maxwell equations, £ in each region of Figure
1 for vertically polarized incident beam is given

by
£= 3 F,B,J(mkp), for region (i) (10)

n=-—0co

§= % FlJ(mkp)—b,H,(miko)]

) for region (ii) (11)
where

F,=(—1)"exp[i(nf+wt)] (12)

and o is the angular frequency of the incident
field. The functions J, and H, are the nth
order Bessel function of the first kind and
Hankel function of the second kind, respectively.
The constants B,’ and b, are determined by the
boundary conditions for the electromagnetic
field that m¢ and m(d&/dp) (m being the refractive
index) should be cotinuous at the boundary.

The constant b, in the region (ii) is associated
with the scattered intensity at far field. If a is
defined by

a=k,R,

then b, is given by

_ mlJn(msa)J,,'(mla)—m:,J,,'(m_.,a)J,,(m,a)
" mlHn(maa)Jn,(mla)"'man,(maa)Jn(mla)

(13)

where
T (my0)=[dJ(x)/dx];-m 0
H,'(mya)=[dH,(x)/dX],-m,., and etc. (14)
At the point of observation where p=R, far
from the scattering center, the Hankel function
in eq 11 is approximated by
H,(myk,R) = (zmsk,R/2)™
x exp {—i[mzk,R—(2n+1)x/4]} (15)
and the incident wave propagating along the
x-axis is given by
§o=exp [ —i(mskox—wt)] (16)

Therefore, the scattered wave at far field is
given by
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&=(nmyk,R/2)7"* exp { —i[m;k,R—wt —(3/4)z]}

X E} b, exp (in 6) 17)

The differential scattering cross section Iy (f)
at far field under the V; polarization condition
is given from eq 11 to 17 by

Iy () ly=(z"Rmy|2)™*| T by exp (inO)f
= (xR 2) " |bo+2 5 b, cosn 6]° (18)
n=1

where [, is incident beam intensity.

Angular distribution of the scattered light can
be numerically calculated from eq 13 and 18,
providing that m,;, m;, and R, are all known.
The scattering efficiency Q, the scattering cross
section divided by the geometric cross section
of the scattering object, is also obtained from
eq 18,

Q=(Y=R[bo*+2 3, |bu]’] 19)

EXPERIMENTS

The E-glass monofilament, a long glass fiber,?
was used as a test specimen for light scattering
experiment. The diameter of the glass fiber
measured from an optical microscope is 10 ym
and refractive index is 1.548.*" The fiber was
immersed in silicone oils with various refractive
indices (my=1.560, 1.528, 1.516, 1.504, and 1.498)
to investigate its effect on scattering. The refrac-
tive indices of the oils were measured by the
Abbe refractometer.

A He-Ne gas laser (15-mW power with a
single mode, NAL-705 GS, Nippon Kagaku Inc.,
Osaka, Japan) was used as plane polalized incident
beam. The angular dependence of scattered in-
tensity was measured by scanning a photomul-
tiplier tube in a horizontal plane. The analyzer
was placed behind the specimen and in front
of the photomultiplier tube. The ¥V, scattered
intensity was measured by setting the polarization
directions of incident beam, analyzer, and the
axis of the glass fiber all vertically. The polari-
zation direction of the incident beam was ad-
justed by a polarization rotator (Spectra Physics
Inc., model 310).
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RESULTS AND DISCUSSIONS

Numerical Calculation

The Mie scattering for an infinitely long cylin-
der was numerically calculated based upon eq 13
and 18. The value of the Bessel function of
order n and of arbitrary variable x, J,(x), was
evaluated according to Miller’s method,” in
which a small arbitrary value was given for
J.(x) for the required maximum n and then,
Jau(x)’s for the lower orders were calculated by
using the recursion relationship of the Bessel
function. Finally a series of true J,(x) was ob-
tained by determining its proportional constant
from the relationship:

Jo(x)+2 égzﬂ(x):l

In the case of the Neumann function, Y(x)
for the zeroth order and for an arbitrary vari-
able x was calculated first, and then Y,(x) for
the ascending orders were calculated by using
the recursion relationship.*

The R.G.B. scattering from the cylinder was
also numerically calculated based upon eq 8
and 9.

Experimental Results

Observation of the glass fiber under phase
contrast optical micrograph indicated that the
glass fiber is uniform, having a radius of 5.0 um,
the value of which will be confirmed by light
scattering experiments, as will be discussed later.
Figure 3 shows the V, light scattering patterns
of the glass fiber alone (case of m;=1.0) or the
glass fiber immersed in silicone oils of various
refractive indices (m;=1.498 to 1.560). The
scattered intensity of the immersed fiber tends
to decrease with increasing ¢ more rapidly than
the intensity from the fiber alone. The scattered
intensity is minimized for the silicone oil of
refractive index of 1.560 which is the closest
value to that of the glass fiber.

Figure 4 shows the measured equatorial scat-
tering of the glass fiber as a function of scatter-
ing angle 6, in air (dotted line) together with
the calculated scattering curve (Mie scattering)
which closely fits the experimental curve as
described later. Figure 5 typically represents
the effects of immersing the fiber in the silicone
oil on the scattered intensity distribution of the
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G.F in
m3=10

1.560
1.528
1516

1.504
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(@)
Figure 3. Photographic light scattering patterns from the FE-glass fiber with two different

exposure (a) and (b).
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--o-- Experimental
Calculated (Smeared) -
——=— Calculated

Ri=5, m= 1548, my7L0

Log(Iwt©)/ o)

Scattering Angle ©q In Alr (Degrees)
Figure 4. Equatorial relative scattering intensity
distribution of the E-glass fiber. The dotted line
is the experimental result The solid line and
dash—dot lines are the smeared calculated and cal-
culated curves, respectively, for R;=5.0 um and
m=1.548.

glass fiber (dotted lines). The peak positions
and their shifts by the immersion liquid coincide
with those observed in the photographic patterns
in Figure 3. It should be noted that the scat-
tering angle in the figure is not the angle in air
(6,) but the one in the silicone oil of refractive
index my(f). The angle @ is estimated from the

angle 0,,
6=sin""[(1/my) sin 6,] (20)

The calculated results of Mie scattering are also
shown in Figure 5 for a few values of m; and
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ms is the refractive index

035 10
e

20°
(b)

of the surrounding medium.

---o---- Experimental
——— Calculated (Smeared)

T |
i

Loglled®/1e)
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Figure 5. Equatorial relative scattering intensity
distribution of the E-glass fiber embedded in the
silicone oils of refractive indices, m;—1.498, 1.516,
and 1.528. The dotted, solid, and dash—dot lines
have the same meaning as above. R;=5.0 #m and
m=1.548.

for the fixed values of R=5.0pym and m;=
1.548. This will be discussed later.

Upon immersing the glass fiber into the im-
mersion liquid, it is seen that the maxima shift
toward the small scattering angles and that the
scattered intensity decreases with increasing ¢
more rapidly than that from the fiber alone.

345



Y. UeMura, M. FuiiMura, T. HasHiMoTo, and H. KAwAr

The shift of the scattering maxima may be
qualitatively interpreted in terms of the refrac-
tion of scattered light at the interface between
the glass fiber and silicone oil; i.e., the closer
the refractive indices of the oil and the fiber, the
smaller is the angle of refraction of the scattered
beam at the interface, leading to the shift of
the maximum intensity toward smaller scattering
angles.

Calculated Results of Mie Scattering by an Infi-
nitely Long Cylinder and Comparison with Ex-
perimental Scattering
In this section we will discuss Mie scattering

from a fiber in air with m;=m and my;=1. In

this case eq 13 is given by

bn: [m‘,n(a)‘]n/(ma) _Jnl(a)Jn(ma)]/[mHn(a)Jn,(ma)
—H, ()] (ma)] 21

In all calculations 2, is set to 6328 A, the wave-
length of incident beam from a He-Ne gas laser.
It is obvious from eq 18 and 21 that the relative
angular dependence of I, with scattering angles
depends upon two independent parameters of
m and R;. In contrast to the Mie scattering,
the R.G.B. scattering from the system is given
from eq 8 and 9. Therefore the relative angular
dependence of the R.G.B. scattering depends
only upon the reduced variable U; or upon the
product of m and R;.

Figure 6 shows the effect of radius R, on the
angular dependence of Mie scattering where m
is assumed to be 1.548. Upon increasing the
radius R,, the scattering maxima generally shift
toward smaller angles and the angular separa-

m=1548, myz10
------- R=3
——— Re5 4
— Relo

Log (Ivw(81/ 1)

\\v/\v\ th

oA

0 Y
Figure 6. Calculated equatorial scattering curves

for a cylinder of m=1.548 as a function of radius
Ry, m3=1.000.
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\ Ri=5., m3=1.0

——m=l2
—— mu 1548

Loglivwte)/le)

Figure 7. Calculated equatorial scattering curves
for a cylinder of R;=5.0pm as a function of m.
mg is kept at 1.000.

tion between the successive maxima decreases.
The angular separation systematically decreases
to become a constant value with an increase in the
scattering angles as is clearly seen in Figure 11.

Figure 7 shows effect of the refractive index
m of the fiber on angular dependence of Mie
scattering for R;=5.0 um. By decreasing the re-
fractive index of the fiber, the difference of the
refractive indices between the fiber and the medi-
um decreases, so that the scattering maxima shift
toward smaller angles, and therefore the num-
ber of scattering maxima within a given angular
interval increases. This may be qualitatively
interpreted on the basis of refraction of the
scattered light at the fiber matrix-interface; i.e.,
the smaller the value of m, the smaller the
difference of the refractive indices between the
fiber and the medium, and so consequently the
shifts of the scattered rays due to the refraction
toward larger scattering angles become small.
As seen from the effect of radius R, on the
scattering curves, the angular separation between
the successive scattering maxima decrease to a
constant value with an increase in the scattering
angle. It is also seen that with decreasing m,
maximum scattered intensity tends to decrease
rapidly with increasing the orders of the maxima
in a manner similar to the R.G.B. scattering
(see Figure 9).

Figure 4 shows the calculated Mie scattering
intensity distribution for R1_5 0 pm, m=1.548,
and m,=1.0 and for 2,=6328 A (wavelength of
a He-Ne gas laser beam). Direct comparison
of the calculated and experimental scattering
curves has yielded a possible set of m(=1.548)
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and R, (=5pm), which is quite close to those
reported for the E-glass.” A better curve fit
will be obtained by finer adjustments of the
parameters.

It should be noted that the calculated scat-
tering curves shown by dash—dot curves in
Figures 4 and 5 correspond to the case where
(i) the incident beam is parallel and point-like
(having infinitesimally small cross section) and
(ii) the scattered light is detected through an
infinitesimally small pinhole. In the experi-
ments, the scattered intensity distribution is
smeared by (i) the divergence of incident
beam, and finite cross sections of both (ii) the
incident beam and (iii) a pinhole through which
the scattered light is detected. The calculated
intensity profile was therefore smeared accord-
ing to the collimation system used in the
experiment in a manner described in the Ap-
pendix and was compared with the experimental
curves. The smeared calculated curves are
shown by the solid curves in Figures 4 and 5.
All the curves shown in Figures 6 to 9 are the
unsmeared calculated curves.

Comparison of Mie Scattering with R.G.B. Scat-
tering. Approximated Methods to Evaluate
Size and Refractive Index of the Fiber.
Figure 8 shows the effect of varying m; on

the angular distribution of the calculated Mie

scattering from fiber (R;=5.0 #um and m=1.548).

The setting profile, when m; approaches m, is

quite similar to that when m approaches unity

in Figure 7; (i) the scattered intensity rapidly
decreases with increasing ¢ and (ii) the maxima

Log(lwieite)

Figure 8. Calculated equatorial scattering curves
for a cylinder of Ri=5.0ym and m=1.548 as a
function of ms.
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shift toward the smaller angles, leading to de-
creased angular separation between the successive
maxima owing to the same reason as discribed
previously.

The effect of refraction of the scattered ray
at the fiber-matrix interface may be partially
corrected as follows. If f; and 6 are the scat-
tering angles in the fiber and matrix, then

sin fs=(mg/m) sin 6
At small scattering angles
sin (0s/2) =~ (mz/m) sin (6/2)
If the reduce variable U is defined by
Us=(4r/2,)mR, sin (05/2) = (4r/2,)m3R, sin (0/2)

(22)

Therefore it is expected that the shift of the

scattering maxima with refractive index my

(Figure 8) should be minimized by plotting the

curves with U or 6, rather than ¢. The result

is shown in Figure 9 where again R,=5.0 ym and

m=1.548. It is clearly seen that the shift of

the scattering maxima with m; is small compared

with that seen in Figure 8. The residual shift

of the scattering maxima with m; is a pheno-
menon inherent to the Mie scattering.

I T T T I T 1
M Ri=5, m=1548
\
= ——— my*l.0
------- my=i3
3 \’/': ———myl5 -
A ——— my*154
Lo/ — - my 1545
— \
s' —4
5
3 y
3 -
™\
\
\_‘ ,/
}.‘
-1 -
/\
I
| \ﬂ[
i
Vi
i
"‘-
|
- | | |
4 o 5 25 30 35
Us
Figure 9. Same as Figure 8 but the relative inten-

sity distribution is plotted as a function of reduced
scattering angle, Us=(4x/A))mR; sin (6s/2) where 6
is the scattering angle in the fiber.
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Table I. Estimated size of the glass fiber based upon eq 23

m3=1.560 m3=1.528 m3=1.516
i=6 i=8 i=10 i=6 i=8 i=10 i=6 i=8 i=10
Omax,i® 15.8 20.5 25.3 15.9 20.6 25.6 16.0 20.8 25.9
Ry, pm 5.0 5.0 5.0 5.1 5.1 5.0 5.1 5.1 5.0

2 Unmax,i=4xn/2o)msRy sin (Omax.i/2)

=21.2, 27.4, and 33.7 for i=6, 8, and 10, respectively.

Figure 9 also shows the R.G.B. scattering
profile calculated on the basis of eq 8 and 9
where U, corresponds to U,. Mie scattering
for the refractive indices m;=1.545 and 1.540
are seen to be almost identical to the R.G.B.
scattering. In these cases the criterion of eq 1
is satisfied as follows; (4x/2y)R;|(m/mg)—1|=0.192
and 0.516 for m;=1.545 and 1.540, respectively.
Upon a further increase of difference in the
refractive indices m and m,, deviation from
the R.G.B. scattering becomes larger. It should
be noted, however, even for the scattering for
my;=1.500 (for which (4z/2)R,|(m/m3)—1|=3.18
and thus the situation is far from the criterion
of the R.G.B. scattering, (4r/4)R,|m/m;—1|«1)
that (i) the relative intensity of the scattering
maxima as a function of the orders of the
maxima is very close to that found for the
R.G.B. scattering, and that (ii) each peak posi-
tion of the Mie scattering curve agrees with
that of R.G.B. scattering within relative error
of a few percents. Hence the R.G.B. theory
turns out to be applicable with good accuracy
even under a condition far from the R.G.B.
criterion as long as interest is directed only to
the peak positions and the relative height of the
peaks. The intensity distribution of the R.G.B.
scattering, however, quantitatively differs from
that of the Mie scattering, especially around
scattering minima when the criterion of the
R.G.B. is not satisfied.

Based upon the discussions made above, we
may propose an approximate method to estimate
the size R; and the refractive index m of the
fiber. First we immerse the fiber in a liquid
whose refractive index mj; is close to that of
the fiber. Then we measure the scattering angle
Omax,; of the ith scattering maximum. The
radius R, of the fiber is then estimated from
the scattering angle by using the following rela-
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tionship derived from the theoretical R.G.B.
scattering curve,

(4m/29)m3R; Sin (Ormax,i/2)=Umax ; (23)

where 0.y ; is the scattering angle for the i-th
scattering maximum. Up,x ; is evaluated from
the theoretical R.G.B. scattering curve shown
at the bottom of Figure 9 and plotted in
Figure 11 as a function of order i of the scat-
tering maximum. Accuracy of the estimated R,
depends on |m—m;|; i.e., the smaller the value,
the higher is accuracy.

Table I represents the estimated size of R,
based upon eq 23 from the 6th, 8th, and 10th
scattering maxima of the fiber immersed in the
oils of refractive indices of 1.516, 1.528, and
1.560. The scattering angles 6,5 ; (i=6, 8, and
10) of maximum intensity were measured from
the curves as shown in Figure 5. The estimated
results were found to agree with the literature
value for the E-glass and with the value obtained

srrit T T T

K-) ° — Calculated By Least Squares
B ol ©  Experimental i
3

o

£
]

>
ESAR .

Min. M3=1549

ot p—

10 15 155 16
ms
Figure 10. Plot of the fifth scattering maximum
Iy ;(Omax,s) from the E-glass fiber as a function of
refractive index of silicone oils (open circles). The
solid line shows fit of the data points by the least
squares with quadratic polynomial; Iy (fmax 5)=
833.5(m;—1.549)2.
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from a direct comparison of the theoretical Mie
scattering and measured curves shown in Figure
4 (R,=5.0pym). Accuracy of the estimated size
is, of course, higher for the measurements with
m, closer to m=1.548.

The fractive index m can be also evaluated
by measuring the intensity of the ith scattering
maximum [(0m.x ;) as a function of m; and by
finding m, value which gives rise to the minimum
scattering intensity, and these values should
be equal to m. This procedure is represented
in Figure 10 where the intensity of the fifth
scattering maximum [y (6max,s) from the glass
fiber was plotted as a function of refractive
indices of silicone oils my;. The fitting of the
data-points with quadratic polynomial by the
least squares (method) gave,

Iy (Omax,s)=833.5(m;—1.549)"

This result has been indicated by the solid line
in Figure 10. The estimated value of m=1.549
is close to 1.548, the literature value of the E-
glass.” The maximum intensity parabolically
varies with m, when the refractive index dif-
ference between the fiber and the surrounding
medium is small, which indicates that the inten-
sity variation is predicted by the R.G.B. scat-
tering under this condition.

IlllllIllllllllll’lllllll'lflll‘/r'

(a) my:

1. 10

4 . ! m=ip
OIlllllllllllllllllylAl’llsllllllol
10
° s (o] 5 %
ORDER OF SCATTERING MAXIMA
Figure 11. Plot of Umsax,:i as a function of the

order i of the scattering maxima for cases: (a)
R;=5.0 ym and m=1.548 for various values of m;;
(b) Ri=5.0 ypm and ms=1.0 for various values of
m; (¢) m=1.548 and m;=1.0 for various value of R;.
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Figure 11 represents the plot of Upax i, the
reduced scattering angle U; for the ith scattering
maximum, as a function of the order i of the
scattering maxima for the cases: (a) R,=5.0 ym
and m=1.548 for various values of m;; (b) R,=
5.0pm and my;=1.0 for various values of m;
(c) m=1.548 and m;=1.0 for various values of
R;. Tt is seen from the figure that the slope of
Unax,: against i of the Mie scattering generally
approaches to a constant value equal to that of
the R.G.B. scattering for the value of i or Upax,;
which is greater than a critical value. The
critical value depends on the difference of the
refractive indices between the fiber and the me-
dium as in Figures 11(a) and 11(b), i.e., the
smaller the difference in the refractive indices,
the smaller the critical value. For an example,
for my=1.4 in Figure 11(a), the critical value
for Upax,; is about 10 and that for 7 is about
2. The critical value also depends upon the
size of the fiber as in Figure 11(c), i.e., the
smaller the size, the smaller is the critical value.
This implies that the angular separation of
AUpax,; between the ith and (i—1)th scattering
maxima (4Umax,i=Umax,i—Umax,i-1y) becomes
a constant equal to that expected for the R.G.B.
scattering.

Based upon the discussions above, one may
propose an approximate method to evaluate R,
from the measured and calculated AUpax ;:

AUmax,iz max,:— Ymax, (i-1)
=(4n[A)m3Ry[Sin (Ormax,i/2)
—$in (Omax,i-1/2)] (24)
where
AUpax ;=3.14 for

i>7 (25)

The larger the fiber size and the greater the
difference in the refractive indices of the fiber
and the surrounding medium, the larger the
critical value of 7.

Table II represents the estimated size of R,
of the fiber based upon eq 24 and 25. The
estimation utilizes the scattering angles of the
eighth and nineth scattering maxima for the fiber
immersed in media of various refractive indices.
These values are comparable with those esti-
mated by direct comparison of the calculated
and measured scattering curves (Figure 4) and
by the R.G.B. approximation for the immersed

349



Y. UEMURA, M. FuiiMura, T. HasHiMoTO, and H. KAwWAI

Table II. Estimated size of the glass fiber based
upon eq 24 and 25

Experimentally p. 40 of

Value detected®

of ms t%e fiber Remarks
0max,i 0max,i~1 1, #m
1.000 45.0 41.2 5.1 Figure 4
1.498 23.1 20.7 5.1
1.504 23.0 20.5 4.9
1.516 23.1 20.7 5.1 Figure 5
1.528 23.0 20.6 5.0
1.560 22.7 20.3 4.9

@ For =9 in degrees.

specimens (eq 23). It should be noted that eq 25
can be applied, in a more general fashion than
eq 23, even to systems with values of m, far
from the R.G.B. criterion.

CONCLUSION

It turns out that the light scattering method
is useful as a means for a rigorous estimation
of the size and refractive index of glass fiber.
This technique may be especially useful when
applied to a fiber whose size is too small for
observation under an optical microscope. The
size and refractive index were evaluated by
direct comparison of the experimental and cal-
culated Mie scattering intensity distributions in
a forward direction and by analyzing the meas-
ured intensity distribution from the fiber im-
mersed in silicone oils in terms of R.G.B. and
Mie scattering. These results agreed with the
literature values of the E-glass fiber.

APPENDIX

The Smearing of the Scattering Intensity Distri-
bution Due to Finite Angular Resolution of
the Apparatus
Let the intensity distribution of the incident

beam at the detector plane be iy(u;,u,). If Iand

I,,s are the true intensity and observed smeared

intensity, respectively, then the observed inten-

sity at a reduced scattering angle 4 (see Figure

12) is given by

S S io(uy, ug)l(h—uy, u,)du,du,

Ips(h)= (A-1)

SS io(uy, up)du,du,
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where A=(4x/2)sin (6/2) and u;=(4x/2)sin (6;/2)
(i:l and 2)

If the scattering from an infinitely long glass
fiber oriented parallel along the z-axis is to be
considered, it obviously follows that

IKh—uy, up)=Ih—u,)0(u,) (A-2)

where ¢ is Dirac’s delta function. Then

Tone(h)= X ity OVI(h—u)duy / S io(ty, 0)duy , (A-3)

where I(h—u;) is the calculated equatorial Mie
scattering and #o(uy, 0) is the measured intensity
profile of the incident beam along the horizontal
plane. In the experimental system used in this
work, the detecting optical system has a circular
aperture of 1.4 mm in diameter and the spread
of laser beam at the aperture is 1 mm in dia-
meter. The distance between the sample and
slit position is 80 mm. In this optical system,
the profile of iy(u;, 0) was obtained as in Figure
13. The smeared curves in the paper were cal-
culated by using the weighting function 7,(x,, 0).

N

u,,

T ]

| thew_ h.0)

Figure 12. Calculation of the smearing of intensity
distribution due to imperfect collimation of the
optical system.

io(u,,0)

I 11 1
- - 0! o 04 08
as 04 e

Figure 13. Estimated weighting function to cal-
culate the effect of smearing.
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