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In this paper we present a detailed theoretical study that describes the generation of scattered light in step-index
polymer optical fibers by using the side-illumination scattering measurement technique. A detailed analysis of the
variation of the maximum angle of acceptance within the fiber has been carried out in order to calculate the scat-
tered light as a function of different launching conditions. The theoretical model has been developed by using the
Mie theory for spheres in the independent-scatterer approximation. © 2012 Optical Society of America
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1. INTRODUCTION
Polymer optical fibers (POFs) have historically occupied a
niche in the optical fiber world thanks to their robustness,
large core diameters, high numerical apertures, and low cost
[1,2]. Particularly, in the last few years POFs have been widely
used both for short-haul communications links, where dis-
tances to cover are generally less than 1 km [3] and for a
whole range of different sensing applications [4]. In fact, POFs
have several advantages over their glass counterparts for fiber
sensors, especially when microstructured fibers are used [5].
On the other hand, doped POFs have also raised a great inter-
est in the field of fiber lasers, amplifiers and optical switches
in the visible region [6–9]. The lower manufacturing tempera-
tures of POFs as compared to glass fibers make it possible to
embed a wide range of available materials into the fiber core.

Amongseveral issueswhichaffect theperformanceofPOFs,
limiting the maximum attainable distance and the information
transmission capacity of an optical link, or compromising their
sensitivity in sensing applications or decreasing the efficiency
of the optical devices, is the scattering caused by the presence
of inhomogeneities in the polymer [1]. The so-called Rayleigh
scattering (for particles much smaller than the wavelength) is
usually causedby subwavelength irregularities in the refractive
index within the core of the fiber, whereas the Mie scattering
(scatterers’ size of the order of the wavelength) is due to inho-
mogeneities such as variations in the core-cladding refractive
index, impurities at the core-cladding interface, strains or bub-
bles within the fiber core, or fluctuations in the fiber diameter.
These types of effects are in large part responsible for the
optical energy loss and the mode coupling in POFs [1,10,11].
For these reasons, light scattering has been an extensively in-
vestigated subject since the early days of POFs, with studies
like those carried out by Koike et al. in [12] and [13] or, more
recently by Bunge et al. in [14].

Scattering caused by inhomogeneities in the fiber can be
analyzed by exciting the fiber transversally, that is, perpendi-

cularly to the fiber axis. This type of excitation, which is called
side-illumination technique, is used to characterize the optical
losses in doped POFs or dye doped waveguides. Since this
method is nondestructive, it constitutes an alternative techni-
que to the traditional methods like the cutback method or the
bulk measurement [9,15]. In case of nondoped fibers, this
technique allows the measurement of the scattered light that
is able to propagate through the fiber. Moreover, it has been
demonstrated by previous works that the analysis of the de-
pendence of the scattered light features on different launching
conditions can give information about the size of the scatter-
ing centers and their position in the fiber [14,16].

In this study we have worked out a theoretical model in or-
der to describe the dependenceof the total amount of scattered
light guided alongaPOFsamplewhen it is transversally excited
under different launching conditions. Unlike a previous work
[14], the angular distribution of the scattered light has been de-
scribed by the phase functions of the Mie theory for spheres.
Scattering by a sphere of arbitrary size is called Mie scattering
and it is an exactly solved phenomena. That is to say, we can
use this theory to describe scattering generated by spheres of
any size, from spheres much smaller than the wavelength of
light (Rayleigh approximation) to spheres of larger size (geo-
metrical optics limit). Besides the size of the inhomogeneity,
the developed theory allows us to vary both the refractive
index of the material of the scatterer and of the medium
surrounding the scatterer, thewavelength of the incident radia-
tion, and its polarization. In [14] calculationswere performed in
two optical ranges (Rayleigh and Mie limit) without indicating
the exact size of the scatterer, the material in which the scat-
terer is made, or its surrounding material. On the other hand,
the total amount of scattered intensity in [16] was obtained by
applying the ray-tracing method on a fiber with a finite clad-
ding, in contrast to the integration method used in [14] and
in this work. The ray-tracing method, although approximate,
has the advantage of allowing to obtain a complete description
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of the scattered power distribution of rays at the output end of
the fiber which is essential to calculate the numerical near- and
far-fields patterns. In [16], the ray-tracing method was applied
by describing the angular distribution of the scattered light
from the Mie theory for spheres. However, due to paper length
constraints, the theoretical modeling and its corresponding
expressions were neither explained nor shown in that work.
A very important feature of our analytical model is that it takes
into account the accurate variation of the maximum angle of
acceptance inside the fiber, showing that in some points near
to the core-cladding interface the value of the critical angle
becomes complex. This fact affects mainly the value of the
scattered light intensity.

The paper is organized as follows. The theoretical model
that describes the scattered light intensity as a function of dif-
ferent launching conditions is explained in detail through
Section 2. The results obtained for several sizes and materials
of the scattering centers and for different positions of the scat-
tering centers within the fiber, are analyzed and discussed in
Section 3. Finally, the summary of the work is presented in
Section 4.

2. THEORETICAL MODELING
In the side-illumination technique, the light source inside the
fiber is the scattered light generated when the fiber is illumi-
nated from its lateral side. Figure 1 shows a schematic diagram
of the side-illumination experiment for a multimode fiber. The
geometry of scattering generation must be taken into account
because the scattered light is not being measured in the same
direction as the incident excitation. The scattered light inten-
sity that reaches one of the fiber ends is going to be analyzed.
The theoretical modeling has been done with the following
assumptions: i) the scattered light is caused by inhomogene-
ities placed at the core-cladding interface and by inhomogene-
ities placed along the core fiber. These inhomogeneities are
considered either as air bubbles or as cladding inlays on the

assumption that the excess scattering in poly(methyl metha-
crylate) (PMMA) fibers is mainly caused by voids and core in-
clusions [2,13]. ii) Although in some cases many scattered
sources are considered, for instance air bubbles placed at the
core fiber, the effects of multiple scattering will be neglected.
That is to say, the radiation to which each scatterer is exposed
is essentially the light of the original beam [17]. iii) The scatter-
ing will be assumed to be independent, that is, the scatterers
are sufficiently far fromeach other so that it is possible to study
the scattering by one particle without reference to the other
ones [17]. iv) The angular distribution of radiation generated by
scatterers has been described from the Mie theory for spheres
[17]. Scattering is characterized by two important numbers: the
size parameter of the scattering particle (x) and the refractive
index contrast (m). They are defined, respectively, as:

x � 2πr
λ nsr; m � nscatt

nsr
; (1)

where r is the radius of the sphere and nscatt and nsr are the
refractive indexes of the scattering center and themedium sur-
rounding it. λ is thewavelength of the incident radiation. v) The
scatterers have been assumed spherical particles, that is, the
nonspherical scatterer has been replaced by an area equivalent
sphere with a radius (r) which represents the half of the
averagedmean scatterer size (ϕ). Although polarization effects
depend on the particle shape, the nonspherical/spherical dif-
ferences are expected to be small when the value of the size
parameter x ≅ 10 [18]. vi) The effects of the cladding thickness
in the fibers have been neglected. Therefore, it has been as-
sumed the same value for the total fiber radius and the core
radius (ρcore). vii) The light detected at any of the ends of
the step-index polymer fiber is the scattered light lying within
themaximumangleof acceptance (or critical angle) of the fiber
and it includes both guided and leaky (tunneling) rays. In gen-
eral, tunneling rays have larger losses than the guided rays and
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Fig. 1. (Color online) Scattering generated in a fiber with a monochromatic laser beam by side-illumination technique. The scattered light that
propagates a distance z within the fiber to one of the fiber ends is detected. (a) Angular scan. αi is the angle made by the incident beam with the
normal to the fiber surface at y � 0 μm. The incident beam always lies in the xy-plane. (b) Lateral scan. yP refers to the y-coordinate of the point of
incidence relative to y � 0 μm. The incident beam always lies in the xy-plane (parallel to the x-axis).
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they are usually treated as rays as in the cutoff condition. How-
ever, in short distances the tunneling rays may not attenuate
sufficiently [11]. Since our fibers are extremely short (about
20 cm), we will assume that the propagation losses of both
modes (guided and leaky) are equal and negligible.

Two different launching conditions have been analyzed. In
the first one, the light is focused on the fiber axis with the
incident plane containing the fiber axis and the angle of inci-
dence is varied (angular dependence) [see Fig. 1(a)]. In the
second one, the direction of the incident light is fixed with
an incident plane perpendicular to the fiber axis and, now,
it is the position of the incident spot what actually varies
(lateral dependence) [see Fig. 1(b)].

A. Angular Dependence
The geometrical arrangement corresponding to this incidence
together with the definition of the angles used for the theore-
tical analysis are described in Appendix A. In order to obtain
the scattered light that will be detected at one of the ends of
the fiber we must first calculate the maximum acceptance
angle of the fiber for a scattered beam. This maximum accep-
tance angle is, in most cases, different to the well-known cri-
tical angle defined for guided rays, since the sources of the
detected light are scattering centers placed in any position in-
side the fiber. In Appendix A, we provide a detailed procedure
for calculating the maximum angle of acceptance correspond-
ing to this incidence. In general, the maximum acceptance an-
gle of the fiber �θz�c [see Eq. (A9)] depends on two variables:
the location xQ of the point source along the refracted beam
and the angle ϕx of the scattered beam relative to the x-axis in
the xy-plane. When the scattered light is produced by a scat-
terer placed just in the cladding-core interface, it only depends
on the angle ϕx [see Eq. (A10)]. Notice that there is no depen-
dence of �θz�c on the incident angle αi.

If the scattered light were produced from one scatterer
placed at the center of the fiber, xQ would be zero and thus
the critical angle would only depend on the refractive indexes
of the core and the cladding. In this case, the critical angle is
given by the expression defined for guided rays [11], that is:

sin �θz�c�0;ϕx� �
���������������������������
1 −

�
nclad

ncore

�
2

s
�

�������������
1 − n2

p
; (2)

where n represents the quotient nclad∕ncore. ncore and nclad are,
respectively, the refractive indexes of the fiber core and the
fiber cladding. The fact that the maximum acceptance angle
calculated for any scattered beam [Eq. (A9)] is higher than
that obtained from Eq. (2) indicates that both guided and lea-
ky (tunneling) rays are excited by the scatterers illuminated
by the refracted beam [19]. Notice that the angle θz (the angle
taken by the scattered beam with respect to the fiber axis)
must satisfy the condition 0 ≤ θz < arcsin�

�������������
1 − n2

p
�, so that

the rays generated in the fiber are guided [11].
If one analyzes the expressions obtained for sin �θz�c

[Eqs. (A9) and (A10)], it is concluded that the variables xQ
and ϕx are not allowed to vary in their entire ranges, (i.e.,
−ρcore ≤ xQ ≤ ρcore and 0 ≤ ϕx ≤ 2π). More specifically, in order
to obtain real-valued arguments for the sine function in
Eq. (A9), we must impose the constraint that the critical angle
does not exceed π∕2. That is, it is required that xQ and ϕx

satisfy the following relation:

1 > n2
≥

�
xQ
ρcore

sin ϕx

�
2

for sin �θz�c�xQ;ϕx� �
�������������
1 − n2

p
��������������������������������������
1 −

�
xQ
ρcore sin ϕx

�
2

s :
(3)

Equation (3) defines a valid region for guided and tunneling
rays arisen from the scatterers in terms of the scatterer posi-
tion (xQ) and the scattered direction (ϕx). As an example,
Fig. 2 shows two contour plots of sin �θz�c as a function of
both xQ and ϕx corresponding to two step-index plastic opti-
cal fibers with the same core material and radius (ncore � 1.49
and ρcore � 490 μm) but with different cladding material
(nclad � 1.4036 or nclad � 1). It can be seen that the curves
are symmetrical with respect to xQ � 0 and ϕx � π and that
at some source points (near to the fiber interfaces) there is
scattering light in certain specific directions whose the max-
imum acceptance angle is not defined, i.e., no scattered light is
directed to the fiber endface. For instance, were ϕx allowed to
vary throughout its entire range, (i.e., from 0 to 2π), xQ should
vary only in the range given by −ρcoren ≤ xQ ≤ ρcoren. For

Fig. 2. (Color online) Contour plots of sin �θz�c as a function of both
xQ and ϕx corresponding to two fibers with the same core material,
ncore � 1.49 and radius ρcore � 490 μm, but different cladding materi-
al. Black solid lines correspond to sin �θz�c � �1 and green solid ones
xQ � �nρcore. Red painted areas indicate the forbidden region for xQ
and ϕx giving no real critical angle. (Top plot) nclad � 1. Blue dashed
lines correspond to sin �θz�c � �0.75. (Bottom plot) nclad � 1.4036.
Blue dashed lines correspond to sin �θz�c � �0.35.
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scatterers placed at the core-cladding interface, (that is,
xQ � ρcore), ϕx is only allowed to vary in the following ranges:
0 ≤ ϕx ≤ arcsin�n�, π − arcsin�n� ≤ ϕx ≤ arcsin�n� � π, and 2π−
arcsin�n� ≤ ϕx ≤ 2π. It can be also noticed that, as the quotient
n approaches the value 1, the forbidden regions, where the
�θz�c angle is not defined, become smaller and, consequently,
the effects of the truncation of the critical angle will not
be very significant. The scattered beams emerging close to
the cladding-core interface which give imaginary values for
the critical angle can be interpreted as nonpropagating or eva-
nescent modes along the fiber axis. These modes describe the
energy stored in the immediate vicinity of fiber discontinuities
[11]. The imposition that the critical angle cannot exceed π∕2
and its effects on the near field patterns of step-index fibers
have been reported in [19].

Let us now calculate the fraction of the scattered intensity
within the critical angle that will propagate along the fiber as a
function of the incident angle. The radiation pattern of the
scattered light produced by centers placed at any point along
the path covered by the refracting beam inside the fiber is
given by the Mie theory for spheres. The intensity of the
scattered light in an arbitrary direction is given by means
of a dimensionless function, F�θIS;ϕPS� [17]:

F�θIS;ϕPS� � �jS1�θIS�j2 sin2 ϕPS � jS2�θIS�j2 cos2 ϕPS�: (4)

S1 and S2 are the Mie phase functions and they depend on the
angle between the scattered beam and the incident beam on
the scatterer (θIS). The input parameters required to calculate
these functions are the wavelength of the incident electromag-
netic radiation (λ), the radius of the scattering sphere, and its
refractive index contrast (m). ϕPS is the angle between the
electric field of the incident light on the scatterer and the scat-
tering plane, (the plane formed by the incident and scattered
beams). It must be taken into account that in the description
of the scattering process given by Eq. (4), the incident beam is
the light which impinges on the scatterer. Therefore, if the
scatterer is placed at the core-cladding interface the incident
beam impinging on the scatterer is the incident beam (i),
whereas if it is placed within the core the incident beam turns
out to be the refracted one (r) (see Fig. 15 in Appendix A). The
expressions for θIS and ϕPS as a function of θz and ϕx and for
the two polarizations analyzed (see Appendix A) have been
worked out and they can be found in Table 1.

Therefore, the dependence on the incident angle of the
scattered light intensity generated by scatterers placed along
the refracting beam within the core for both polarizations
ITE;TM�αi� would be proportional to the integral:

ITE;TM�αi�∝ TTE;TM�αi�
�
2
Z

arcsin�n�

0
dϕx

Z ρcore

−ρcore

dxQ
cos αr

×
Z �θz�c�xQ;ϕx�

0
F�θz;ϕx�jTE;TM sin θzdθz

� 2
Z π

π−arcsin�n�
dϕx

Z ρcore

−ρcore

dxQ
cos αr

×
Z �θz�c�xQ;ϕx�

0
F�θz;ϕx�jTE;TM sin θzdθz

� 2
Z π−arcsin�n�

arcsin�n�
dϕx

Z �nρcore∕ sin ϕx

−nρcore∕ sin ϕx

dxQ
cos αr

×
Z �θz�c�xQ;ϕx�

0
F�θz;ϕx�jTE;TM sin θzdθz

�
; (5)

where TTE;TM denotes the Fresnel’s coefficients given by
either Eq. (A3) or (A4) and �θz�c is given by Eq. (A9). The
integrals over xQ and ϕx have been evaluated taking into ac-
count the restrictions for the critical angle commented before.
The length traveled by the refracting beam has been taken
as the distance xQ divided by cos αr . The propagation losses
of the scattered light (guided and tunneling rays) and the ab-
sorption of the refracted beam inside the fiber have been
neglected on the basis of the short lengths involved.

If the scattered intensity would be generated from one
scattering center placed at the core-cladding interface
(xQ � ρcore) the dependence of the intensity on αi would be
given by the integral:

ITE;TM�αi� ∝ TTE;TM�αi�
�
2
Z

arcsin�n�

0
dϕx

×
Z �θz�c�ρcore ;ϕx�

0
F�θz;ϕx�jTE;TM sin θzdθzdϕx

� 2
Z π

π−arcsin�n�
dϕx

×
Z �θz�c�ρcore ;ϕx�

0
F�θz;ϕx�jTE;TM sin θzdθzdϕx

�
; (6)

with �θz�c given by Eq. (A10).

B. Lateral Dependence
The geometrical arrangement corresponding to this inci-
dence, the variables used for the optical analysis, and the
procedure for calculating the critical angle in this case are
provided in Appendix B. The obtained expression of the
maximum acceptance angle �θz�c [see Eq. (B7)] depends
now on three variables: x0Q, the position of the scatterer along

Table 1. Principal Expressions Used in the Theoretical Calculations of the Scattered Intensity as a Function

of the Incident Angle (αi)
a

Angular Dependence(jxQj < ρcore) Angular Dependence(xQ � ρcore)

sin �θz�c sin �θz�c�xQ;ϕx� �
��������
1−n2

p��������������������������
1−� xQ

ρcore sin ϕx�2
p sin �θz�c�ρcore;ϕx� �

��������
1−n2

p
cos ϕx

cos θIS − cos αr sin θz cos ϕx � sin αr cos θz − cos αi sin θz cos ϕx � sin αi cos θz
�sin ϕPS�TM − sin θz sin ϕx��������������������������������������������������������������������������������������

�sin θz sin ϕx�2��sin αr sin θz cos ϕx�cos αr cos θz�2
p − sin θz sin ϕx��������������������������������������������������������������������������������������

�sin θz sin ϕx�2��sin αi sin θz cos ϕx�cos αi cos θz�2
p

�sin ϕPS�TE cos αr cos θz�sin αr sin θz cos ϕx��������������������������������������������������������������������������������������
�sin θz sin ϕx�2��sin αr sin θz cos ϕx�cos αr cos θz�2

p cos αi cos θz�sin αi sin θz cos ϕx�������������������������������������������������������������������������������������
�sin θz sin ϕx�2��sin αi sin θz cos ϕx�cos αi cos θz�2

p

�E�TM Ei � −E0�sin αi x� cos αi z�; Er � −E0�sin αr x� cos αr z� Ei � −E0�sin αi x� cos αi z�
�E�TE Ei � E0y; Er � E0y Ei � E0y
aTwo particular cases have been distinguished: scatterers placed within the core (jxQj < ρcore) and one scatterer at the core-cladding interface (xQ � ρcore).

Ei and Er are the electric fields of the incident and refracted beams, respectively.
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the refracting beam (x0-axis); ϕx, the angle of the scattered
beam relative to the x-axis in the xy-plane; and, yP , the height
of the incident point on the fiber. It can be seen that the value
of �θz�c is higher than the value corresponding to the guided
rays [Eq. (2)] indicating that both guided and tunneling rays
are included in our analysis.

The constrain that the critical angle does not exceed π∕2
implies that the following relation must be satisfied for �θz�c:

1 > n2
≥

�x0Q�2 �
�

yP
ncore

�
2

ρ2core
sin2

�
ϕx � arctan

�
yP

ncorex0Q

�

� arctan

0
@ yP���������������������

ρ2core − y2P

q
1
A − arcsin

�
yP

ρcorencore

��
: (7)

For a scattering center placed at the core-cladding interface
[Eq. (B8)], the condition is simplified to the next relation:

1 > n2
≥ sin2

2
4ϕx � arctan

0
@ yP���������������������

ρ2core − y2P

q
1
A
3
5: (8)

As we commented before, the restrictions in the value of the
sine function [Eq. (7) and Eq. (8)] in terms of the scatterer
position (x0Q), the direction of the scattered beam (ϕx) and
the lateral height (yP) define a valid region for guided and tun-
neling rays within the fiber. For instance, we can see in Fig. 3
the contour plot of sin �θz�c�ϕx; yP� for a scattering center
placed at the core-cladding interface as a function of ϕx

and yP [Eq. (B8)]. The results correspond to a commercial
step-index POF fiber with ncore � 1.49, nclad � 1.4036, and
ρcore � 490 μm.We can observe again that there are forbidden
regions corresponding to specific values of ϕx and yP where
the maximum acceptance angle is not defined. The modes
associated to these regions can be interpreted as non-
propagating modes whose energy is stored close to fiber
discontinuities [11].

The dependence on the lateral height of the scattered light
intensity for the two polarizations analyzed (see Appendix B)
is proportional to the following expression:

ITE;TM�yP� ∝ TTE;TM�yP�
Z
R
dx0Q

Z
R
dϕx

×
Z �θz�c�x0Q;ϕx;;yP�

0
F�θz;ϕx�jTE;TM sin θzdθz: (9)

The integrals over x0Q and ϕx should be evaluated in the region
Rwhere the maximum acceptance angle is real-valued. TTE;TM

denotes the Fresnel’s coefficients given by either Eq. (B3) or
(B4). The radiation pattern of the scattered light in an arbi-
trary direction given by F�θIS;ϕPS�, has been worked out again
using the corresponding expressions for the angles θIS and
ϕPS. The expressions have been summarized in Tables 2
and 3 for scatterers placed within the core or at the core-
cladding interface, respectively. Notice that the factor
cos αr has not been included in the integral because the re-
fracted beam is traveling along the direction of x0-axis in
the xy-plane. The propagation losses and the absorption of
the refracted beam inside the fiber have neither been taken
into account. If the scattering center is placed at the core-

cladding interface (ρcore �
������������������
x2Q � y2Q

q
�

������������������
x02Q � y02Q

q
), the

dependence would be given by:

ITE;TM�yP� ∝ TTM;TE�yP�
Z
R
dϕx

Z �θz�c�ϕx;yP�

0
F�θz;ϕx�jTM;TE

× sin θzdθz; (10)

where the angle integral should not be evaluated from 0 to 2π
but in the region R where Eq. (8) is satisfied, that is, in the
followings ranges (see also Fig. 3):

− arcsin�n� − arctan

0
B@ yP���������������������

ρ2core − y2P

q
1
CA or 0 ≤ ϕx ≤ arcsin�n� − arctan

0
B@ yP���������������������

ρ2core − y2P

q
1
CA;

− arcsin�n� − arctan

0
B@ yP���������������������

ρ2core − y2P

q
1
CA� π ≤ ϕx ≤ arcsin�n� − arctan

0
B@ yP���������������������

ρ2core − y2P

q
1
CA� π;

− arcsin�n� − arctan

0
B@ yP���������������������

ρ2core − y2P

q
1
CA� 2π ≤ ϕx ≤ arcsin�n� − arctan

0
B@ yP���������������������

ρ2core − y2P

q
1
CA� 2π or 2π: (11)

Fig. 3. (Color online) Contour plots of sin �θz�c for a scattering
center placed at the core-cladding interface [Eq. (25)] as a function
of both yP and ϕx corresponding to a fiber with ncore � 1.49,
nclad � 1.4036, and ρcore � 490 μm. Black solid lines correspond to
the limit sin �θz�c � �1. Filled areas indicate the range of values of
yP and ϕx leading to no real critical angle.
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The complete analytical expressions corresponding to the
angular distribution in the Mie theory for spheres, F�θIS;ϕPS�,
are very intricate [17]. However, in the Rayleigh limit these
expressions are much simpler and, in addition, they can be
easily obtained. According to this limit, the angular distribu-
tion of the scattered wave is proportional to the square of the
sine function of the angle between the scattering direction (s)
and the polarization of the incident beam [20]. The expres-
sions obtained for the angular distributions in this limit for
both launching conditions and both polarizations are shown
in Table 4.

3. DISCUSSION
Let us analyze the potential of the theory described just above
in order to characterize the scattering in step-index POFs. As
we show below, our analytical expressions describe the var-
iations observed in the curves of the scattered intensity as a
function of the incident angle and the lateral height (I�αi� and
I�yP� curves) as the scatterer size increases. These effects,
which have been shown in [14,16] for the case of air scattering
centers, can be summarized as follows: an increase of the

value of the scattered intensity, a diminution of the differences
between the curves of the scattered intensity [I�αi� and I�yP�
curves] corresponding to each polarization, a change in the
shape of the I�αi� curves (from symmetric to asymmetric
form) and the emergence of two peaks in the boundaries
of the core-cladding interface in the I�yP� curves. These be-
haviors can be easily explained taking into account the shapes
of the Rayleigh and Mie scattering angular distributions
[17,20,21]. However, if we take into account that the theory
allows to select besides the size, the material of the scatterer,
and the material surrounding the scatterer, we can take a step
forward and study, for example, the variations that occur in
the scattered intensity curves simply by changing the material
in which the scattering sphere is made, in particular from an
air inhomogeneity to a fiber cladding material one. Air and
cladding material inclusions within the fiber are some of the
main sources of the excess scattering in POFs [2,13] and their
effect is clearly distinguishable in the variations of the scat-
tered light, since such variations are closely related to the re-
fractive index contrast (m � nscatt∕nsr). We may have chosen
another material for the scattering center embedded in the fi-
ber (like one based on residual monomers of PMMA) but this
option would give a refractive index contrast very similar to
that corresponding to the cladding material and, conse-
quently, the differences between both scattered intensity
curves would not be very significant.

For the reasons given above, we have first investigated the
scattered light by air and fiber cladding spheres of different
sizes placed at the core-cladding interface with an incident
radiation λ � 633 nm. The sizes analyzed, from ϕ � 10 nm
to ϕ � 2000 nm, correspond approximately to two important
ranges: Rayleigh scattering (ϕ ≪ λ, x ≪ 1) and Mie scattering
(ϕ ≈ λ). These scattering regimes are depicted in Fig. 4. In this
figure the scattering quality factor Qs (the scattering cross-
section normalized by the geometrical cross-section) [17] is
plotted as a function of the particle size. The results
correspond to an air sphere enclosed by core material
(m � 1∕ncore) and to a cladding sphere surrounded by core
material (m � nclad∕ncore) for an incident radiation of
λ � 633 nm. It can be seen that the scattering quality factor
and, consequently, the scattered intensity, is always higher
in the case of air sphere for the range of sizes analyzed
(10 nm–2000 nm). Notice that this fact is not satisfied at other

Table 2. Principal Equations Used in the Theoretical Calculations of the Scattered Intensity

from Scatterers Placed within the Core as a Function of Incident Lateral Height (yP)
a

Lateral Dependence
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aEi and Er are the electric fields of the incident and refracted beams, respectively.

Table 3. Principal Equations Used in the

Theoretical Calculations of the Scattered Intensity

from One Scatterer at the Core-Cladding Interface
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aEi is the electric field of the incident beam.
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ranges of sizes. The I�αi� and I�yP� curves generated by one
air scatterer and by one cladding scatterer of three different
sizes are plotted in Figs. 5, 6, 7, and 8. The scatterers are
placed at the core-cladding interface and are surrounded by
core material. The values of refractive indexes of the core and
cladding fiber and the radius fiber used in the calculations cor-
respond to a commercial step-index POF. By comparing the
scattering curves obtained for one air sphere with those ob-
tained for the cladding one, we observe that the scattered light
from an air sphere is about one order of magnitude higher
than that scattered by a cladding sphere for the same value
of the scatterer size. This agrees with the calculation of the
scattering quality factor Qs shown in Fig. 4. As it can be seen
in Figs. 5 and 6, at smallest sizes (from 10 nm to 300 nm) the
shape of the I�αi� curves corresponding to m � 1∕ncore and
those calculated with m � nclad∕ncore is similar. The quotient
between the curves calculated with an air sphere and those
calculated with a cladding one is around three. However, at
larger sizes, the variation of the intensity in the range of the
positive angles becomes less pronounced in the curve corre-
sponding to a cladding sphere [see Figs. 5(c) and 6(c)].
Analogous behavior is observed in the lateral dependence
curves. There are practically no differences between the
shapes of the I�yP� curves obtained for the air and the

cladding scatterer in the range of sizes from ϕ � 10 nm
to ϕ � 300 nm, but at larger scatterer sizes, noticeable dis-
similarities between the I�yP� curves are perceived [see
Figs. 7(b), (c) and Figs. 8(b), (c)].

A simple comparison between these theoretical simulations
and the experimentally determined curves corresponding to
the same commercial POF (Figs. 4 and 5 of [16]), suggests
us that the mean size of the scatterer that gives rise to the ex-
perimental scattering curves is at least 200 nm and that the
predominant inhomogeneity is a cladding scatterer. As we

Table 4. Expressions Obtained for the Angular Distribution Function F�θz;ϕx� in the Rayleigh

Approximation for Two Launching Conditions and Two Polarizationsa

Angular Dependence

�F�θz;ϕx��TE jxQj < ρcore cos2 θz � sin2 θz cos2 ϕx

�F�θz;ϕx��TM jxQj < ρcore sin2 θz�1 − cos2 ϕx sin2 αr� � cos2 θz sin2 αr − 1
2 sin 2αr sin 2θz cos ϕx

�F�θz;ϕx��TE xQ � ρcore cos2 θz � sin2 θz cos2 ϕx

�F�θz;ϕx��TM xQ � ρcore sin2 θz�1 − cos2 ϕx sin2 αi� � cos2 θz sin2 αi − 1
2 sin 2αi sin 2θz cos ϕx

Lateral Dependence
�F�θz;ϕx��TE jxQj < ρcore sin2 θz
�F�θz;ϕx��TM jxQj < ρcore cos2 θz � sin2 θz cos2�ϕx � αr − αi�
�F�θz;ϕx��TE xQ � ρcore sin2 θz
�F�θz;ϕx��TM xQ � ρcore cos2 θz � sin2 θz cos2 ϕx
aTwo particular cases have been distinguished: scatterers within the core (jxQj < ρcore) and one scatterer at the

core-cladding interface (xQ � ρcore).
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Fig. 4. (Color online) Scattering quality factor plotted versus the par-
ticle size of an air sphere (solid line) and a cladding sphere (dashed
line) enclosed by core material for a radiation of wavelength
λ � 633 nm. For ϕ ≫ λ (geometrical optics limit) both scattering
quality factors converge to 2.
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Fig. 5. (Color online) Theoretical simulations of I�αi� curves for two
polarizations of light at 633 nm corresponding to three different par-
ticle sizes. Scattering is caused by one air scatterer surrounded by
core material placed at the core-cladding interface (m � 1∕ncore).
Solid lines: parallel polarization (TM); dashed lines: vertical polariza-
tion (TE). Calculations have been done for a POF with ncore � 1.49,
nclad � 1.4036, and ρcore � 490 μm.
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mentioned before, the angular dependence curve correspond-
ing to the cladding sphere shows a lower increase of the in-
tensity at one side of the curve (positive angles) than that
corresponding to the air sphere [see Figs. 5(c) and 6(c)]. This
lower slope is closer to the experimental behavior detected.
On the other hand, in agreement with the experimental mea-
surements, we can see that the I�yP� curves for both polariza-
tions in Figs. 8(b) and 8(c) do not practically vary with yP ,
excluding the two peaks emerging at the boundaries of the
core-cladding interface. Notice that this behavior is not ob-
served in the I�yP� curves calculated for the air sphere [see
Figs. 7(b) and 7(c)]. If we try to fit the experimental I�αi�
and I�yP� curves to theoretical curves calculated for one clad-
ding sphere, the obtained result, though acceptable, is not as
good as it could be expected. As an example, we show in Fig. 9
an experimental I�αi� curve and theoretical simulations calcu-
lated at several sizes of the cladding scatterer placed at the
core-cladding interface and surrounded by core material. The
experimental curve is the I�αi� curve for parallel polarization
corresponding to PGU-CD1001-22-E step-index POF from
Toray [16]. The theoretical curves have been normalized to
the experimental curve at αi � 0. Although the theoretical si-
mulations describe in general the shape of the experimental
curve, there is not a good agreement at the boundaries of
the representation range. The best result is obtained for a
scatterer size of around ϕ � 300� 50 nm. The confidence

level for the scatterer size (50 nm) is determined by the scat-
terer size step used in the simulations. Similarly, in Fig. 10 we
can see the experimental I�yP� curve for vertical polarization
corresponding to the PGU-CD1001-22-E step-index POF [16]
together with the theoretical simulations calculated at several
sizes of the cladding scatterer normalized to the experimental
curve at yP � 0. The asymmetry observed in the intensity
peaks of the experimental curve are attributed to fiber irregu-
larities and to tolerances in the diameters of the fiber’s core
and cladding. As it can be observed, the theoretical simula-
tions do not describe properly the increase from the center
(yP � 0) towards the boundaries of the peaks or the asymme-
try of the intensity peaks, obviously. The best result is
obtained for a scatterer size of around ϕ � 750� 50 nm.
Similar size range is estimated by fitting the I�αi� and I�yP�
experimental curves of this fiber corresponding to the other
polarizations (250 nm–800 nm). The analysis performed in
another step-index fiber, Super ESKA SK-40 POF from
Mitsubishi [16], gives also similar results.

In the previous analysis, we must take into account that
only one cladding scatterer placed at the core-cladding
interface is being considered and that there may be other
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Fig. 6. (Color online) Theoretical simulations of I�αi� curves for two
polarizations of light at 633 nm corresponding to three different
particle sizes. Scattering is caused by one cladding scatterer sur-
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scatterers within the fiber which can affect the experimental
results. However, calculations performed by considering air
scatterers or scatterers of cladding material distributed within
the core do not improve the above results. The scattered
curves obtained in this case for the two types of scatterer
at two sizes, ϕ � 500 nm and ϕ � 2000 nm, are plotted in
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Fig. 11. (Color online) Theoretical simulations of I�αi� curves for
two polarizations of light at 633 nm corresponding to two different
particle sizes. Scattering is caused by air scatterers within the core
(m � 1∕ncore). Calculations have been done for a POF with
ncore � 1.49, nclad � 1.4036, and ρcore � 490 μm. Lines with symbols:
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Figs. 11–14. It can be observed, for example, that the curves
corresponding to each polarization are more distant, that is,
differ more in their values. This indicates that the disagree-
ment between the theory and the experimental results is now
larger than that obtained for one scatterer at core-cladding
interface (see Figs. 4 and 5 in [16]). It must be remarked that
the probability of having large inhomogeneities within the
core fiber is expected to be low in commercial fibers. The
effects of changing the placement of a single scattering
sphere, from the core/cladding interface to the core region
of the fiber, are particularly noticeable in the near- and far-
field patterns [16]. The comparison of computer simulations
with the experimentally detected near- and far-field patterns
also indicates that the most influential inhomogeneities that
give rise to the scattering in POFs are placed at the interface
between the core and the cladding [16]. In summary, we have
demonstrated that the application of the proposed model can
help to describe how is the dominant scattering effect occur-
ring in the fibers. Particularly, we have shown that the main
source of the scattering produced in the commercial step-
index POFs analyzed is a cladding inhomogeneity placed at
the core-cladding interface with a mean size in the range
between 200 nm and 850 nm.

We must remark that all of our calculations have been
performed by taking into account the accurate expression
derived for the maximum angle of acceptance inside the fiber.
As an example of this fact, we have plotted in Figs. 11 and 12

the curves of the scattered intensity as a function of the inci-
dent angle for both polarizations obtained for air scatterers
and scatterers of cladding material within the core calculated
by using the exact integral [Eq. (5)] and by using the following
approximate integral (Fig. 2 shows the selected integration
region):

ITE;TM�αi� ∝ TTE;TM�αi�
Z

2π

0
dϕx

Z
nρcore

−nρcore

dxQ
cos αr

Z �θz�c�xQ;ϕx�

0

× F�θz;ϕx�jTE;TM sin θzdθz: (12)

With the exception of the integration limits of the second
integral, a similar expression to the above one was used in
Eqs. (21) and (22) of [14]. This integral represents the scat-
tered intensity by neglecting the contribution of some tunnel-
ing rays, particularly those with a high critical angle. On the
assumption that the propagation losses of both guided and
tunneling rays are negligible we can analyze how the scattered
curves change if we use this approach. As it can be observed
(see Figs. 11 and 12) the shape of the curves hardly changes
and the main difference between the curves obtained from
Eq. (5) and from Eq. (12) is the scattered intensity value.
At αi � 0, the relative difference between two calculations
is around 17% for the TM polarization curve and 9% for the
TE polarization one. Similarly, in Figs. 13 and 14 we show
the curves of the scattered intensity as a function of the lateral
height for air scatterers and scatterers of cladding material
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Fig. 12. (Color online) Theoretical simulations of I�αi� curves for
two polarizations of light at 633 nm corresponding to two different
particle sizes. Scattering is caused by cladding material scatterers
within the core (m � nclad∕ncore). Calculations have been done for
a POF with ncore � 1.49, nclad � 1.4036, and ρcore � 490 μm. Lines
with symbols: vertical polarization (TE). Lines without symbols: par-
allel polarization (TM). Solid lines: using Eq. (5). Dashed lines: using
Eq. (12).
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within the core obtained by using the exact integral calcula-
tion [Eq. (9)] and by using this approximate integral [see
Eq. (7) to deduce the selected integration region]:

ITE;TM�yP� ∝ TTE;TM�yP�
Z ������������������������������

ρ2coren2
−�yP∕ncore�2

p

−

������������������������������
ρ2coren2

−�yP∕ncore�2
p dx0Q

Z
2π

0
dϕx

×
Z �θz�c�x0Q;ϕx;;yP�

0
F�θz;ϕx�jTE;TM sin θzdθz: (13)

As before, this integral is the scattered intensity from the
fiber by neglecting the contribution of some tunneling rays.
If we compare the scattered intensity curves the main differ-
ence between them is again the value of the scattered intensity
(see Figs. 13 and 14). At yP � 0, the relative difference be-
tween two calculations is around 12% for the TM polarization
curve and 7% for the TE polarization one. A similar expression
to Eq. (13) was used in Eqs. (12) and (13) of [14] excluding the
integration limits of the second integral. Notice that the differ-
ences between both calculations would be more noticeable if
the value of n � nclad∕ncore were lower.

4. SUMMARY
We have worked out a theoretical model which describes the
generation of scattered light when step-index polymer optical
fibers are transversally illuminated. Specifically, the model

describes the dependence of the scattered light intensity on
different launching conditions. The theory has been devel-
oped using the Mie theory for spheres in the independent-
scatterer approximation which allows selecting the size and
the material of the scatterer, the material surrounding the
scatterer, as well as the wavelength of the incident radiation
and its polarization. The application of this theory to experi-
mental measurements can be useful to estimate the size, the
nature, and the position of the scatterers in fibers.

APPENDIX A: MAXIMUM ACCEPTANCE
ANGLE (ANGULAR DEPENDENCE)
Figure 15 shows the geometrical arrangement corresponding
to the side incidence used on the fiber, together with the defini-
tion of the angles used for the theoretical analysis. The incident
beam refracts at the interface point (P�ρcore; 0; z�) from the air
to the fiber. i, r, and n are the unit vectors denoting the direc-
tions of the incident light, the refracting light, and the normal to
the interface at point P, respectively. These are expressed as

i�−cos αi x� sin αi z; r�−cos αr x�sin αr z; n� x. (A1)

Consequently, the xz plane is the plane of incidence and, there-
fore, αi and αr are the incident and the refracting angles [see
Figs. 15(a) and 15(b)]. From Snell’s law, we have:

sin αr �
sin αi
nclad

; (A2)

with nclad the refractive index of the fiber cladding. At the point
P on the interface, the incident beam suffers attenuation given
by Fresnel’s coefficients which depend on the refractive in-
dexes of the first medium (ni � 1) and the second one
(nt � nclad) and also on the angle of incidence (αi). Two polar-
izations of the incident light have been analyzed: vertical to the
incident plane (TE) and parallel (TM). In our case, for TE po-
larization the electric field E of the incident beam is directed
along y-axis, while for TM polarization it lies on the xz plane.
The Fresnel’s coefficients as a function of αi for these polariza-
tions are expressed as

TTE�αi� �
4 cos αi

�����������������������������
n2
clad − sin2 αi

q
�
cos αi �

�����������������������������
n2
clad − sin2 αi

q �
2 ; (A3)

TTM�αi� �
4 cos αi

�����������������������������
n2
clad − sin2 αi

q
�
nclad cos αi � 1

nclad

�����������������������������
n2
clad − sin2 αi

q �
2 : (A4)

By assuming that the scattered beam is produced at any pointQ
of the refracted beam inside the fiber, the direction of one ar-
bitrary scattered beam from that point Q�xQ; 0; z� is expressed
by the unit vector s as follows:

s � sin θz cos ϕxx − sin θz sin ϕxy� cos θzz: (A5)

θz is the angle taken by swith respect to the fiber axis (z-axis),
whereas ϕx describes the angle of s relative to the x-axis in
the xy-plane [see Fig. 15(c)]. Some of the scattered light will
refract out from the fiber and the rest will be guided forward
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Fig. 14. (Color online) Theoretical simulations of I�yP� curves for
two polarizations of light at 633 nm corresponding to two different
particle sizes. Scattering is caused by cladding material scatterers
within the core (m � nclad∕ncore). Calculations have been done for
a POF with ncore � 1.49, nclad � 1.4036, and ρcore � 490 μm. Lines
with symbols: vertical polarization (TE). Lines without symbols: par-
allel polarization (TM). Solid lines: using Eq. (9). Dashed lines: using
Eq. (13).
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and backward to both fiber ends. The light scattered frompoint
Q strikes at point P0 at the core-cladding interface (see Fig. 15).
If total internal reflection occurs, the following equation is
satisfied:

sin αc �
nclad

ncore
: (A6)

Here αc is the critical angle with respect to the normal at P0.
ncore is the refractive index of the fiber core. In order to calcu-

late the critical anglewith respect to the fiber axis, �θz�c, we use
the next expression:

sin �θz�c �
cos αc
sin ϕϕ

; (A7)

where ϕϕ is the angle in the core cross-section between
the tangent to the interface at P0 and the projection of s [see
Fig. 15(c)]. The relation between ϕϕ and ϕx is found by
geometry to be

cos ϕϕ � xQ
ρcore

sin ϕx: (A8)

By inserting Eqs. (A6) and (A8) into Eq. (A7), we obtain the
following expression for the critical angle corresponding to
the scattered beam emerging from the point Q�xQ; 0; z�:

sin �θz�c�xQ;ϕx� �

������������������������
1 −

�
nclad
ncore

�
2

s

sin
�
arccos

�
xQ
ρcore sin ϕx

��

�
�������������
1 − n2

p
����������������������������������������
1 −

�
xQ
ρcore sin ϕx

�
2

s : (A9)

n represents the quotient nclad∕ncore. If the scattered light
were produced from one scatterer placed just at the core-
cladding interface of the fiber, xQ would be equal to the
radius of the fiber ρcore, so that the critical angle could be
simplified as

sin �θz�c�ρcore;ϕx� �
�������������
1 − n2

p
����������������������������
1 − �sin ϕx�2

p �
�������������
1 − n2

p

cos ϕx
: (A10)

APPENDIX B: MAXIMUM ACCEPTANCE
ANGLE (LATERAL DEPENDENCE)
Figure 16 shows the geometrical arrangement corresponding
to this launching condition together with the definition of the
angles used for the theoretical analysis. In this case, i and r,
the unit vectors indicating the directions of the incident and
refracting light, respectively, are written as

i � −x; r � − cos�αi − αr�x − sin�αi − αr�y. (B1)

As a result, the incident plane is now the xy-plane. The refrac-
tion of the incident beam takes place at point P�x; y; z� of the
interface and Snell’s law is expressed as

sin αr �
sin αi
nclad

; with αi � arctan
�
yP
xP

�
and

ρcore �
������������������
x2P � y2P

q
:

(B2)

The Fresnel’s coefficients for the polarizations considered
in this study are now expressed as a function of yP as follows:
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Fig. 15. (Color online) (a) and (b) Geometrical arrangement of the
POF with respect to the incident beam for angular scanning. αi is the
angle made by the incident beam with the normal to the fiber surface
at y � 0 μm. The incident beam i always lies in the xz-plane. s repre-
sents the scattered beam, while r the refracted beam. (c) Definition of
angles used for theoretical analysis.
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TTM�yP� �
4
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ρ2core − y2P
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q
�
nclad

���������������������
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q
� 1

nclad

�������������������������������
ρ2coren2
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q �
2 ; (B3)

TTE�yP� �
4
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ρ2core − y2P

q �������������������������������
ρ2coren2

clad − y2P

q
� ���������������������

ρ2core − y2P

q
�

�������������������������������
ρ2coren2

clad − y2P

q �
2 : (B4)

The direction of the scattered beam from any point Q placed
along the refracting beam given by Eq. (A5) is also valid in this
case. From Fig. 16(b), θz is the angle taken by swith respect to
the fiber axis (z-axis) and ϕx is the angle of s relative to the
x-axis in the xy-plane. The scattered beam from the point Q
strikes at a point P0 at the fiber interface; if total internal re-
flection occurs, the critical angle with respect to the fiber axis
is also given by Eq. (A7).

Let us calculate the expression for the critical angle corre-
sponding to any point sourceQ along the refracting beam in the
xy-plane. By applying geometrical rules in the triangle OP0Q
[see Fig. 16(b)], we obtain the following relation between
the angles ϕϕ and ϕx:

cos ϕϕ � r
ρcore

sin
�
ϕx � arctan

�
yQ
xQ

��
; with

r �
������������������
x2Q � y2Q

q
:

(B5)

In order to facilitate the integration of the scattered light inten-
sity along the direction of the refracted beam, we rotate the
reference system an angle (αi − αr) around the z-axis. This

way, we obtain a new reference system �x0; y0; z� with the x0-
axis directed along the path covered by the refracted beam.
By applying again geometrical rules in the OPQ triangle [see
Fig. 16(b)], we obtain the following relation for arctan�yQ∕xQ�:

arctan
�
yQ
xQ

�
� arctan

�
y0Q
x0Q

�
� αi − αr

� arctan
�
y0Q
x0Q

�
� arctan

�
yP
xP

�
− arcsin

�
sin αi
ncore

�
;

(B6)

with r �
������������������
x2Q � y2Q

q
�

������������������
x02Q � y02Q

q
, ρcore �

������������������
x2P � y2P

q
�������������������

x02P � y02P

q
, and y0P � y0Q � yP

ncore
.

In the above expressions sin αr [Eq. (B2)] has been re-
placed by sin αi∕ncore in order to describe the direction of
the refracted beam along the core fiber. It must be remem-
bered that the thickness of the cladding is neglected. By in-
serting Eqs. (B5) and (B6) into Eq. (A7), we obtain the
expression of the maximum acceptance angle �θz�c for the
scattered beam as a function of three variables: x0Q, the posi-
tion of the scatterer along the refracting beam (x0-axis), ϕx, the
angle relative to the x-axis in the xy-plane, and, yP , the height
of the incident point on the fiber. Thus:

sin �θz�c�x0Q;ϕx; yP� �
�������������
1 − n2

p

sin Δ ; (B7)

with

sin Δ �

������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
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2
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Fig. 16. (Color online) (a) Geometrical arrangement of the POF with respect to the incident beam for lateral scanning. yP refers to the
y-coordinate of the point of incidence relative to y � 0 μm. The incident beam always lies in the xy-plane (parallel to the x-axis). s represents
the scattered beam, while i and r, the incident and refracted beams. (b) Definition of angles used for theoretical analysis.
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If the scattering center is placed at the core-cladding interface,

ρcore �
������������������
x2Q � y2Q

q
�

������������������
x02Q � y02Q

q
, Eq. (B7) is simplified to

sin �θz�c�ϕx; yP� �
�������������
1 − n2

p

cos
�
ϕx � arctan

�
yP�������������

ρ2core−y2P
p

�� ; (B8)

Notice that, if yP were 0, that is, if αi � 0, Eqs. (B7) and (B8)
would be simplified to Eqs. (A9) and (A10), respectively.
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