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Abstract

The pulp and paper industry of today is facing a highly competitive market where man-
ufacturers are constantly seeking ways to reduce costs as well as to improve product
specifications and quality. On-line quality control is one of many areas being actively
developed, from the wood delivered to the plant to the fibers in the finished product. In
general, on-line property measurements are best utilized by establishing an understand-
ing of the underlying physics and using that knowledge in an optimal way to determine
the parameter or property sought for. One specific area of development is to determine
fiber orientation in a paper sheet. The fiber orientation is set by the production process
and is an important parameter since it defines e.g. strength and optical properties of the
paper. In the paper mill today, improvements can be made if the fiber orientation could
be determined on-line and in real time. One way of doing this is to use non-contact,
full-optical techniques to determine the light scattering pattern in a paper sheet. The
objective of this work is to determine the properties of light scattering in paper.

A numerical model utilizing light scattering in a sphere-cylinder medium is presented.
The simulated medium can represent scattering in both wood pulp and paper. Wood
fibers are represented as long, straight cylinders and smaller particles, like fines, are
represented as small spherical particles. Scattering from fibers are determined by an
analytical solution of Maxwell’s equations for scattering on infinitely long cylinders. The
small spherical particles are described by Mie theory. Fibers can have random orientation
as in the case of pulp, or aligned orientation as in paper. The layer-like anisotropic micro-
structure in paper is considered in the model. The model also employs the Stokes-Mueller
formalism for the scattering particles, making the state of polarization possible to track.

The effects of varying volume concentration and size of the scattering components on
reflection, transmission and polarization of the incident light are investigated. The find-
ings on the differences in depolarization and its spatial distribution opens for techniques
that enables the relative proportions of fibers and fines in pulp to be determined.

For aligned fiber structures it is shown both theoretically and experimentally that
spatially resolved reflectance and transmittance exhibits directional dependence. This
information could possibly be used in a robust, rapid and cheap device for on-line char-
acterization in the paper production process.
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Chapter 1

Introduction

1.1 Thesis Introduction

Paper products is an essential part of our daily lives. Yet few knows how large this
industry is. In 2010, the countries belonging to the Confederation of European Paper
Industries (CEPI) employed over 220 000 people, produced close to a hundred million tons
of paper and had a turnover of 80 billion euros. The paper industry in Sweden makes up
for 30% of the pulp production and over 10% of the paper and board production in Europe
so it is one of the cornerstones in the Swedish economy [1]. Increasing demands on a
highly competitive market forces manufacturers to seek ways to increase both production
and quality as well as optimizing the energy consumption. On-line quality control is one
of the key areas that is constantly being developed to meet these demands.

The understanding of the connection between the interaction of light with matter
and the optical response it generates can greatly improve sensing in various fields. In a
scattering and absorbing turbid medium, electromagnetic energy can be absorbed and
transformed to other forms or scattered before exiting the medium. Light scattering sim-
ulation and measurement have proved to be efficient and flexible tools in a wide variety
of fields. For example, propagation of light in turbid media is studied in atmospheric
physics [2], astrophysics [3], bio-medical sensing [4] and to determine the optical appear-
ance of paper [5]. This thesis mainly focuses on a light scattering model that employs the
Monte Carlo method to model the impact of different scattering particles in anisotropic
structures. The model is generic and applicable to various light scattering problems of
similar kind.

1.2 Paper from an optical point of view

The optics of paper is mainly considered for two reasons, most commonly for visual ap-
pearance but also optical measurements for industrial purposes. Visual appearance can

3



4 Introduction
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Figure 1.1: Light entering a fiber structure.

involve how well the surface reflects light, opacity as well as printing dot gain. Opti-
cal measurements in an industrial setting can involve extracting information about the
structure of the paper.

Paper can, from an optical point of view, be regarded as a three-dimensional stochastic
network structure where the fibers are arranged in interconnected layers [6]. Fibers are
often arranged towards a main-axis in the paper structure. This structural variability
is called formation. The porosity of paper is often adjusted by adding smaller particles,
also called fines or fillers, among the fibers. The scattering of light take place at the
air-fiber or air-fine interfaces. Both fibers and fines are regarded as highly scattering
particles making paper a complex medium for optical measurements. An illustration
of the smaller scattering particles togheter with fibers aligned along the x-axis can be
viewed in Fig 1.1.

1.3 Radiate Transfer

The Radiate Transfer Equation (RTE) describes the propagation of electromagnetic ra-
diation in a scattering and absorbing medium. The RTE for a plane-parallel homogenous
turbid medium [3] is described as

u
∂I(�τ , u, ϕ)

∂τ
= I(�τ, u, ϕ)−

1

4π

μs

μs + μa

2π∫
0

1∫
−1

P (u, ϕ; u′, ϕ′)I(�τ, u, ϕ)du′dϕ′, (1.1)

where I(�τ, u, ϕ)) is the intensity at optical depth τ . The scattering and absorption
coefficients are denoted μs and μa respectively. The phase function P describes the
angular distribution of scattered light and specifies the probability of scatter from incident
direction (u′, ϕ′) to (u, ϕ) where u is the cosine of the deflection angle (u = cos θ) and
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ϕ the azimuthal angle. A widely used phase function, from atmospheric scattering to
tissue and paper, is the Henyey-Greenstein phase function [7]. It is written as

P (cos θ) =
1− g2

(1 + g2 − 2g cos θ)3/2
(1.2)

where the anisotropy factor g is the parameter adjusting the scattering anisotropy. It
ranges from complete back scattering g = −1 over isotropic scattering g = 0 to complete
forward scattering g = 1. It shall be noted that the Henyey-Greenstein phase function
is a one-parameter approximation which is not always sufficient. However, it is a good
approximation as an average phase function for a complex turbid medium with many
different scatterers.

The Monte Carlo method, originally suggested by Ulam and Metropolis [8], is a
stochastic model used to simulate complex physical processes. It can be used as a nu-
mercial way of solving the Radiative Transfer Equation. This can be beneficial since the
RTE is difficult to solve analytically for more complex problems. The RTE can, however,
be approximated into diffusion equations which are much more computationally efficient
than the Monte Carlo method, but less accurate [4].
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Chapter 2

Optical model

2.1 Monte Carlo

The principle of the Monte Carlo method for photon transport is to calculate the photon
trajectories of a large number of photons as they propagate through a turbid medium.
Each photon entering the medium will propagate between scattering events until it either
gets absorbed or leaves the medium. A benefit of the Monte Carlo method is that it is
very intuitive as you can trace each photon individually.

The interest for Monte Carlo simulations has constantly been growing and expanding
to new fields ever since Prahl presented his model for light propagation in tissue [9].
However, the use of polarization in Monte Carlo simulations was suggested as early as
1968 by Kattawar [10]. Bartel and Hielsher introduced a method that uses local reference
planes to keep track of the polarization of each photon through the simulation process
[11]. Three different methods on how to track polarization are thoroughly described by
Ramella-Roman [12, 13].

The Monte Carlo has previously been used to describe light scattering in paper.
Carlsson et al. [14] made time resolved measurements and analysed them with the aid
of Monte Carlo simulations. A similar model was used by Modric et al. [15] to study the
origin of optical dot gain. These models employed the Henyey-Greenstein phase function
and thereby ignoring the wave nature of light or the alignment of fibers in paper. Kirillin
et al. [16, 17] investigated optical coherence tomography in paper using a Monte Carlo
model employing the Jones-formalism to keep track of the state of polarization.

2.2 Scattering Particles

Most turbid media have many different scatterers. These are usually given a collective
anisotropy factor g where scattering is described by for example the Henyey-Greenstein

7
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Figure 2.1: Scattering characteristics by a sphere and a cylinder.

phase function. This is that case in Wang’s multi-layer model [18], where each layer is
thought to represent a layer of skin each with different scattering parameters.

Paper and pulp partly contain fairly large wood fibers but also smaller particles like
pigments and so called fines [19]. Fines is the collective name for the fraction of smaller
material in the paper.

The large geometrical difference motivates a distinction between these two particle
types. Separate phase functions represent scattering by fibers and fines. Fines are repre-
sented as small spherical particles by Mie theory [20]. Scattering by fibers is represented
by an analytical solution to Maxwell’s equation for infinity long cylinders [21]. A sim-
ilar model has been used in describing light scattering in biological tissue [22, 23] and
softwood [24].

When light scatters at a sphere, the new photon direction is described by the deflection
angle θ and the uniformly distributed azimuthal angle φ. Light interacting with a cylinder
will scatter in a cone around the cylinder at half-angle ζ , which also is equal to the incident
angle on the cylinder. If the light scatters perpendicularly on the fiber (ζ = 90◦) the
light scatters in a disc around the cylinder. The scattering characteristics of both sphere
and cylinder scattering can be viewed in Fig 2.1. Both solutions describe the scattered
light in the far-field. The phase function P specifies the scattering around a cone by
scattering direction ξ for cylinders and the polar angle θ for spheres. Additionally, a
new phase function has to be determined for each incident angle toward the cylinder.
The cone in which light scatters becomes narrower and more orientation dependent with
decreasing ζ . Phase functions for three different spherical particles and three different
incident angles towards a cylinder can be viewed in Fig.2.2.
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Figure 2.2: Phase function for spheres (top) and a cylinder (bottom).

2.3 Scattering Parameters

Extinction of energy by an incident beam is affected by the rate of scattering and ab-
sorption [21]

Wext = Wsca + Wabs. (2.1)

Small particles often scatter and absorb more light than geometrically incident upon
them. The efficiency of extinction is defined by the ratio of the extinction cross section
Cext and the geometrical cross section G as

Qext =
Cext

G
. (2.2)
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This extinction efficiency can from equation 2.1 be divided into scattering and absorption

Qext = Qsca + Qabs. (2.3)

They depend on the wavelength of the incident light, the polarization state, particle
size, shape, orientation, and relative refractive index. Both Qsca and Qabs are important
parameters when considering the optical thickness in a turbid medium. This is discussed
further in the next section.

The concentration of scatterers is modeled differently for spheres and cylinders. The
concentration of spheres is often specified by the number density of scatterers Ns, which
has the dimension m−3, number of scatterers per unit volume. The scattering coefficient
for spheres is specified as

μsph
s = Qsph

s ·G ·Ns. (2.4)

The concentration of cylinders is specified by the cylinder density CA. It has the dimen-
sion m−2 which describes the total length of cylinders per unit volume. The scattering
coefficient for cylinders is specified as

μcyl
s (ζ) = Qcyl

s (ζ) · d · CA (2.5)

where d is the fiber diameter and ζ the incident angle towards the cylinder.
The absorption coefficients μsph

a and μcyl
a can also be derived in a fashion similar

to equation 2.4 and 2.5. A common way of including the absorption in Monte Carlo
simulations is to update the energy of each individual photon after each scattering event.
This energy is specified by the albedo factor as

a =
μs

μs + μa

(2.6)

where μs and μa are the total scattering and absorption coefficients in the medium. The
energy of an exiting photon has is an times the initial energy where n is the number of
scattering events.

The total extinction coefficient for a sphere-cylinder medium is

μext = μsph
s + μcyl

s (ζ) + μsph
a + μcyl

a (ζ). (2.7)

2.4 Modeling paper structure

This section describes how the paper structure is taken into account in the model. The
traditional way of using a fixed scattering coefficients μs in aligned fibrous media does
not take into consideration that the optical thickness can vary in the structure. It is
therefore convenient to use the cylinder density Ca along with equation 2.5 and update
the scattering coefficient with each new photon trajectory.

As discussed in section 1.2, paper has a layer-like structure, so the micro-structure is
different in the plane and thickness directions. The fiber distribution, or the deflection,
of fibers from the main axis is modeled by Gaussian distributions with pre-determined
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standard deviations σz in the depth and σy in the plane of the paper. Angular deflections
are generated at each scattering event based on the specified fiber structure. The angular
deflections used in this model are specified as ϕy = σyηN and ϕz = σzηN where ηN are
Gaussian random numbers centered at zero. When a photon scatter on a cylinder the
axis is generated as

lx = cos(ϕy) cos(ϕz)

ly = sin(ϕy) cos(ϕz)

lz = − sin(ϕz),

(2.8)

where ϕy and ϕz are angular deflections from a main axis (x-axis) in the plane and depth
respectively.

Convolution between the scattering efficiency Qsca(ζ) relative to the main-axis and
the fiber distribution function Nσ(τ) describes how the optical thickness vary in the
structure

Qσ
sca(ζ) =

∫ ∞

−∞

Qsca(ζ)Nσ(t− ζ)dζ. (2.9)

Fig. 2.3 illustrates how Qsca can change for three different values of σ. Note that in
this example it is assumed that the deviation from the main fiber axis is the same in the
depth and in the plane of the paper and that the scattering angle ζ is the angle between
the main axis and the photon trajectory. A photon propagating parallel to the main axis
(ζ = 0) will have no chance of interaction if all cylinders are aligned perfectly with the
main axis. The optical thickness becomes more and more levelled out as the anisotropy
of the structure increases with the fiber distributions following σ = 10, 20 and 40 degrees.
A completely random fiber distribution would result in a constant value of Qsca over all
angles ζ .

2.5 Stokes vector and Mueller Matrix

A well known method of keeping track of the state of polarization is the utilization of the
Stokes vector and Mueller Matrix, the so called Mueller calculus. This is convenient since
the Mueller Matrix can be derived both from Mie theory [20] and through the analytic
solution of Maxwell’s equations on cylinders [21].

The electric field vector E can be decomposed into two components in the transverse
plane

E = E‖ + E⊥. (2.10)

The orientation, phase, and energy of these components are referred to as polarization.
The polarization state of light can be quantified by the Stokes vector

S =

⎛
⎜⎜⎝

S0

S1

S2

S3

⎞
⎟⎟⎠ =

⎛
⎜⎜⎝

E‖E
∗
‖ + E⊥E

∗
⊥

E‖E
∗
‖ − E⊥E

∗
⊥

E‖E
∗
⊥ + E⊥E

∗
‖

i(E‖E
∗
⊥ −E⊥E

∗
‖)

⎞
⎟⎟⎠ =

⎛
⎜⎜⎝

IH + IV

IH − IV

I+π/4 − I−π/4

IR − IL

⎞
⎟⎟⎠ (2.11)
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Figure 2.3: Scattering efficiency for fiber structures with different degrees of anisotropy.

where S0 is the intensity, S1 the degree of linear polarization, S2 the degree of linear
polarization tilted 45 degrees and S3 is the degree of circular polarization.

The effects on the Stokes vector by any medium interaction can be represented by
the Mueller Matrix M . It is determined by the intrinsic properties of the medium along
the chosen path. After each scattering event the Stokes vector is updated as

Sout = M(ζ, ξ)R(β)Sin (2.12)

where R(β) is a rotation matrix. The reference plane of the Stokes vector must be rotated
by angle β to coincide with the scattering plane before the scatter can be calculated. This
is easily done for cylinders as the orientation of the cylinder and the photon direction
can define a plane [25]. For scattering by spheres it is slightly more complicated to keep
track of the reference plane [12]. The rotation matrix is specified as

R(β) =

⎛
⎜⎜⎝

1 0 0 0
0 cos 2β sin 2β 0
0 − sin 2β cos 2β 0
0 0 0 1

⎞
⎟⎟⎠ . (2.13)

The elements in the Mueller Matrix are different for spheres and cylinders. The
Mueller Matrix for spheres has the well known block diagonal structure with six inde-
pendent elements ⎛

⎜⎜⎝
M11 M12 0 0
M12 M11 0 0
0 0 M33 M34

0 0 −M34 M33

⎞
⎟⎟⎠ , (2.14)
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while the Mueller Matrix for scattering on cylinders has 10 independent elements⎛
⎜⎜⎝

M11 M12 M13 M14

M12 M22 M23 M24

−M13 −M23 M33 M34

M14 M24 −M34 M44

⎞
⎟⎟⎠ . (2.15)

A further analysis of multiple scattering by these two particle types can be found in
Paper A.

2.6 Monte Carlo program

This section contains a short summary of the different steps in the simulation. Fig 2.4
shows a basic flowchart for the photon propagation in a Monte Carlo simulation.

(i) Start - Initiate the simulation by specifying input parameters; number of pho-
tons, wavelength and beam profile of the light source, size, refractive index and
concentration of particles, and size and structure of the medium.

(ii) Launch - Launch a polarized photon, defined by Stokes vector S along with its
reference frame.

(iii) Move - Take a step in medium. The step size Δs a photon makes is specified by the
extinction coefficient (equation 2.7) together with a random number η uniformly
distributed between 0 and 1 as

Δs =
− ln(1− η)

μext
. (2.16)

The photon position (x, y, z) is updated as

x = x′ + uxΔs

y = y′ + uyΔs

z = z′ + uzΔs

(2.17)

where (x′, y′, z′) is the previous photon position and (ux, uy, uz) is the photon tra-
jectory.

(iv) In the Medium? - If the photon is still inside the scattering medium, continue
to step v. Proceed to “Detect“, step ix, if the photon has crossed the borders.

(v) Sphere or Cylinder? - The photon will scatter on either a sphere or cylinder.
The probability of scattering on a sphere is specified as

Psph =
μsph

s

μsph
s + μcyl

s

. (2.18)

and Pcyl = 1− Psph for cylinders.
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(vi) Scatter - The phase function P of the chosen particle is used to determine the new
propagation trajectory. The phase function vary depending on the state of polar-
ization of the photon. The scattering angle is therefore chosen with the rejection
method [12]. The Stokes vector is also updated according to equation 2.12.

(vii) Absorbed? - The photon energy is updated as

Wafter = a ·Wbefore (2.19)

where a is the albedo factor described in equation 2.6. If the photon energy is
below a threshold it is considered completely absorbed in the medium.

(viii) Update Parameters - Depending on the photon trajectory in the micro-structure,
update scattering coefficient for cylinders μcyl

sca as specified in equation 2.5. Addi-
tionally, both the extinction efficiency μext (equation 2.7) and the probabilities of
scattering on spheres or cylinders (equation 2.18) are updated as well. After these
parameter updates proceed to “Move“, step iii.

(ix ) Detect Photon - As a photon leaves the medium, detect the position, state of
polarization, and energy.

(x ) Last Photon? - End the simulation if this is the last photon in the simulation.
Go back to “Launch“, step ii, if there are still photons left in the simulation.

(xi) End - Terminate the simulation when the last photon has left the medium.
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Figure 2.4: Flowchart of the Monte Carlo program.
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Figure 2.5: Simulated spatially resolved reflectance R(x, y) from a scattering medium
containing fibers. Fibers are aligned in the x-axis following the Gaussian distribution
with standard deviations σ = 10 degrees in 2.5a and σ = 20 degrees in 2.5b.

2.7 Verification Simulations

Two example simulations are presented in this section. A pencil beam enters a infinitely
thick scattering medium consisting of cylinders with diameter d = 2 μm and cylinder
density CA = 7 · 109 cm−2. Additionally, the relative refractive index was chosen to
n = 0.875. The only difference between the simulated reflectance patterns in Fig. 2.5 is
the orientation of the fiber structure. Fibers are aligned around the x-axis following the
Gaussian distribution with a standard deviation of σ = 10 degrees in both the plane and
thickness directions in Fig 2.5a and with standard deviation σ = 20 degrees in Fig 2.5b.

The parameters are chosen according to previously published results [23]. The match
is not perfect and possible explanations are the slight differences in the fiber distribution
model and that parameter CA was not specified in [23].

Three different patterns in the iso-intensity curves can be observed. Elliptical shapes
elongated in the fiber direction at large distances from the incident source. At very small
distances the iso-curves are, instead elongated perpendicular to the fiber orientation. In
between, the iso-curve exhibit a combination of those and the shape is almost rhombic.
Noticeable is also that the noise levels increases with distance from the initial source.
This is typical for Monte Carlo simulations as fewer photons propagate that far and
contributes to a less representative statistical response compared to close to the initial
source.



Chapter 3

Optical Measurements

3.1 Measurements

The previous section discussed a light scattering simulation where coherent light entered
at a point source into a turbid medium. Point sources do not exist in practise, but a close
approximation can be realized through a focused light source or by guiding light through
a single mode optical fiber. Using the focus approach it is easier to handle polarization
since polarizers can be placed in front of the detector and the laser source.

The surface of the paper is not considered in the model due to its unknown topology. It
might therefore be convienient to study the transmitted light. However, spatially resolved
transmittance T (x, y) patterns can be hard to detect if the paper is thin. So called
ballistic photons, electromagnetic energy that propagate through the medium unaffected,
can make the scattering patterns harder to detect. Additionally, too thick paper can
prevent any light from being transmitted.

The spatially resolved reflectance R(x, y) can be distorted by surface effects on the
paper. This makes it even more important to have a small spot size where the light
enters the medium.

Detection is typically done with a high resolution CCD-camera. Under the assumption
that there is almost no CCD-sensor noice, a camera with at least 12-bits of depth is
required to be able to detect relative intensity levels down to 0.001. A 16-bit camera
would be preferred as it has a dynamic range of 65536 digital steps compared to the 4096
digital steps of an 12-bit CCD. The environment can obstruct the measurements, for
example, the amount of background noice levels is a challenge for industrical applications.

Figure 3.1 and 3.2 display two measurement setups for detecting spatially resolved
transmittance and reflectance. In Fig 3.1 light is guided through an optical fiber and the
CCD-camera detects the transmitted light at the opposite side of the sample. In Fig 3.2
light goes through polarizers P1, is reflected in the beamsplitter B toward the sample
and then the scattered light goes back through the beamsplitter over polarizers P2 into
the CCD-camera.
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CCD
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Figure 3.1: Transmittance setup, light from the laser is guided to the surface of the
paper using an optical fiber.

CCD

Laser

Sample

B
P1

P2

Figure 3.2: Reflectance setup with beamsplitter B and polarization optics P1 and P2.



Chapter 4

Summary of the Papers

This chapter contains a summary of each of the papers included in this thesis.

4.1 Included Papers in the Thesis

4.1.1 Paper A - Monte Carlo simulation of photon transport in

a randomly oriented sphere-cylinder scattering medium

Summary

In this paper the combination of a sphere-cylinder medium is investigated analytically
and using Monte Carlo simulations. The medium is thought to represent a paper pulp
suspension where the constituents are assumed to be micro-spheres, representing fiber
fragments, and infinetely long, randomly oriented cylinders representing fibers.

In the simulations, transmission, reflection and degree of polarization for different
concentrations of sphere and cylinder scatterers where investigated. We observed that
the anisotropy factor varies little with the size of the cylinders when they where oriented
randomly. The dominant effect stems from the scattering orientation with half angle ζ
toward the cylinder axis. This affects both transmission and reflection as the light has
a dominant tendency to scatter forward for most incident angles toward the cylinder.
Cylinders was found to depolarize light to a higher extent than spheres, even when the
scattering anisotropy was similar.
Authors: Tomas Linder and Torbjörn Löfqvist
Published: Applied Physics B: Volume 105, Issue 3 (2011), Page 659-664
Personal contribution: Work based on my simulations and analysis under the super-
vision of Torbjörn Löfqvist.
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4.1.2 Paper B - Anisotropic light propagation in paper

Summary

In this paper the light scattering by the anisotropic structure of a papersheet is
investigated, both by measurements and using Monte Carlo simulations.

The layer-like micro-structure and anisotropic orientation of the fibers are considered
in the model. In addition, the change of optical thickness in the fiber structure is adjusted
depending on the anisotropy. Measurements on light transmittance through a standard
kraft liner product revealed that light do propagate further in the machine direction.
Ellipsoidal iso-contours of the spatially resolved transmittance T (x, y) was observed and
the same effect was shown using simulations. The conical scattering by cylindrical ob-
jects along with the varying optical thickness are argued as the source of anisotropic
scattering. It can be concluded that the light intensity patterns contain information of
the in-plane fiber orientation. This information can hopefully be used in a device for
on-line characterization of fiber orientation.
Authors: Tomas Linder and Torbjörn Löfqvist
Published: Submitted to Nordic Pulp & Paper Research Journal
Personal contribution: Work based on my simulations, experiments and analysis in
co-operation with Torbjörn Löfqvist.



Chapter 5

Conclusions

A theoretical model for the light propagation in fibrous turbid medium was pre-
sented. The medium consists of two geometrically different particles; spherical objects
and infinitely long cylinders, where the multiple scattering is solved numerically using
the Monte Carlo method. Anisotropy can be found in both the scattering directions and
in the structure of the material. The model has a completely stochastic representation
of both the scattering and the structure of the fibers. The state of polarization can also
be traced through Mueller calculus.

Particle sizes are not limited by geometrical optics, as both scatterers in the model
are derived from Maxwell’s equations. This opens up for the possibility to use the model
to describe light scattering in for example nanocellulose.

The elliptical iso-contour of transmitted light observed in paper can be explained as
being due to scattering by the cylindrical structure of wood fibers. This was demonstrated
by distributing the fiber directions with different deviations from a main axis. Conical
scattering by fibers and the variation of optical thickness is argued as the cause of this
elliptical shape. The same conical scattering effect causes fiber structures with random
fiber orientation to have a strong forward scattering regardless of particle size. The
random fiber orientations also seem to increase the effect of depolarization.

The results in this thesis indicates that the alignment of fibers in paper can be
monitored through detection of scattered light. It also suggests that the proportions
of fibers and fines in wood pulp could be determined by the combined results on total
reflection, transmission, and degree of depolarization.
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Chapter 6

Further Work

This thesis indicates that a sensor for detecting fiber formation can be made by
studying the optical response from a turbid medium. The overall goal is to be able to
give guidelines on how to construct such an instrument.

For completeness, this model needs to be tested and compared to a larger set of
papersheets of different specifications. This evaluation would include samples with a
wide range of formation, filler and fines content and thicknesses. Additional information
that can be extracted by polarization can also be studied. The Monte Carlo code by
it self is likely to be to slow too directly compute to optical responses given in a rapid
industrial environment. The inverse problem, where you convert observed measurements
into information about the structure of the material is therefore a subject of future
interest.
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Reformatted version of paper originally published in:

Applied Physics B: Volume 105, Issue 3 (2011), Page 659-664

c© 2011, Springer, Reprinted with permission.

29



30



Monte Carlo simulation of photon transport in a

randomly oriented sphere-cylinder scattering

medium

Tomas Linder and Torbjörn Löfqvist

Abstract

A Monte Carlo simulation tool for simulating photon transport in a randomly ori-
ented sphere-cylinder medium has been developed. The simulated medium represents a
paper pulp suspension where the constituents are assumed to be mono-disperse micro-
spheres, representing dispersed fiber fragments, and infinitely long, straight, randomly
oriented cylinders representing fibers. The diameter of the micro-spheres is considered
to be about the order of the wavelength and is described by Mie scattering theory. The
fiber diameter is considerably larger than the wavelength and the photon scattering is
therefore determined by an analytical solution of Maxwell’s equation for scattering at an
infinitely long cylinder. By employing a Stokes-Mueller formalism, the software tracks the
polarization of the light while propagating through the medium. The effects of varying
volume concentrations and sizes of the scattering components on reflection, transmission
and polarization of the incident light are investigated. It is shown that not only the size
but also the shape of the particles has a big impact on the depolarization.

1 Introduction

Recently, there has been a growing interest in experimentally studying polarization in
randomly oriented scattering media[1] to enhance image quality and improving the char-
acterization of the media. The experimental studies are often backed up by Monte Carlo
simulations to achieve a deeper understanding of the underlying physics. Monte Carlo
simulations has over the years has proven to be an effective and accurate method for
investigating light propagation in turbid media of various kinds.[2, 3] The simulation
technique has been used in studies of polarization in scattering media. Kattawar et al .[4]
originally suggested that polarization from multiple scatterers could be calculated using
Monte Carlo simulations. In the work by Bruscaglioni et al.,[5] the changes in polariza-
tion were investigated for light pulses that were transmitted through a turbid medium.
Bartel and Hielsher[6] studied individual photons and introduced a method that uses local
reference planes to keep track of the polarization of each photon through the simulation
process. Different methods on how to track polarization based on previous mentioned
models are thoroughly described by Ramella-Roman.[7, 8]

Niemi[9] briefly touched upon the possibility to use the Monte Carlo technique on
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paper pulp. However, this model lacked possibilities to model different particle shapes
and materials as well as the wave nature of light and state of polarization. Considering
paper, Monte Carlo modeling of light scattering has been used earlier. In Carlsson et
al.,[10] time resolved optical scattering the paper is studied and simulations are validated
through experiments. A similar model was used by Modric et al.[11] to better understand
the origin of the optical dot gain. Kirillin et al.[12, 13] investigated the structure of
paper using optical coherence tomography and created a model that could track the
state of polarization using the Jones formalism. In Green[14] fibers were represented by
a randomly generated fiber network and light scattering was calculated using Gaussian
optics.

When modeling light scattering in paper pulp one has to consider the pulp to gen-
erally consist of two main classes of scatterers; wood fibers and fines. The wood fibers
range in size from less than a millimeter to a few millimeters in length and their cross
section is roughly cylindrical with a diameter of the order of 10 to 20 microns. The fines
fraction consists of small fiber fragments as well as other small particles in which the
size ranges from sub-micron scale to some tens of microns. Fiber length and diameter
distributions depend mainly on wood species [15]. The fines fraction and its size distri-
bution depend to a large extent on the processing of the pulp as well as the presence
of different additives, such as pigments. Since the fines in general originate from fibers
or other wood cells, the refractive index of both constituents are assumed to be the
same. Thus, from a simplified modeling perspective, the paper pulp can be considered
as a bimodal mixture of spheres and randomly oriented cylinders where the difference in
sizes, and consequently the scattering mechanisms, has to be considered. The idealized
medium used in this paper is modeled as a random mixture of infinitely long, straight,
homogeneous, cylindrical fibers with isotropic material properties. The fine material is
modeled as spheres with isotropic properties. In reality, the fibers in pulp generally have
a non-cylindrical cross section, a hollow (lumen) and the cell wall is a layered structure
with anisotropic properties. The fibers are finite in length and can be curved or have
kinks. The fine material can have different shapes, ranging from slender wood fibrils to
flake-shaped mineral particles.[15]

The scattering of light in Monte Carlo simulations are commonly described by either
the Henyey-Greenstein phase function or by the Mie theory. Kienle et al.[16] introduced
the scattering theory for infinitely long cylinders when modeling anisotropic light propa-
gation in dentin. That model was later modified for biological tissue[17] and softwood[18]
where cylinders acted as the main scattering component. The methodology for calculat-
ing multiple scattering by cylinders was recently described in detail.[19]

In a turbid medium, light scattering in general depends on the amount of scatterers
per unit volume. This is true for paper pulp but one also has to consider the different
scattering properties of the constituents. Zhao et al.[20, 21, 22] studied light scattering
in paper pulp suspensions at different mass fractions of fibers and fines. The results
indicate that fines exhibit almost isotropic scattering while fibers have a fairly strong
forward scattering. Hence, the majority of the scattering from fines are probably close
to the Rayleigh regime.
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ζ
ξ

Figure 1: Light scattering characteristics by a cylinder.

The aim of this paper is to describe and evaluate a Monte Carlo simulation method
developed to mimic the light scattering properties of paper pulp. A sphere-cylinder mod-
eling approach for the Monte Carlo simulations is used. The impact on scattering from
different volume fractions and distributions of the scattering components is investigated.
Phase functions from cylindrical scatterers and from Mie theory are implemented to rep-
resent light scattering by wood fibers and small wood fiber filaments respectively. The
main differences compared to previously published simulation models is the treatment
of the size difference between light scattering constituents as well as the random ori-
entation of the cylindrical scatterers. The simulations could potentially be applied in
estimating the fiber and fines contents in pulp. The simulations of light scattering using
the sphere-cylinder model could be compared to the light scattering from an illuminated
pulp sample. A correlation of the results is then used to estimate the relative proportions
of fibers and fines or other properties of the pulp.

2 Method

The principle of the Monte Carlo method for photon transport is to calculate a large
number of photon trajectories as they propagate through the medium. Each photon will
propagate between scattering events inside the medium until it either gets absorbed or
leaves the medium. The sequential random walk between scattering events is determined
by a probability density function based upon Beer-Lamberts law. Anisotropic light scat-
tering is generally described by a scattering probability distribution. These distributions
are commonly known phase functions and can be derived from Mie theory or approx-
imated by, for example, the Henyey-Greenstein phase function. The phase functions
for the cylindrical scatterers used in this study are obtained from an analytical solution
of Maxwell’s equations.[23] In addition, since we consider two different particles in our
model, probability also decides on which particle the photon scatters at each event.

The angle between the direction of the incident photon and the longitudinal axis of
the cylinder is termed ζ , see Fig. 1. Photons hitting the fiber at an incident angle ζ
has a scattering probability function in a conical shape around the axis of the cylinder.
The scattering angle will have the half angle to the fiber longitudinal axis. The phase
function for a fiber is, in contrast to phase functions derived from Mie theory, orientation
dependent. Therefore, a phase function has to be determined for each incident angle
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Figure 3: Scattering efficiency over all incident angles ζ for different size factors, x.

where each phase function is defined as the scattering around the cone by the scattering
direction ξ.

As an example, the scattering intensity for a cylinder with a diameter of d = 1.8
μm, a refractive index inside and outside the cylinder of 1.5 and 1.36, respectively, and
wavelength λ = 625 nm for three different incident angles ζ are shown in Fig. 2. For a
perpendicular incident angle, ζ = 90◦, the light is scattered in a disc, rather than a cone,
around the cylinder. This case is similar to scattering according to Mie theory.

In addition to the phase function, the scattering efficiency Qsca has to be considered.
It has to be noted that the phase function is a function of the photons incident angle
toward the fiber which implies that the scattering efficiency also is a function of the
incident angle. For example, a cylinder with its longitudinal axis close to parallel to that
of the photon propagation direction will have a very small likelihood of impact. As an
example, Fig. 3 shows the scattering efficiency for unpolarized light on three different
size factors, x = 10, 20, 50 over all incident scattering angles, ζ .
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Figure 4: The angular distribution of the Mueller matrix elements for the scattering on
a infinitely long cylinder with size factor x = 10.0 and relative refractive index m = 1.1
at incident angles ζ equal to 30 (-�-), 60 (-•-) and 90 (-) degrees. All elements are
normalized by M11 except for the element itself which is normalized and plotted on
a logarithmic scale. For the incident angle ζ = 90, one can notice the same symmetric
block-diagonal structure as in Mie theory. For other incident angles, however, one notices
that all elements are nonzero and that ten are independent.

The scattering coefficient of cylinders, μs,cyl, is described as,[16, 24]

μs,cyl(ζ) = Qsca(ζ) · d · CA (1)

where d is the diameter and CA is the density of cylinders (number per area). Qsca is
the scattering efficiency of the cylinder and depends on the incident angle ζ . Averaging
the scattering coefficient over all directions is possible for randomly oriented structures
but Qsca(ζ) still has to be taken into consideration as a probability density function when
choosing the scattering angle.

The single scattering from a cylinder is implemented into the Monte Carlo code to
calculate the multiple-scattering characteristics of the mixture. The fibers are allowed to
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have any orientation; from axially orientated as in many kinds of tissue to random as for
paper pulp.

The fines are assumed to have an anisotropic factor close to zero. The total extinction
coefficient, μt, including both spherical and cylindrical scatterers is described as

μt = μa + μs,sph + μs,cyl (2)

where μa is the absorption coefficient while μs,sph and μs,cyl are the scattering coefficients
for micro-spheres and cylinders respectively. The scattering coefficient of micro-spheres
is constant once the size, concentration and refractive index are set. This is also the
case for the randomly oriented fibers while it would depend on ζ for a structure where all
fibers are aligned.[16] Before each scattering event a decision of which particle the photon
will interact with is considered. The probability of a scatter by a sphere is described by
Psph = μs,sph/(μs,sph + μs,cyl).

As a scattering event occurs, a new Stokes vector Snew has to be calculated using

Snew = M(ζ, θ)R(β)Si, (3)

where M(ζ, θ) is the Mueller matrix for the incident angle ζ , and scattering angle
θ. R(β) is the rotational matrix that rotates the original polarization state Si to its
reference plane. The reference plane is calculated slightly different for micro-spheres[7]
and cylinders.[19]

The shape of the Mueller matrix is quite different compared to that determined from
Mie theory. In fact, it is only for perpendicular incident photons, ζ = 90 degrees that
scattering from a cylinder resembles Mie theory. All other incident angles generate 16
nonzero elements in the Mueller matrix where 10 of them are unique as follows:

⎛
⎜⎜⎝

M11 M12 M13 M14

M12 M22 M23 M24

−M13 −M23 M33 M34

M14 M24 −M34 M44

⎞
⎟⎟⎠ . (4)

This can be compared to six independent and eight zero elements for spheres. The
scattering elements seen in Fig.4 for incident angles ζ = 30, 60, and 90 degrees are
normalized using the M11 element, which is the scattering intensity for unpolarized light
along any given direction. Element M11 is normalized by its maximum value and plotted
on a logarithmic scale.

To validate the code, we compared the simulation results for spheres with a previously
published model[7] with excellent agreement. To our knowledge no one has published
simulation results for randomly oriented cylinders but a visual comparison of the re-
flectance was made with published results on oriented structures.[17, 19] We got good
agreement when the cylinder density was chosen to Ca = 7.1 · 109cm−2.

A few conclusions can be drawn from the Mueller elements plotted in Fig.4. Most
interesting is the M14 which is the element that affects circular polarization for plain
unpolarized light. The initial dip toward left-circular polarization combined with the
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phase function which primarily scatters light within this region causes photons to become
left-circularly polarized. Elements that affect linear polarization start off by being close
to zero for small deflection angles and then tend to alternate around zero.

3 Results

We observed that the anisotropy factor varies little for different sizes and relative re-
fractive indexes of the randomly oriented cylinders, which also has been indicated in
experiments reported by Zhao[21]. Scattered intensity is not solely affected by the phase
function. The dominant effect instead stems from the scattering orientation by the half-
angle ζ toward the cylinder axis. The effect of this is that the transmitted intensity
through a volume where two sets of fibers with equal scattering coefficients but different
diameters would vary little in comparison to spheres. The reflectance is also affected by
the orientation towards the cylinder. In fact, only when the incident light towards the
cylinder is larger than 45 degrees, reflectance by a single scatter can occur.
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Figure 5: Totally transmitted and reflected intensities and polarization states for Monte
Carlo simulations with initially linearly polarized light. All parameters are fixed except
for the proportion of cylindrical and spherical scatterers.

All parameters where fixed except the proportions of spheres and cylindrical scatterers
in the Monte Carlo simulations. The relative refractive index was chosen to be m = 1.1,
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Figure 6: Transmission, reflection and degree of polarization for simulations with initially
linearly polarized light. The size factor for both spheres and the cylinders are x = 70.0.

the total extinction coefficient μt = 1.0 cm−1, and the thickness of the sample was set to
3.0 cm. Absorption was set to zero in these simulations for simplicity. It is, however, true
that fibers and fines absorb light and that the absorption differs between each constituent.
The size factor of the spheres where xsph = 1.0 which results in an anisotropy factor of
g = 0.17. The size factor of the cylinders was chosen to be xcyl = 70.0 which would
represent a fiber diameter of approximately 10 μm.

Figure 5 shows transmission, reflection and state of polarization for simulations with
initially linearly polarized light. The x-axis shows the proportion of scatterers from only
scattering by cylinder to only scattering by spheres. The total transmitted linear depo-
larization seems to be similar for both spheres and cylinders with this setup. However,
this is not the case for the reflected part which is completely depolarized for cylindrical
scatterers. This is probably due to the orientation dependence, the polarized axis and
the random orientation of the cylinder axis evens out the polarization. Combined with
the fact that scattered photons in a randomly oriented cylinder rarely scatter just once
before reflecting.

In another setup we choose to increase the size of the spheres to be in the same order as
the cylinders. Both particles now have a size factor of x = 70.0. Figure 6 shows that the
transmission and reflection stays nearly the same for the different particle proportions but
the transmitted depolarization is affected strongly. The main reason for this difference
is that the phase function for small incident angles have a higher probability of large
scattering angles. These scattering angles, however, are the scattering angles in the cone
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Figure 7: Scattering efficiency variation with increasing particle size for spheres and
randomly oriented cylinders.

around the cylinder, so the photon direction will not change significantly.
Another aspect that has to be considered is how efficiently the different particles

scatters the light. Figure 7 shows how the scattering efficiency Qsca varies as the size of
the particle increases. One can clearly see that spheres do scatter the light much more
efficient than cylinders averaged over all scattering angles. The scattering efficiency for
perpendicularly incident light toward a cylinder behaves very similar as for the spherical
particles but the average value as for a random mixture is lower.

4 Conclusions

The effect on polarization, transmission and reflection of light was investigated due to
scattering by two fundamentally geometrically different particles. It was found that the
state of polarization is quite different for both constituents. The degree of polarization
in back scattered light, for example, is completely depolarized after scattering only on
cylinders. This is probably due to a combination of the random orientation of the fibers
and the strong forward scattering.

It was found that photons that interact with a cylinder whose longitudinal axis is
close to parallel to the photons incident direction can change their state of polarization
completely while the propagation direction nearly stays the same. This effect does not
occur for spherical scatters and the behavior is explained by the shape and nature of the
phase function and the Mueller matrix for the scattering events, respectively. This effect
can theoretically be used to determine particle composition where elongated particle
shapes, like fibers, do not depolarize the light as efficiently as spherical objects.

Even unpolarized light can, due to the conically shaped scattering probability function
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and the fact that no element in the Mueller matrix is zero, achieve some degree of
polarization upon exiting the simulation volume. Transmitted linear polarization seems
to be the strongest characteristic feature that distinguishes the scattering properties
between the scattering constituents.

The findings on the difference in depolarization and its spatial distribution opens
for techniques that enables the relative proportions of fibers and fines in pulp to be
determined. Even though wood fibers are far from perfectly symmetric objects it is
likely that their behavior is more similar to infinitely long cylinders than that of spheres.
Future investigation can include both experiments on scattering by single fibers and also
that of mixtures of different concentrations of fibers.
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Anisotropic light propagation in paper

Tomas Linder and Torbjörn Löfqvist

Abstract

We investigate anisotropic light propagation in paper using both a theoretical model
and experiments. The theoretical model utilise the Monte Carlo method to solve the
photon transport equation numerically. It assumes that wood fibres are represented by
infinitely long, homogenous and straight cylinders whilst smaller particles are represented
by spheres. The layer-like micro-structure and anisotropic orientation of the fibres is also
considered in the model. The conical scattering by cylindrical objects, the wood fibres, is
argued as the main source of anisotropic scattering. Simulations revealed that spatially
resolved reflectance and transmittance exhibits directional dependence. Experiments on
light transmitted through a standard kraft liner product confirmed that light in fact
do propagate further in the machine direction. Good agreement was obtained between
experimentally and numerically obtained iso-intensity patterns.

1 Introduction

Deeper knowledge of light propagation in paper is important in understanding its optical
appearance as well as for various industrial applications. For a correct description of
the optics of paper, its micro-structure with different degrees of fibre orientation, causes
anisotropic optical properties that has to be considered.

Paper, as a substrate, mainly consist of fibres but there are also fines, fillers and
pigments. Fines is the collective name for e.g. damaged fibres, microfibrils from the fibre
wall, very short fibres or collapsed fibres. Fillers and pigments are added to improve
the papers quality, printing properties and optical appearance. The characteristics of
the fibres depend on the originating wood specie as well as the mechanical and chemical
processing during the pulp production. The fibre lengths are usually in the order of a
few mm but there is a natural variation depending on specie as well as on processing.
Softwood pulps consist primarily of tracheid fibres with mean width of 25 μm. The
tracheids of hardwood have a mean width of 10 μm and are usually slightly shorter than
softwood fibres. The density of paper vary depending on porosity and type of fillers,
however it is usually in the range ρ = 500 − 1000 kg/m3. Cellulose has the density
ρ = 1500 kg/m3 so a porosity between 0.3 and 0.7 is normal. The porosity will have
great impact on e.g. the optical properties of the paper [1].

Paper is an engineered material and the degree of anisotropy of the fibre orientation
is an important factor when quantifying the mechanical properties and quality of the
paper. This orientation is achieved in the paper forming stage where the pulp flow onto
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the wire is controlled to create a specified fibre alignment anisotropy. Fibres are oriented
differently in the xy-, or machine direction – cross direction, plane and in the thickness,
z-direction, of the paper as the fibres tend to end up in layers [2].

From an optical point of view, paper can be regarded as a three-dimensional stochastic
network structure where the fibres are arranged in interconnected layers. Air is the
background medium and the scattering takes place at the air-fibre interfaces. In addition
to this, light also scatters from small particles, or fines, interspersed randomly among
the fibres. Both fibres and fines are regarded as highly scattering particles making paper
a complex medium for optical measurements.

Time resolved measurements on scattering where performed on paper by Carlsson et
al.[3] to study its optical properties. Their results where analyzed with aid of a Monte
Carlo model based on the Henyey-Greenstein phase-function. A similar model has also
been presented by Modric et al.[4] to describe the origin of optical dot gain. Chen
et al.[5] compared the performance of the Henyey-Greenstein phase-function with the
exponentiated cosine function for transmittance in paper. None of these models take
into account the wave nature of light or the alignment of fibres in paper. Light scattering
by single wood fibres was investigated by Saarinen and Muinonen[6] where a Gaussian
random shape model together with ray-optics was used. Green et al.[7] computed multiple
scattering through a geometrical optic model with a pre-defined fibre-network. A similar
model have been presented and made public by Coppel and Edstöm [8]. Simulations and
experiments on optical coherence tomography in paper was investigated by Kirillin et
al.[9, 10]. They used the Jones-formalism to keep track of the state of polarization.

We will in this paper illustrate anisotropic light propagation in paper employing
simulations based on analytic solutions of light scattering by small particles [11]. We
assume that fibres can be represented by straight, circular cylinders whose length is
much larger than their diameter. The light scattering from the cylinders are described
by an analytical solution of Maxwell’s equation for scattering at a straight, infinitely
long, cylinder. These are identified as the main cause of anisotropic light propagation.
In addition, we assume that light scattering from smaller particles, for example fines,
fillers and pigments, can be described by Mie theory. The micro-structure of paper is
represented by a stochastic model where the fibre orientation is set by a two-dimensional
Gaussian distribution centered at a pre-defined main direction. The standard deviations
are then used as a measure on the degree of fibre alignment. Using this micro-structural
model for paper, we employ a Monte Carlo method to solve the photon transport equation
numerically.

Models similar to the one used in this work has successfully illustrated anisotropic light
propagation in biological material of fibrous nature like arteries, tendon and wood [12, 13,
14, 15]. Recently, polarization was investigated trough Mueller-matrix characterisation
[16] and later applied on skeletal muscles [17]. We showed that the scattering from highly
elongated objects affect both the intensity and state of polarization differently compared
to spherical objects [18].

To validate the Monte Carlo simulations described above we compare simulated results
for the spatially resolved transmittance for a specific micro-structure with measurements
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on a sheet of a standard kraft liner product. The experimental setup is based on a HeNe
laser as a light source and the light is guided to the paper surface using an optical fibre.
The transmitted light is then observed using a CCD-camera. The results show that the
Monte-Carlo simulations well describes the light transmittance in paper.

2 Method

The Monte Carlo method used is based on the simulation of a large number of possible
random photon trajectories. A photon, entering a scattering medium, will propagate
between different scattering events until it either leaves the medium or gets absorbed.
When a photon exits the medium it either do so by reflection or transmission. The
sequential random walk between scattering events is determined by a probability density
function based upon Beer–Lamberts law. In our model the random walk is also affected
by the micro-structure. Anisotropic light scattering is usually described by a probability
distribution like the Henyey-Greenstein phase function. We have chosen to represent
anisotropic light scattering with more realistic phase functions. We assumed that the
fibres can be described as long straight cylinders. By doing so, we can use a phase
function derived from light scattering by an infinitely long cylinder [11]. In addition, we
assumed that the other scatterers in paper, like fines, fillers and pigments, scatter light
according to Mie theory. Both phase functions used in our model can be represented in
a Mueller-formalism and therefore we are able to keep track of the state of polarization
at each scattering event. This is an advantage over using other phase functions, like
for example the Henyey-Greenstein phase function, which is not taking polarization into
account.

When a photon interacts with a sphere, the azimuthal scattering angle is chosen
uniformly between 0 and 2π. The deflection angle is described by the phase function
between 0 and π. A photon interacting with a cylinder will be scattered in a cone around
the main axis of the cylinder (Fig. 1). The phase function describes in which direction
in the cone the light scatters. Scattering by cylinders is, in contrast to scattering by
spheres, orientation dependent. Different phase functions are present for each incident
angle ζ toward the cylinder main axis. Scattering by cylinders is the main course for
the anisotropic scattering in the medium. A detailed description on how to implement
multiple scattering by micro-spheres by the Monte Carlo method was done by Ramella-
Roman et al.[19]. A similar description has been made for cylinders by Yun et al.[20].

In addition to the phase function one also have to consider the scattering efficiency,
Qs. It describes the relation between the effective cross-section and the geometrical size
of the particle. Thus, it varies with particle size and with the incident angle towards
cylinders. The scattering coefficient for spheres are described as

μsph
s = Qsph

s ·A · ρs (1)

where A is the geometrical area and ρs the volume density of spheres. For cylinders, the
scattering coefficient is described as

μcyl
s (ζ) = Qcyl

s (ζ) · d · CA (2)
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ζ
ξ

Figure 1: Scattering by a cylinder.

where d is the fibre diameter, CA the density of fibres and ζ the incident angle toward
the cylinder. At each scattering event one of the scatterers are chosen by the probability
function

Psph =
μsph

s

μsph
s + μcyl

s

. (3)

We assume that the fibres have a diameter of 25 μm, this value is valid for both
Swedish pine and birch. The refractive index for the fibres was chosen to n = 1.55, which
is similar to cellulose. The hollow space, or lumen, inside the fibre is assumed to be filled
with air and therefore has the refractive index n = 1.0. Assuming that the wall thickness
is about 20% of the fibre diameter it follows that 35% of the volume is wood and 65%
is air. We therefore used the refractive index 1.19 which we obtained by weighing the
volume fractions.

2.1 Modelling paper structure

The anisotropic micro-structure of paper is modelled by a statistical approach in this
study. On each scattering event on a fibre, the orientation is described as

lx = cos(ϕy) cos(ϕz)

ly = sin(ϕy) cos(ϕz)

lz = − sin(ϕz),

(4)

where ϕy and ϕz are the angular deflections from the x-axis (main) in the plane and depth
respectively. They are generated by a Gaussian random number generator with a pre-
determined standard deviation. The fibre micro-structure in the paper is different in the
plane (xy- or MD–CD-plane) and in the thickness direction (z-direction). We therefore
choose different angular deflections in the thickness direction and in the xy-plane of the
paper.

This approach is different compared to models using geometrical optics [7, 8]. They
generate a pre-defined fibre network prior to the light scattering simulation while we, in
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CCD

Sample

Laser

Figure 2: Experimental setup for spatially resolved transmittance of a single sheet of
paper. Light is guided from the laser to the surface of the paper by a optical fibre and
then detected on the opposite side by a CCD camera.

our model, generate the structure in parallel with each scattering event. Since our model
is completely statistical, we avoid effects of flocculation and other local distortions that
can be generated by the structure of the paper. Our model for the paper micro-structure
has the benefit of being an undisturbed version of the fibre structure with the given fibre
distribution.

Larger optical thickness is present perpendicular to the main-axis compared to par-
allel to it. A photon propagating perpendicular to the fibre structures main-axis will
have a higher probability to scatter on a fibre than a photon propagating parallel to
it. We model this by adjusting the scattering coefficient depending on the new photon
trajectory relative the main fibre axis after each scattering event. Convolution between
the scattering efficiency, Qs(ζ), and the fibre distribution function, G(τ), describes how
the optical thickness vary in the structure

Q∗
s(ζ) =

∫ ∞

−∞

Qs(ζ)G(τ − ζ)dζ. (5)

This variation depends on the degree of which the photon propagates in the plane and
depth of the paper. A photon propagating in yz-space will have the combined scattering
efficiency

Qs =
Qs,y|uy|+ Qs,z|uz|

|uy|+ |uz|
, (6)

where u = (ux, uy, uz) is the photon trajectory. The scattering coefficient μcyl
s and scat-

terer probability Psph are then updated after each scattering event as shown in Equation
2 and 3.

2.2 Experiment

We investigated the effect of anisotropic light scattering on a few paper samples using
a laser coupled to an optical fibre and a CCD camera, as shown in Figure 2. The
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Figure 3: Measured iso-intensity pattern on transmitted light intensity through a pa-
persheet.

optical fibre was mounted in a transparent plate of plexiglass. The fibre was aligned
perpendicularly to the paper surface and positioned so the fibre tip was in contact with
the paper surface. The diameter of the fibre was ∅125 μm and the wavelength of the HeNe
laser used was 633 nm. A cooled CCD camera, a PCO SensiCam by PCO AG, Germany,
was used to depict the light transmitted through the paper sheet. The resolution of the
camera was 1376x1040 pixels with 12 bits dynamic range. The paper samples used in this
study was a standard kraft liner product supplied from SCA Munksund, Pite̊a, Sweden,
with grammage 175 g/m2 and average thickness 0.20 mm.

For the paper sample, its tensile strength orientation, or TSO value, and the tensile
strength index, or TSI value, where determined using a L&W TSO Tester, Lorentzen &
Wettre AB, Sweden. The TSI MD/CD ratio gave an indication of the fibre orientation
as well as the degree of anisotropy in the MD-CD plane of the paper.

3 Results

Fig 3 shows iso-intensity patterns from two different orientations of the paper sheet tested.
Note that the paper sheet was rotated 90◦ and shifted in-plane between the figures. The
machine direction is the x-axis in Fig 3a and the y-axis in Fig 3b. An anisotropy in the
light intensity pattern is shown and the scattered light clearly propagates further in the
machine direction, which is the main axis of orientation for the fibres.

The ultrasonic measurements on the paper sheet using the L&W TSO Tester confirms
the orientation of the fibres. The TSI MD/CD-ratio of this sample was 2.4 ± 0.3 and
the TSO angle was 0.9 ± 1.4 degrees. This also indicate average degree of formation in
the machine direction.

A Monte Carlo simulation, using the simulation code described above, was performed
in verifying the scattering patterns in Fig 3. The parameters where chosen according to
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Figure 4: Comparison between measured and simulated iso-intensity patterns on trans-
mitted light intensity.

the experimental setup and data on Swedish pine. The thickness of the sheet, t = 0.2
mm, fibre, or cylinder, diameter d = 20 μm and relative refractive index n = 1.19. The
incident laser source was modelled as uniform dot with diameter ∅125 μm with divergent
propagation directions at the surface. A cylinder density Ca = 5·108 m−2 was chosen by
multiplying the porosity of the paper with the maximum cylinder density possible for
this fibre diameter. Standard deviations from the main fibre axis in the MD–CD plane
and z-direction was chosen to σxy = 40 and σz = 5 degrees respectively. Both absorption
and scattering by spherical particles was excluded from this simulation. The iso-intensity
pattern for one million simulated photons is shown in Fig 4b.

4 Discussion

From the light transmission experiments we observe that the main axis of the ellipsoidal
iso-contour of the transmitted light is rotated as the paper sheet is rotated. The main
axis of the iso-contour corresponds to the main orientation direction (MD) of the fibres
in the paper, which is confirmed by the TSO tests.

The reason for the ellipsoidal shape of the iso-contours lies in the effect that light
that scatters on a fibre surface has a higher probability to scatter along the fibre than
perpendicularly. Thus, photons propagating along the main axis of an aligned fibre
structure tend to do so at a greater extent, thereof the origin of the ellipsoidal iso-contour
of the transmitted light intensity.

It is also shown in the figure that there is a slight difference in size of the iso-intensity
curves between Fig 3a and Fig 3b at the lowest intensity levels. This is probably due to
local thickness and density variations in the paper since the spot where the light entered
the paper was shifted between the measurements. But, it can also originate from the
optical fibre being at a slightly different distance from the surface of the paper after the
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rotation of the paper sheet. These preliminary results indicate that a further study, with
a variety of paper samples of different grammages and formation needs to be done to
fully understand light scattering in paper.

The agreement between the experimental and simulated results in Fig 4 is surprisingly
good considering the uncertainty in some of the parameters used. Note that the intensity
iso-contours for the lowest intensities, 0.04 and 0.02, have a very similar shape to their
counterparts recorded from the experiment. The higher iso-contour levels however are
nearly isotropic. One reason for this could be attributed to the high number of ballistic
photons and the fact that the initial divergence of the incident photons from the optical
fibre is unknown. A perfect match is not expected since the simulation model simplifies
some aspects of the paper. The fibres are assumed to be cylindrical and straight while
they in fact are partly compressed and curved. Effects from other irregularities, like
micro defects and fines, are assumed to be averaged out by the multiple scattering of the
photons. Thickness and density variations are also ignored as we choose to focus this
study on the fibre orientation distribution. Another property that is not considered in
the simulations are surface effects and along them all the effects coatings and gloss would
have on light transmission.

The results from both the experiments and the simulations concerns the intensity
of the scattered light only. Another aspect which can be investigated in later studies
is the effect of polarisation of the transmitted light. The Monte-Carlo simulation tool
developed is capable of tracking the polarisation as well as the intensity.

The results from both experiments and simulations show that the light intensity pat-
tern inherently contain information on the in-plane fibre orientation of the fibres. This
information can potentially be used in a rapid and robust device for on-line characteri-
sation of the fibre orientation in the paper production process.

5 Conclusions

In summary, we propose a theoretical model based on the micro-structure of paper to
simulate light propagation. The model has a completely stochastic representation of
both the scatterers and fibre structure. It considers the layer-like nature of the paper
along with the fibre orientation anisotropy. The conical scattering by cylindrical objects
are argued as the main source of anisotropic light scattering. Simulations, as well as
verifying experiments showed that diffused light travel further along the main axis of
fibre orientation.
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