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Abstract

Tetra Pak is a world leading company in the packaging industry, constantly working
to develop new packaging techniques. To be able to involve lasers in the packaging
process, makes it necessary to understand how light interacts with the packaging
material, paperboard.

The purpose with this thesis is to investigate paperboard in terms of optical properties
in the wavelength region of interest. It is also desirable to investigate how the
paperboard can be treated to change the optical properties.

In this thesis two cases are investigated, pure paperboard samples and paperboard
treated with mineral oil. The investigation is done by firstly determining the
transmission and reflection of the samples with an integrating sphere, followed by the
evaluation of the optical properties by the IAD program, resulting in the scattering
and absorption coefficients of the paperboard. Difficulties with this determination
were the layered structure of the samples, consisting of both white and brown
paperboard. To describe how the laser light propagates through the paperboard two
models are applied; Diffusion theory and a Monte Carlo convolution method. Finally
experiments were performed with the aim to verify the light propagation models.

The results from the simulations showed good agreement with the integrating sphere
measurements, indicating that the evaluated optical coefficients are a valid
approximation.
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Chapter 1 Introduction

1.1 Background

Tetra Pak is a world leading company in the industry of processing and packaging of
different foods. In the beginning it was only packaging of liquid foods but that has
been expanded to also include ice cream, cheese and fruits to name a few. Since the
early 1990s when Tetra Pak purchased Alfa Laval with their liquid process
technology, Tetra Pak has been able to offer their customers processing of their liquid
food before packaging it. Nowadays, more and more customers are taking advantage
of Tetra Pak’s ability to provide complete plant solutions, from product reception
right through to final packaging in carton and plastic containers, all from a single
source.

Tetra Pak is constantly working to develop new packaging techniques that are
consistent with the key phrase “A package should save more than it costs”. This
phrase is applied to both the economic and environmental performance of the
packaging systems. The main component of the packages, namely paperboard, is
definitely measuring up to both aspects.

Tetra Pak now wants to involve lasers in the packaging process, which makes it
necessary to understand how light interacts with a paperboard material.

1.2 Purpose

The purpose of this Master’s thesis is to enhance the understanding of light
propagation through paperboard for laser applications, and how the paperboard can be
treated to change these properties.

Realistic samples are manufactured to mirror the actual situation, which includes
different surface treatments as well as a substance added to the paperboard. The
different cases are investigated in terms of their impact on the transmission.
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1.3 Scope of thesis

The thesis work includes:

1. Integrating sphere measurements which result in obtaining the transmission
and reflection of the paperboard samples.

2. Inverse adding-doubling simulations which yield the optical parameters of the
paperboard samples given the results from the integrating sphere
measurements.

3. Monte Carlo simulations to verify the parameters from the Inverse adding-
doubling simulations.

4. Power and temperature measurements on the samples with a diode laser.

5. The development of a model that describes the light propagation through the
paperboard.

6. A comparison between the parameters obtained from the simulations, the
experimental work and the mathematical model.

The samples have different surface treatments and are investigated in terms of their
impact on the transmission, both in the untreated case as well the case with mineral
oil added to the paperboard.

1.4 OQutline

The thesis starts with a theory chapter which includes light propagation and optical
properties of turbid media, the application of Beer-Lambert’s law, the transport
equation and different ways to solve it and also the principle of laser action as well as
a description of the diode laser. Chapter 3 gives a description of the investigated
samples and the performed measurements and simulations. The results of the
measurements, simulations and the model used to describe light propagation are
presented chapter 4. This chapter also includes a discussion and comparison of the
results. Finally, the conclusions are presented in chapter 5. Appendix A gives the
Matlab code for the diffusion model and in Appendix B a summary in Swedish is
found.
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Chapter 2 Theory

This chapter treats light propagation and different ways to model it, as well as the
principles of lasers and the diode laser in particular.

2.1 Light propagation in scattering media

When light interacts with material, the light is either absorbed or scattered in different
directions. How this interaction occurs depends on the optical properties of the
material and is also dependent on the wavelength of the incident light.

2.1.1 Optical properties

The following section gives the theory behind the different parameters used to
describe a material in terms of optical properties.

Reflection

There is always a reflection in the surface between two media with different
refractive indices, which is shown in figure 2.1. Other influential factors are structure
and shape of the surface and light polarisation. If polarisation is neglected, the
reflected fraction R is governed by Fresnel’s law, equation 2.1.

Incident hight
91 91 Specular reflectance

ny

Ha
Transmitted hight

6,

Figure 2.1. Schematic picture of the reflection in a surface due to the mismatch of the refractive
index."

1| tan*(6, —6,) sin*(6,-6,)
R=— +
2| tan*(9, +6,) sin’(6, +6,)

2.1)

Here 0, is the angle of incidence and the angle 6, is given by Snell’s law, where n,
and n; is the refractive indices of the different layers.

n,-sin@, =n, -sinb, (2.2)

"A.J. Welch, M. J. C. van Gemert (1995)
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If the beam is perpendicular to the surface, Fresnel’s law is reduced to equation 2.3
and this represents the reflection minimum.

_ (”1 ) )2
= en) @9

Scattering and absorption

A photon gets absorbed by a molecule if its energy corresponds to the energy
difference between two electronic states in the molecule. The absorption coefficient
W, is used to describe how much a material is absorbing and gives the probability for
absorption per unit path length. It is often given in cm™. The absorption coefficient is
governed by the concentration of absorbing particles in the sample.

The scattering process can be divided into two groups, the elastic and the inelastic
scattering. Inelastic scattering gives an energy shift between the incident and scattered
light, whereas the elastic scattering doesn’t. From now on, only elastic scattering is
considered.

Mathematically the scattering is described by Rayleigh theory when the scattering
particles are very small compared to the light wavelength and by Mie theory when the
particles are of comparable size to the wavelength. The wavelength dependency is
about A for Rayleigh scattering and A", where n varies between approximately
between 1 and 2 dependent on the relative size between the scatterer and the
wavelength of the light for Mie scattering. This means that shorter wavelengths gets
more scattered than longer wavelengths, which is especially apparent for Rayleigh
scattering because of the stronger wavelength dependence.”

To describe the scattering property of a material the scattering coefficient s is used,
and similar to the absorption coefficient, it describes the probability of a photon being
scattered per unit path length.

The absorption and scattering coefficients can be summarised into the attenuation
coefficient.

M= M, + 1y
(2.4)

Anisotropy factor and phase function

Besides from the above mentioned coefficients there is a third property that is used to
describe light-material interaction; the anisotropy factor g. This factor describes the
direction of the scattering.

The scattering angle from a single scattering event has a probability distribution
called the phase function, p(§,§'). The phase function describes the probability that
light travelling in a direction § will be scattered into the direction s’ . This probability

* C. af Klinteberg (1999)
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distribution is symmetric about the direction of incidence for most tissues. It can also
be expressed as a function of the angle 6 between §"and s .

p(5,8")= p(cos ) (2.5)

The total scattering probability equals one

[ p(3,8"der=1 2.6)

The anisotropy factor is defined as the mean cosine of the scattering angle, se
equation 2.5. It can have values between -1 and 1, where g= -1 means backscattering,
g= 0 isotropic scattering and g= 1 forward scattering.

g= jcos@-p(cos H)da) (2.7)
4z

When the anisotropy factor and the scattering coefficient can not be separately
determined, the reduced scattering coefficient is used.

p,=(1-g)u, (2.8)
2.1.2 Beer-Lambert’s Law

Light, of any wavelength, with the intensity Iy impinging on a sample of thickness z,
will be attenuated when passing the sample if the sample interacts with the light.
During a length interval Ax the intensity will decrease with Al. The fractional
attenuation AI/I will be proportional to the number of absorbers, An, in the small
interval Ax.

% =—kAn = —k,cAx (2.9)

k and k; are constants and the last equality is valid for a sample with a uniform
concentration of absorbers, ¢, through the sample. Integration of equation 2.9 yields
an expression for the intensity as a function of depth.

tdr % I 1
== j kdn = — j k,cdx , ln7° = kN =k,cd=> I = I, (2.10)
0 0

Iy

This is the Beer-Lambert law that states that the absorbance is proportional to the
concentration ¢ [mol/m’] of absorbers in the sample.” If a sample was only absorbing,
the transmitted light could be described by Beer-Lambert’s law where the attenuation
coefficient u, = u, + pu, is recognised.

3S. Svanberg (2004)
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E(z)=E,(1-r)e” ¥ u=0 (2.11)

E(z) is the fluence rate of the collimated transmittance at position z, E, is the
collimated irradiance and r is the specular reflectance defined in equation 2.1.

To determine the attenuation coefficient, the natural logarithm of the collimated
transmittance, In T, is plotted versus the thickness z; the coefficient is obtained from
the slope of the curve.

InT, = ln[E(Z)
E

}=ln(1—r)—,utz (2.12)

0

Experimentally it is difficult to separate the collimated transmittance from scattered
light, which will result in uncertainties in the obtained attenuation coefficient.

2.2 Theoretical models

Light transport can be modelled by an analytical theory based on transport theory.

An analytical wave model describes the light propagation as a continuous transfer of
energy by electromagnetic waves and starts from basic differential equations like
Maxwell’s equations or the wave equations. This approach is mathematically rigorous
since it in principle includes all the multiple scattering, diffraction and interference
effects.

In transport theory the light propagation is treated as a stream of particles- photons,
which each has a specific amount of energy. The mathematical description is a
statistical approximation of energy transport through a turbid medium. This theory
only considers transport of power and wave phenomenon like polarisation,
interference and diffraction are neglected.*

2.2.1 Transport equation

The radiative transport equation, RTE, is built up by five different contributions, as
described schematically in figure 2.2. The equation is expressed as a continuity
function of the radiance, L, that is the light intensity per unit area and solid angle, as
defined in equation 2.13.

L(7,8) = N(F,$)hve [W/m?sr] (2.13)

N(7,8) describes the number of photons at point r, moving in the direction s with
the velocity ¢ and /v is the photon energy.

* C. af Klinteberg (1999)
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Figure 2.2. Schematic description of the different parts of the transport equation. (Figure adapted
from M. S. Thompson”).

The five contributions are:

Transmitted light

Absorbed light

Light scattered out of the direction s
Light scattered into the direction s
Sources Q(r,s',t) within the volume

A S

Together they give the time-dependent radiative transport equation.

LOLS.D _ o yr.5.0)- 1, L(F,5,1) — ut L(F,5,0) +

¢ at 1 2 3
+ 4, j L(7,5.,0)p(5,5)de + O(F, 5, 1) (2.14)
4 5

4

Where p, is the absorption coefficient, s the scattering coefficient, p(§,§') is the
phase function describing the probability that light travelling in a direction § will be
scattered into the directions’ and c the light velocity. Q(7,5',¢) is the source term
formed by the first scattering events of an incoming beam.

2.2.2 Solving the transport equation

The RTE has no analytical solution in three dimensions, but different numerical
approaches can be applied. Different methods to obtain a solution are by using an
expansion method such as the diffusion approximation, a discretisation method such
as the adding-doubling method or a statistical method such as Monte Carlo
simulations.® These three methods are described in the following sections.

> M. S. Thompson (2004)
6 J. Swartling (2002)
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2.2.3 The diffusion approximation

The diffusion approximation does not yield a full solution since it is an
approximation. The basic idea is to expand the radiance L, the phase function p and
the source term Q into spherical harmonics.

Expanding the radiance L in spherical harmonics results in

L(F,E,t):i > %tly/,m(f,t)ym(g) (2.15)

=0 m=-1

Truncation of equation 2.15 at 1> lgives the P, approximation, which includes the 0™
and the 1% terms but neglects terms of higher order.

_ [1 _ 3 < _ _
L(I",S,t): Ewoo(rat)yoo + Ezvllm(rat)ylm(s) ~
m=—1

~ L (.0 +3FF,0)-5) (2.16)
4r

This equation should be interpreted as the radiance divided into one isotropic term @
and one term F, which is the photon flux. They can be calculated using

(7.0 = [ L5, 0do (2.17)

F(7.t)= j L(F,5,t) sdw (2.18)

4r

For an isotropic light source, the photon flux is given by Fick’s law.
F(r,t)y=-DV¢ (2.19)

By expanding the source term Q in the same way, and the phase function p in a series
of Legendre polynomials P, equations 2.20 and 2.21 will be obtained.

O, 5.1) = (g (F.1) + 3¢, (F.1) - 5) (2.20)
4

L

iZ(ZZH)blPI(cos@)zi(ﬁﬁgcosg) 2.21)
=0

p(s,5") = p(cosb) =
In the case of an isotropic point light source, the term q; equals zero. By inserting
equation 2.16, 2.20 and 2.21 into the transport equation 2.14, the time-dependent
diffusion equation is obtained.
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LD (DY p(7.0)) - 1, (PIF. 0+ 70 (2.22)
C

D is the diffusion coefficient; ¢ the speed of light in the medium, ¢ the light fluence

rate and qo represents the light source. The conditions for which equation 2.22 is valid
are that the light fluence rate must be calculated far away from the source and the
absorption must be much smaller than the scattering, p, << p’s. The diffusion
coefficient is defined as:

1

- 2.23
3(u, + Hy) (223

For steady state problems the time-independent diffusion equation is written as
—DV?$(F) + u,(MYP(F,1) = 4, (7, 1) (2.24)

The solution to this equation is

2
Pity 1 ol

¢(r) = prmy

(2.25)

d

Where P is the power of the incoming light and z,; = \/3 M, (u, +u (1-2)).

To understand the solution to the equation applied to slab geometry, the case of a
semi-infinite medium is first studied. Infinite means that no light escapes through the
boundary of that surface and therefore the intensity at that surface can be set equal to
zero.

Collimated beam, semi-infinite geometry

To simplify the problem, the assumption is made that all incident photons are initially
scattered at the same depth z,. Thus, 7 corresponds to an isotropic source at the depth
of one reduced scattering coefficient.

2y =— (2.26)
K

When calculating the diffusion equation for anything but a homogeneous, infinite
medium, boundary conditions must be fulfilled. One simple boundary condition is to
set the fluence rate to zero at the boundary between the turbid and non-scattering
medium. To solve this, mirror sources are introduced. Positive and negative sources
are positioned above and below the boundary in such a way that the resulting fluence
rate at the boundary is zero; se figure 2.3.
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Incident light

= -z, I -Vittual zource
(5
= =, -u: ;+Real SOUHCE

+i{rz)

t1

Figure 2.3. The principle of mirror sources. Mirror sources are introduced to get zero fluence rate at
the boundary. The incident laser beam is modelled as an isotropic point source at a depth of z,.

In reality there is always a Fresnel reflection in a boundary between media with
different refractive indices, which results in a non-zero fluence rate at the physical
boundary. One way to correct for this is to use the extrapolated-boundary condition,
se figure 2.4, where the fluence rate is zero at a boundary located some distance
outside the medium. This distance z, is a function of the Fresnel reflection coefficient
and zg

Incident light

“Eg-2 - Virtnal
Extrapulated'bnunda.t}rF 3;_2::,{ s

== "

= Es lli+ ?al soniECe

¥  dipz)

k2

Figure 2.4. The extrapolated boundary principle. A collimated beam incident on a semi-infinite
medium can be modelled as an isotropic point source at a depth z,. A virtual negative source is
mirrored in the plane z= -z, in such a way that the boundary conditions is fulfilled.

Collimated beam, slab geometry

With the slab geometry the boundary conditions gets more complicated to fulfil
because now there are two surfaces to consider. A way to do this is to mirror the
source in multiple planes. The source term in the diffusion equation is now a sum of
positive and negative sources located above and below the slab. To get a good result,
it might be necessary to mirror several times, see figure 2.5. For each mirroring the
virtual sources are positioned further away from the slab and the contribution to the
flux will decrease with this distance.’

7 Andersson-Engels, Tissue Optics
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Figure 2.5. A collimated beam incident on a slab geometry. To be able to fulfil the boundary
condition the source has to be mirrored several times. The source 1 is firstly mirrored in the plane z= -
7y, then both sources 1 and 2 are mirrored in the plane z= I+z, and sources 3 and 4 in the plane z= -z,.

When the fluence rate is observed at a distance considerably larger than z, the zero-
radiance at the physical boundary is a valid approximation. At shorter distances, the
extrapolated boundary is a better option. If the distance between source and detector
is too short the diffusion approximation is not valid at all.®

For the case shown in figure 2.5, equation 2.25 will look like

2
ir= 2L L Lo Lnn Lwor Lo o)
4, \ n, 7 7, 7, 7 7

a

where 1, 12,..,1¢ are the distance to the respective source and are expressed by

n=vz=z,) +p’ (2.28)
ryo=(z+2+22, ) + p° (2.29)
r=(z=20+z,-22,) +p (2.30)
ro=\(z-20-z,—4z,) +p (2.31)
ro=(z 42—z, +4z,)] +p (2.32)
re =z +20+2,+62,) +p (2.33)

¥ S. Andersson-Engels, Tissue Optics
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The transmittance, T, and the reflectance, R are found by

T(p) = (p.2) i =D §(p.2)

z=d

__L(_ (Zd_ZO) 1 +,Ue,7 e*ﬂeff”(zzd)l +
dr - rn(z=d)\rn(z=d) ‘

N (d+z,+2z,)
Rz=d) \r(G=d

_ (d —Zyt ZZb) 1 + e*ﬂaf/’z(z=d)
rz=d) \n@z=d) "7

+ (d‘zZO +4Zb) 1 +ﬂeﬁ. e—ye//m(z:d) _
r,(z=4d) r,(z=d)

3d —z, +4z 1
_(3d -z, b)[ +ﬂeﬂ}
r(z=d)

gy (z=d)

Tl €

+

—Hyyrs (z=d)

+

752(2 =d)
+ (3d;_ZO +6Zb) 1 +‘Lleﬁ- e_lue//ré(z:d) )(2.34)
rg(z=d) ri(z=d)

=0

L z(_ZO) ( +/Jeﬁ'je
dr = 1 (z=0)r(z=0)
(zy +2z,) 1
" 7 (z=0) [FZ(Z:O)+ﬂe‘ffJe
_(2d -z, +2z)) 1
7 (z=0) r(z=0)

R(p) = (p,2) 7 = D%qﬁ(p, 2)

—Heyr(2=0),

+

“Heh (z=0) _

—Hyr3 (2=0)
+ ,Lleﬁ- ]e +

2 4 s (2=
( d‘z"zo + Zb) 1 +:ue_[7' e H 2(z=0)
r (z=0) r,(z=0)
. (2d - ZO + 4Zb) 1 n ﬂeff e—yeﬁrrS(z:()) +

r(z=0) \r5(z=0)
+(2d+zo+6zb) 1
rl(z=0) r,(z=0)

+ e )(2.35)
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2.2.4 Inverse adding-doubling method

When the macroscopic parameters collimated transmittance, the total transmittance
and the diffuse reflectance is known, the optical properties . s and g can be
obtained with the inverse adding-doubling method (IAD).

The adding-doubling method is a general, numerical solution of the radiative
transport equation. The basic idea is to compare a slab with arbitrary thickness to a
thin slab with known macroscopic parameters. By repeatedly doubling the thickness
of the thin slab, the macroscopic parameters of the investigated slab may be found.’
The TAD method starts with a guess of the optical properties and solves the radiative
transport equation using the adding-doubling method. The solution to this is then
checked to the measured values. By repeatedly solving the radiative transfer equation
until the solution matches the measured reflection and transmission values, the true
optical properties of the sample are obtained. Inverse refers to the calculations that are
done backwards; starting with the optical properties to get the transmittance and
reflectance. The set of optical properties that gives a match with the measured
reflection and transmission is taken as the optical properties of the sample'.

The advantages of the IAD is that it provides accurate solutions for any combination
of W, |s and g as well as it handles the index mismatch between layers correctly.
Drawbacks are that the method is restricted to layered geometries and uniform
radiation. It doesn’t readily give the light fluence inside the medium, each layer has to
be homogeneous and the method is not time-resolved.'' More information about the
IAD-program can be found in the manual by S. A Prahl'?,

Optical properties

The TAD-program gives the albedo, the optical depth and the anisotropy factor g.
These are dimensionless parameters that characterises light propagation, and from
these parameters the scattering and absorption coefficient are easily obtained. The
albedo a is defined as the ratio of scattering coefficient to the total attenuation
coefficient.

a=—ts (2.36)

Myt H,

The optical depth 7 is the product of the sample thickness d and the total attenuation
coefficient.

r=d(u, +u,) (2:37)

?J.S. Dam (2000)

'9'S. A. Prahl et al (1993)
'''J. Swartling (2002)
28, A Prahl (1999)
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The anisotropy factor g is the average cosine of the phase function as defined in
equation 2.5.

The phase function used in this program is the Henyey-Greenstein phase function, see
equation 2.38. This function is empirically chosen and gives results that coincide well
with experimental work.

1 1-g°
p(cosl) =— ; g 7 (2.38)
4z (1+g —2gcos€)

Input to the IAD-program is thickness and refractive index of the sample, information
about how the experiment was carried out and finally the reflectance, R,
transmittance, T, and collimated transmittance, T.,. The output is then the albedo, a,
the optical depth, 1, and the anisotropy factor, g. If only R and T are known, the IAD-
program will not give a value for g. Instead only the albedo and the optical depth are
given, with the scattering coefficient, ps, replaced by the reduced scattering
coefficient, u’s.

2.2.5 Monte Carlo method

This description of the Monte Carlo method basically follows the theory given in S.A
Prahl’s paper “A Monte Carlo Model of Light Propagation in Tissue”". The Monte
Carlo program uses a stochastic technique to simulate physical processes. Figure 2.6
shows the principles of the program and the theory behind each step will be briefly
described in the following subsections.

Determining the step size As

A general rule when determining the step size As is that it should be much smaller
than the reciprocal of the attenuation coefficient L, see equation 2.39. However, this
rule alone is not enough, because even if it is fulfilled it doesn’t ensure an accurate
result. If the step size is too small there will hardly be any interaction between
photons and sample, but on the other hand, a step size that is too large will be a poor
approximation to that of a real photon.

As<<iz !
M, Mt U,

(2.39)

A more efficient method is to determine different step sizes for each photon step. In
this way, the program tries to equal the more realistic case where it is more probable
for a photon to travel a short distance than a long, before a scattering or absorption
event occurs. The probability density function, P, in equation 2.40 for As follows
Beer- Lambert’s law.

Poc et (2.40)

3'S. A Prahl et al (1989)
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Figure 2.6. A flowchart showing the principles of the Monte Carlo Method. The photon is
initialised and a step size generated after which the photon is moved. After that the photon can follow
different paths and after each event the program is checking and updating absorption, photon weight
and direction. Finally the photon weight is too small and the photon is either terminated in the roulette
or given a new weight. '

To do this a function of a random variable & uniformly distributed between zero and
unity is introduced. In this equation As represents the distance travelled by a photon
before interacting with the sample by absorption or scattering.

As=Z10¢ (2.41)
H,
Moving the photon

For the photon to be uniquely described five variables is necessary, three spatial
coordinates for position and two directional angles for direction of travel. However, it
is more convenient to use three Cartesian coordinates for the position, (X, y, z), and

'4'S. A Prahl et al (1989)



16 Chapter 2. Theory

three direction cosines, (i, Ly, W, ), for the direction of travel. Then the new position
(x’,y’, z’) of a photon after a scattering event is

x'=x+pu As (2.42)
Y'=y+uAs (2.43)
Z'=z+ p As (2.44)

Internal reflection

When the photon hits a boundary between two media with different refractive indices,
it can be internally reflected. The reflection is determined by the Fresnel reflection
coefficient, R(0;), equation 2.45. If a photon is being internally reflected or
transmitted is decided by a random number & uniformly distributed between zero and
unity. If £&< R(6;) the photon is internally reflected, otherwise it is recorded to have
left the sample.

1{tan2(0,.—e,) sin’(6, - 6,)

ROy=5 tan’(6, +6,) sin’(6, +6, )} (245)

2

The new photon position after it has been internally reflected, (x”, y”, z") for a slab
geometry is given by equation 2.46.

(x,y,—z) ,z<0

2.46
(x,y,2r—z),z>r (2.46)

(_x”,y”,z”) — {

The new photon direction (u, ), 4. ) is obtained by equation 2.47.

(o ptlopily = pt, a2, (2.47)

Photon absorption

To determine if a photon is absorbed, the program uses a technique called implicit
capture. Each photon packet is assigned a weight, m, as it enters the sample. After
each propagation step, the packet splits into two parts; the absorbed fraction and the
scattered fraction. The absorbed fraction is expressed by equation 2.48.

lLla =1_ ILIS

Absorbed fraction= s
’us +/Ja /us +lLla

=1-a (2.48)

Where a is the albedo mentioned in section 2.2.4. The new weight for the remaining,
scattered part of the photon packet is then w’= o w.

Photon termination

When the photon weight reaches a certain minimum, it is subject to a roulette that
will decide the future of the photon. The photon of weight w gets a chance in m to
survive with the new weight mw, or else its weight is reduced to zero.
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Changing photon direction

When the photon direction is changed, the photon is scattered, there are two angles to
be determined, the deflection angle, 6 € [0, ] and the azimuthal angle, o€ [0, 2x]. If
the scattering is isotropic the probability distribution for the cosine of the deflection
angle is described by equation 2.49, where & is a random number between zero and
unity.

cosd=2&-1,ifg=0 (2.49)

Else it is described by the Henyey-Greenstein generating function in equation 2.50.
1 1-g* |
cosf = —{1 + gl {—g} , ifg#0 (2.50)

The azimuthal angle is uniformly distributed between 0 and 2.
¢= 218 (2.51)

For a photon that is scattered the angle (0, ¢) from the travelling direction
(,ux 7 ,uz) the new direction (x,, 4, 4.) can be calculated with equations 2.52-54.

U, = s1n92 (,ux,uz cosQp— i, sin(p)+ M cosl (2.52)
V1=
, sind )
U, = - (,uy,uz COS@ — 4 _Sin g0)+ 4, cost (2.53)
VI- 4
(. =—sin@cos |1 — > + p1_ cos @ (2.54)

If the angle is very close to normal, the following equations should be used to obtain
the new direction.

i, =sinfcos (2.55)
p, =sin@sin g (2.56)
U, = 2 cosg (2.57)

H.
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2.3 Diode lasers

Diode lasers are a kind of semiconductor lasers that are found in many different
applications in everyday life for example in CD players, laser printers and bar code
readers. Other applications are medical diagnosis and treatment, optical memories and
military systems. New applications are constantly emerging as new models appear
with higher power, new wavelengths or lower costs."

The performance of light emitting devices is based on the interaction of the
electromagnetic light field with electronic excitations in the semiconductor. There are
three different ways in which this interaction can occur, see figure 2.7 a; (1)
absorption of light by an excitation of electrons from the valence band into the
conduction band, (2) the inverse process, stimulated emission, where an incoming
light quanta stimulates an electron to be de-excited from a state of higher energy into
a state of lower energy, and (3) the spontaneous emission of light.'® The principles of
lasers are first to create a population inversion, that is more electrons in an excited
state than in the ground state, se figure 2.7 a, and then to stimulate emission from the
excited state. Spontaneous emission is unwanted because that reduces the population
difference without the contribution of coherent photons.

Er o N_. Ei-ﬂw N.’
I“'- - AE=nv
1| 8 &

[ ooocoo w2 T HT go W,
AHenuation Amplification
=SR] ~[EEm T
Rt TP

Pumging

a. Different interaction processes. To create and keep a population
inversion in a laser a pumping process is necessary.

Laser

Pumping

b. A laser consists of an active medium with the population inversion, a pumping
process and a cavity which only lets out a small fraction of the photons.

Figure 2.7. Basic phenomena in laser action. The word Laser is an acronym for Light Amplification
by Stimulated Emission of Radiation. "’

Diode lasers consist of a doped semiconductor material. The population inversion
exists in the transition zone between p- and n-doped materials and when a voltage is
applied to the diode in the forward direction, laser action will take place, see figure
2.8 (b). The applied voltage is the pumping process in the diode laser, and it forces
both electrons and holes into the transition region where the states in the conduction-
band have excess population compared to the empty states in the valence-band. Laser

'* Laser Physics
'® H. Ibach and H. Liith (2003)
'7'S. Svanberg (2004)
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action with the photon energy corresponding to the band gap is obtained by
recombination of electrons and holes.'®

(b)

v RZEPYTT O
| 1

hv eil.f

n Junction p n P

Figure 2.8. Energy levels in a diode laser. (a) The Fermi level Eg in the region of a p-n junction. (b)
The result of applying a voltage across the junction; C is the conduction band and V the valence

band."

Diode lasers are some of the most efficient of all lasers, with an efficiency of about
30 per cent. Figure 2.9 shows a diode laser, the size is in the range of millimetres.
Both ends are polished and form the laser cavity. Because of the geometry of the
diode laser cavity, the beam is very divergent. This is a difference to most other kinds

of lasers.?°

_—Polishad

Junction

Figure 2.9. A diode, laser.”!

'8 S. Svanberg (2004)
' J. M. Hollas (2004)
2 1. M. Hollas (2004)
21 J. M. Hollas (2004)
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Chapter 3 Measurements and simulations

In this section the investigated samples are described, as well as the different
experimental work and the simulations.

3.1 Description of samples

The material that has been tested is paperboard with different properties; table 1 gives
a description of the different samples. The white surface of the thick samples has
been coated with a substance that is reflecting in the visible range, and that also might
effect the reflection in the infrared. The plastic coating is low density polyethylene,
LDPE, which has the refractive index 1,51%2. The refractive index of a cellulose fibre
is 1,618 along the fibre, 1,544 in the transverse direction, determined for 590 nm?.
Since most of the fibres are in the plane of the paper sheet, the transverse refractive
index will be used.

To get all possible combinations, the paperboard is coated with LDPE on the white or
brown side, or not at all for the two thicknesses. Measurements are done on both sides
of each sample to see how the different surfaces and the white and brown paperboard
layers affect the transmission. The samples are referred to by their number, and by
adding a) for white side or b) for brown side facing the light source. The paperboard
samples have two different thicknesses so that property will also be taken into
account.

With the intention to investigate how an added substance affects the optical
properties, the samples are also treated with mineral oil. The index of refraction for
mineral oil is 1,469 for 589 nm**, and decreases for longer wavelengths.

To calculate how much cellulose the paperboard consists of, pieces of sample 3 and 6
were weighted both untreated and prepared with oil. By knowing the density of
mineral oil the ratio of volume fluid to volume paperboard could be calculated. The
result was that paperboard consists of 40% air, and when treated with mineral oil this
space is assumed to be filled by the oil. This is used when determining the refractive
index of the treated and untreated paperboard, which is determined according to
equation 3.1, where y; represent the volume fraction of material i with refractive index
n;.

Moy = Xy T X1, 3.1)

The refractive indices used are ng= 1.54 for cellulose and ny;= 1.46 for mineral oil.

*? Plasticsusa
M. Nogi (2005)
** NIST Standard Reference Materials Catalogue



22 Chapter 3. Measurements and simulations

Equation 3.1 yields the weighted refractive index nsample*z 1.324 for the samples
(cellulose-air) ny = 1.51 for the samples treated with mineral oil (cellulose-mineral
oil).

Table 3.1. A description of the different samples.

Side facing Thickness . Weight
Sample light L DPE Thickness paperboard More
paperboard
_ (um) (um) (mg/cm2)
1 a) White 40 270 17.8 LDPE on white
b) Brown
2 a) White 40 270 17.8 LDPE on brown
b) Brown
3 2 e 270 17.8 No LDPE
b) Brown
4 a) White 40 440 285 LDPE on white
b) Brown
5 a) White 40 440 285 LDPE on brown
b) Brown
6 a) White 440 28.5 No LDPE
b) Brown

3.2 Integrating Sphere measurements

Using the integrating sphere, macroscopic parameters such as the reflectance and
transmittance of a sample are measured. To get the optical properties from these
measurements a theoretical model has to be applied. In this work, the Inverse adding-
doubling model has been used for the evaluation followed by Monte Carlo
simulations to verify the obtained optical properties.

3.2.1 Integrating Sphere theory and setup

In two different measurements, the integrating sphere setup measures the total diffuse
light that has either been reflected or transmitted. A third measurement is required to
be able to get all three optical parameters, L., [ts and g. This measurement gives the
collimated transmission, from which the total attenuation coefficient, p;, can be
evaluated; = pat ps.

The integrating sphere set up is shown in figure 3.1. Measurements are performed to
obtain both the total and collimated transmittances as well as the diffuse reflectance.
The set up consists of two optical arrangements. Firstly the integrating sphere, which
has a diameter of 20 cm and the inside coated with highly reflecting barium sulphate.
The sphere collects the total transmitted light flux through a sample when placed in
position A and the diffusely reflected light flux when the sample is positioned at B.
When the light has been transmitted or reflected by the sample, it is scattered multiple
times inside the sphere and in that way transferred from being directed transmitted or
reflected light to diffuse light fluxes. Now the light is independent of the direction
and can be probed by an optical fibre bundle at one single position. The reflectance
and transmittance can then be determined by equations 3.2 and 3.3.

R=R, % (3.2)
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T="1 (3.3)

Ir is the measured intensity of the reflectance flux (sample at position B), and Iy is the
measured intensity of the transmittance flux (sample at position A and a barium
sulphate plug at position B). The reference intensity, L., is the measured intensity
when the light flux is filling the sphere without interacting with any sample, only the
barium sulphate plug at position B. The barium sulphate plug is a calibration standard
with the reflectance factor, Rgs.

The second optical arrangement is used when measuring the collimated transmittance,
which means that the light passes straight through the sample at position C with no
light-sample interaction. The intensity, I, of the attenuated beam compared to the
original intensity Iy can then be expressed by equation 3.4.

I .o Hata)d
_o¢ (3.4)

col
TND

Tnp is the transmittance factor of the filters in front of the detection system. These
filters are used during the reference measurement to prevent the detector from being
saturated by the reference intensity which is much stronger than the intensity of the
collimated transmittance. It is also preferable to have the two signals in the same
intensity range to minimise non-linear effects caused by the detector.

White light source Specirometer

Figure 3.1. The integrating sphere set up. The transmittance is measured when the sample is in
position A, the reflectance when the sample is in position B, and the collimated transmittance when the
sample is in position C.%

The light source for both the optical arrangements is a 75W xenon lamp which
generates white light. The light is guided by two optical fibres, one to the integrating
sphere and the other to the collimated transmittance set up. To ensure that the light

** Tissue Optics
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source is collimated and passes straight through the sample several lenses and
aperture stops are inserted in the light path, as shown in figure 3.1. The probing light
is then guided with two optical fibre bundles and the light from each bundle imaged
separately on a spectrometer by two lenses. The detector used is a nitrogen-cooled
CCD-detector.”

3.2.2 Experimental considerations

When doing the integrating sphere measurements, the samples where prepared in
quadratic equal size pieces of 4x4 cm. The light spot size in the integrating sphere
measurements was about 0.7 cm in diameter which is much larger than the
inhomogeneity of the sample, but to get a reliable dataset measurements were done in
three points on each sample. The results were then analysed both for the average and
for the three points separately. A measurement was performed to determine the
reflectance factor Rggs. This was done by comparing the reflection of the barium
sulphate plug to the reflection of a known calibration standard.

3.3 IAD and Monte Carlo simulations

The input to the IAD-program are thickness and refractive index of the sample,
information about how the experiment was carried out and finally the reflectance, R,
transmittance, T, and collimated transmittance, T.,. The output is then the albedo, a,
the optical depth, t, and the anisotropy factor, g. If only R and T are known, the IAD-
program will not give a value for g. Instead the output are the albedo and the optical
depth, with the scattering coefficient, ps, replaced by the reduced scattering
coefficient, u’s.

When performing the collimated transmittance measurement it is difficult to block all
stray light, and that leads to uncertainties in the measured transmittance. The
measured collimated transmittance might be higher than the actual transmittance and
this will affect the optical parameters. Because of this, IAD-simulations were
performed both with and without considering T, and the results were compared.

Another problem was to decide which refractive index to use in the simulations. One
option is to use the weighted refractive index of cellulose-air or cellulose-mineral oil,
as described in section 3.1. Alternatively, the refractive index of the substance that
fills the space between the cellulose fibres can be used. The motivation to this is that
the photons are only scattered against the cellulose fibres, the photon propagation
occurs in the space in between?’. To bring clarity to what is the best option, both
cases are simulated and the results compared.

When the refractive index is changed in the IAD-program this only affects the
reflectance in the surfaces; the specular reflectance and internal reflection.

Now the optical properties have been determined by the IAD-program, and to verify
the obtained coefficients they were inserted in the Monte Carlo program. The

?® Tissue Optics
7J. R. Lorenzo (2000)
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program used in this thesis is the MCML- Monte Carlo Simulation of Light Transport
in Multi-layered Turbid media, version 1.2.2.%

In the MCML- program, the light is of the shape of a pencil beam. The input is the
scattering and absorption coefficients, the anisotropy factor, refractive index and
geometry information, and from that the reflectance and transmittance are calculated.
By comparing these values to the values obtained from the IS-measurements the best
set of coefficients is determined. These coefficients are the ones taken to describe the
samples.

In the MCML program the samples are separated into two layers, the LDPE and the
paperboard. The LDPE is assumed neither to absorb nor scatter any of the light. The
only way the LDPE layer affects the simulation is with the surface reflection. By
doing this separation of the layers, the simulation comes one step closer to describing
the real samples.

To obtain a reasonable signal to noise ratio, 100 000 photon packets were launched in
each simulation. Figures 3.2 and 3.3 show the signal and noise of the simulated
transmittance. The noise is the difference between two simulations with identical
input. The signal to noise ratio should be 10 or more, and this is fulfilled for the
radius smaller than 0.8 cm, as shown in figure 3.4.

Signal 100 000 photons
1400 T T T

1200 H B

1000 - B

Counts 800 -

600 - B

400 | 1

200 - B

0 0.02 0.04 0.06 0.08 0.1 012 014 0.16 0.18 0.2
radius (cm)

Figure 3.2 The transmission simulated with 100 000 photons.

* L.-H. Wang, S. L. Jacques, L, -Q. Zheng (1995)
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Noise 100 000 photons
8 T T T

-12

1 1 1 1 1 1 1 1 1
0 0.02 0.04 0.06 0.08 0.1 012 0.14 0.16 0.18 0.2
radius (cm)

Figure 3.3 Noise in the simulations with 100 000 photons. This is the difference between two
simulations with identical input parameters caused by the program.

Signal/Noise 100 000 photons
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seeeenines -
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Figure 3.4 The signal to noise ratio of the obtained transmission. The ratio should be above 10 (the
dotted line). This is obtained with a few exceptions for a radius smaller than 0.08 cm.

3.4 Tetra Pak Experiments

Experiments were done with the laser setup at Tetra Pak with the aim to relate these
results to the results from the light propagation model.

3.4.1 Laser setup

The laser on Tetra Pak consists of four different diode lasers with specific
wavelengths; 805, 850, 940 and 980 nm. Together they form a beam with a FWHM
diameter of 0.31 cm and a maximum power of 200 W, each diode laser contributes
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with a fourth of the power. The laser power is controlled by setting a pyrometer to a
certain temperature, and then the laser power is regulated to give this temperature.
The pyrometer measures the temperature in a small spot, much smaller than the laser
spot size.

The laser beam is perpendicular to the samples, and measurements are done both
when the samples are stationary and when they are passing the laser beam at a
constant velocity.

3.4.2 Transmitted power

To measure the transmitted power, the samples are placed on a carbon black film.
When the samples are illuminated by the laser, the carbon black absorbs all
transmitted light and the temperature increases. A pyrometer set on a specific
temperature is regulating the laser power so the carbon black holds the preset
temperature.

By measuring the power required to heat the carbon black to 180°C both with and
without a sample on top of the carbon black film, a value of the transmitted power is
obtained. The measurements are performed on both sides of the samples and with the
samples passing the laser beam with the velocity of 10 cm/s.
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Chapter 4 Results and discussion

The purpose of the IS measurements followed by the IAD and Monte Carlo
simulations was to determine the optical coefficients that describes the paperboard
samples. These coefficients were then used in a model of the light propagation
through the samples. Finally transmittance measurements at Tetra Pak was performed
and compared with the results of the IS measurements and the light propagation
model. In this chapter all results are presented and discussed.

4.1 Integrating Sphere measurements

From this measurement the total reflectance R, transmittance T and the collimated
transmittance T, were obtained. Since the samples are somewhat different, these
values vary between the samples. Only the results for the wavelengths of the laser
system at Tetra Pak: 805, 850, 940 and 980 nm are presented. The results are the
averaged values from the three measurement points. Also the average of the four
wavelengths is presented, as this will be compared to measurements on the Tetra Pak
laser setup as well as the simulations.

Untreated samples

The results from the measurements are shown in table 4.1. From this it is apparent
that the white side reflects more light, especially for the shorter wavelengths, and that
the thinner samples have a higher transmittance. The LDPE-coating does not have an
influence on the reflectance. The only property that affects the transmittance is the
thickness; the thick samples transmit 45 % compared to the thin samples. The lower
reflectance of the brown side does not give a higher transmittance which indicates
that the difference in reflection depends on absorption in the brown surface. At 805
nm the difference is about seven and thirteen percentage points for the thin and thick
samples respectively.
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Table 4.1. Reflectance and transmittance of the untreated samples. First value represents the
reflectance and the second the transmittance. The last column represent the average reflectance and
transmittance of the four wavelengths. The LDPE in the “Side facing light” column indicates the
surfaces with LDPE coating. Samples 1-3 have the thickness 0.03 cm and samples 4-6 has the
thickness 0.05 cm.

Sample Side facing R+T R+T R+T R+T Average
P light (%) (%) (%) (%) R+T (%)
Wa‘(’r‘fﬁg‘gth 805 850 940 980
a) White
1 L opE 79+ 14 80+ 15 80+ 17 81+ 17 80+ 16
b) Brown 73+ 14 75+ 16 79+ 17 80+ 17 77+ 16
a) White 80+ 14 80+ 15 81+ 17 81+ 17 81+ 16
2
b) Brown
Lo 72+ 14 75+ 15 78+ 17 79+ 17 76+ 16
a) White  81+13 82+ 14 83+ 16 83+ 17 82+ 15
3
b) Brown  73+13 76+ 15 79+ 17 80+ 17 77+ 16
a) White
. el 86+ 6 86+ 7 87+ 9 87+ 9 87+ 8
b) Brown 73+ 6 77+ 8 81+ 9 82+ 10 78+ 8
a) White 85+ 6 86+ 8 86+ 9 87+ 10 86+ 8
5
b) Brown
Lo 73+ 7 77+ 9 81+ 11 83+ 11 79+ 10
a) White 84+ 6 85+ 7 86+ 9 86+ 9 85+ 8
6
b) Brown 71+ 7 75+ 8 81+ 10 82+ 11 77+ 9

Samples treated with mineral oil

Adding mineral oil to the samples resulted in a considerable increase in transmittance
(and decrease in reflectance), as seen in table 4.2. The difference in transmittance
between the two thicknesses is smaller as the thick samples transmit about 87 %
compared to the thin samples. The difference in reflection between the brown and
white side have decreased compared to the untreated samples, it is only one or a few
percentage points but it is noticeable in the transmittance as well. This indicates that
the difference in reflectance has not been absorbed, but transmitted, and that the oil
facilitates light propagation through both surfaces and the bulk material.
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Table 4.2. Reflectance and transmittance of the samples treated with mineral oil. First value
represents the reflectance and the second the transmittance. The last column represent the average
reflectance and transmittance of the four wavelengths. The LDPE in the “Side facing light” column
indicates the surfaces with LDPE coating. Samples 1-3 have the thickness 0.03 cm and samples 4-6 has
the thickness 0.05 cm.

Sample Sidﬁéﬁ‘fi”g R+T R+T R+T R+T A"FfiaTge
oil Wavelength 805 850 940 980
(nm)

a) JWhite 35457 36+ 60 36+ 62 36+63  36+61
1 b) Brown 34+ 59 35+ 61 34+ 63 34+65 34+ 62

a) White  35+58 36+ 61 35+ 63 35+ 64  35+62
? o) Drown 34457 35+ 60 35+ 62 35+64  35+61

a) White  32+62 32+ 64 32+ 67 32+ 68  32+65
° b) Brown 31+ 61 31+ 63 31+ 66 31468  31+65

) Wit 39449 41+ 53 41+ 56 41+56  41+53
) b) Brown  37+52 39+ 55 39+ 57 40+58 39+ 55

a) White  39+50 40+ 53 41+ 56 41+57 40+ 54
° b) Brown  37.52 38+ 54 40+ 57 40+59  39+56

a) White 40+ 50 41+ 53 41+ 56 41457 41+ 54
° b) Brown  36+53 37+ 56 38+ 58 39+590 38+ 57

Comparison between untreated and treated samples

At 805 nm, the transmittance of the untreated samples is approximately 23% and 13%
of the transmittance of the treated samples, for the thin and thick samples,
respectively. At 980 nm, the same comparison gives 26% for the thin samples and
17% for the thick samples.

The reflectance is also considerably lower for the treated samples, about half
compared to the untreated for all wavelengths.

Reflectance can be divided into two parts. Part one is the specular reflection at the
surface that is depending on the difference in refractive index and which can not be
avoided. Part two is the light that has penetrated the surface but is backscattered
inside the material and leaves the material on the same side as it came in. This is the
part that can be reduced by treating the paperboard with a suitable medium. The
important properties of such a medium are a refractive index that is close to that of
the paperboard, that is, cellulose, and to obtain maximum transmittance, no or very
low absorption.

Part one of the reflectance, the specular reflection can be affected by treating the
surface, in this case with the LDPE coating, but the IS measurements show that the
LDPE does not result in a positive impact on either reflectance or transmittance.
Regarding the refractive index of the LDPE layer, it is rather close to that of cellulose
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as is desired. But since it is only a layer on the surface of the paperboard it keeps the
light from propagating in the same way as the cellulose fibres do.

By comparing the transmittance of a sample that has been favourably treated on the
surface; an untreated sample with the LDPE coating, with a sample that has been
treated throughout the sample; a sample treated with mineral oil, it is evident that it is
the diffuse reflectance that is different between the two. The specular reflectance is
almost the same since the refractive index of LDPE is 1.50 and mineral oil 1.46. To
increase the transmission the sample must be made more homogeneous in terms of
refractive index variations. It is not enough only to change the surface properties.

4.2 Inverse Adding-doubling simulations

The IAD-program evaluates the optical coefficients of a sample given the reflectance
and transmittance of that sample. The coefficients are the absorption coefficient, p,,
the scattering coefficient s, and the anisotropy factor, g.

In this section the coefficients are presented; evaluated with the IAD-program with
transmittance and reflectance data from the IS measurements. The coefficients are
only presented for the wavelengths 805, 850, 940 and 980 nm.

It is important to keep in mind that the IAD-program assumes that the sample is
homogeneous. In reality the samples consists of two layers of paperboard, one brown
and one white. In addition to this there is a layer of LDPE on some of the samples
that is not taken into account in the IAD-program. This means that the obtained
coefficients can be considered as the best approximation possible.

The samples were studied from both sides to form an opinion of how the layered
structure impacts the evaluated coefficients, and to get an idea of how much of a
problem the layered structure pose.

421 R, Tversus R, T, T¢

It is difficult to measure the collimated transmittance and because of this the IAD-
simulation based on all three parameters R, T and T,y includes uncertainties.
Simulations based on only R and T are assumed to give more reliable results, though
it involves not being able to determine the anisotropy factor and the scattering
coefficient separately. Instead the reduced scattering coefficient is obtained together
with the absorption coefficient.

The comparison of the IAD simulation based on R, T and T, with the one based on
only R and T were performed with the purpose to see if the collimated transmittance
had been measured properly. If it has, there will be no difference between the
evaluated coefficients, and the sample can be described with all three coefficients; p,,
s and g. If there is a difference, the coefficients evaluated from the R and T
simulation are a better choice.

When comparing the TAD-results from R, T and R, T, T, the weighted refractive
index was used.
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Untreated samples

The R, T, T¢o-and the R, T-simulation gave close to identical coefficients for the
thinner samples 1, 2 and 3, both absorption and reduced scattering coefficients. The
evaluated coefficients of sample 1 are shown in figures 4.1 and 4.2, and the results of
sample 2 and 3 are similar. Regarding the thicker samples, 4, 5 and 6 there was a
difference in the evaluated coefficients when the white side was facing the light, side
a. Figures 4.3 and 4.4 show the evaluated coefficients for sample 6, the difference
between the coefficients for the a-side decreases as with longer wavelength.

It is interesting to note that the evaluated reduced scattering coefficient depends
differently on the wavelength for the different sides, for white or brown side facing
the light, and that the scattering coefficient is much larger when the white side is
facing the light source.

Untreated sample 1-Reduced Scattering coefficients
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Figure 4.1 Reduced scattering coefficients p,’ of the untreated sample 1 when using R and T in the
IAD-simulation compared to when using R, T and T.,. Both simulations gave almost identical
coefficients for both white and brown side facing the light.
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Untreated sample 1- Absorption coefficients
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Figure 4.2 The absorption coefficients p, of the untreated sample 1 when using R and T in the
IAD-simulation compared to when using R, T and T,,;. Both simulations gave identical coefficients for
both white and brown side facing the light.

Untreated sample 6-Reduced Scattering coefficients
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Figure 4.3 The reduced scattering coefficients p,’ of the untreated sample 6 when using R and T in
the IAD-simulation compared to when using R, T and T,. The difference in the evaluated reduced
scattering coefficients are more evident at the two shorter wavelengths.
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Untreated sample 6-Absorption coefficients
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Figure 4.4 The absorption coefficients p, of the untreated sample 6 when using R and T in the
IAD-simulation compared to when using R, T and T.,. There is a small difference in absorption
coefficients between the two simulations for the wavelengths 805 and 850 nm, when the white side is
facing the light.

Samples treated with mineral oil

The simulations on the samples treated with mineral oil did not show the same
uniformity as the untreated samples. For all samples, the simulation using R and T
gave a higher reduced scattering coefficient than the simulation with R, T and T,
Compared to the untreated samples, the difference in reduced scattering coefficient
between the a- and b side is much smaller. The obtained absorption coefficients from
the two simulations correlate very well. The coefficients of samples 1, thickness 0.03
cm, and 6, thickness 0.05 cm, are presented in figures 4.5 to 4.8.
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Treated sample 1-Reduced scattering coefficients
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Figure 4.5 The reduced scattering coefficients p,’ of the treated sample 1 when using R and T in
the IAD-simulation compared to when using R, T and T,,. The two simulations result in a rather big
difference between the evaluated coefficients, the R,T simulation gives a higher value for both sides.
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Figure 4.6 The absorption coefficients p, of the treated sample 1 when using R and T in the IAD-
simulation compared to when using R, T and T,,. The two simulations give almost identical absorption
coefficients for both white and brown side facing the light.
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Treated sample 6- Reduced scattering coefficients
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Figure 4.7 The reduced scattering coefficients p,’ of the treated sample 6 when using R and T in
the TAD-simulation compared to when using R, T and T.,. The R, T simulation results in higher
coefficients for both sides.
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Figure 4.8 The absorption coefficients p, of the treated sample 6 when using R and T in the IAD-
simulation compared to when using R, T and T,,. There is a small difference for the two shorter
wavelengths.

4.2.2 Weighted versus air/ mineral oil refractive index

Paperboard consists of cellulose but also a rather large part air, causing a problem
when choosing which refractive index to use in the simulations. One option was to
use the weighted refractive index of cellulose-air or cellulose-mineral oil, as
described in section 3.1. Alternatively, the refractive index of the substance that fills
the space between the cellulose fibres can be used, with the motivation that the
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photons are only scattered against the cellulose fibres, the photon propagation occurs
in the space in between®.

By changing the refractive index in the IAD simulations, only the specular reflections
in the surfaces is changed, as well as the internal reflection. This will not totally
account for the impact a change in refractive index would pose in reality.

Untreated samples

The following figures show scattering and reduced scattering coefficient as well as
the absorption coefficients of samples 5 a with weighted refractive index n= 1,324,
compared to the refractive index for air n= 1,0.

The scattering coefficient of all samples show a good agreement between the two
simulations, but in the reduced scattering coefficient there are differences. The a-side
of the thick samples 4, 5 and 6 show a strange result, sample 5a is presented in figure
4.9. The reduced scattering coefficient for n= 1.0 alters rather quickly between a high
value for 805 nm to a low value for 850 nm and then it stabilises. This difference is
not fully understood, or if it is resulting as a problem from the measurements. If
correctly measured, it should be the g-factor that is responsible for this since the
scattering coefficients are the same.

Figure 4.10 show the absorption coefficient of sample 5a. For most cases the n=1.0
simulation gives a higher absorption.

Since the simulation with n= 1.0 gives no specular reflection in the surfaces or
internal reflection in the end surface, as well as a peculiar g-factor for the thicker
samples, the simulation with the weighted refractive index is the better choice.

# J. R. Lorenzo (2000)
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Untreated sample 5a: Scattering coefficients
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Figure 4.9 Scattering and reduced scattering coefficients of sample 5a obtained by IAD-
simulations with two different refractive indices. The simulation with n=1.0 shows a peculiar leap in
the reduced scattering coefficient, n=1.0, from a high value at 805 nm to a low at 850 nm.

Untreated sample 5a: Absorption coefficients
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Figure 4.10 Absorption coefficients of sample 5a obtained by IAD-simulations with two different
refractive indices.

Samples treated with mineral oil
The two simulations with the treated samples gave almost identical coefficients; the
difference between the refractive indices is too small to have an impact.
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4.2.3 Differences between the samples- Weighted refractive index

The following figures show a comparison of the evaluated reduced scattering
coefficient of the thin and thick samples, respectively.

Because of the difficulties with measuring the collimated transmittance T, the
simulation based on all three parameters R, T and T, will include greater
uncertainties than the simulation based on only R and T. On account of this, the
following results are from the [AD-simulation with only R and T as inputs.

Untreated samples

There is a distinct difference between the coefficients obtained from the white or
brown side, especially regarding the thicker samples. The difference between the
maximum and minimum reduced scattering coefficient is 40 % for the thick samples
and 30 % for the thin at 805 nm. The difference decreases with increasing wavelength
giving a difference of 21 % for the thick samples and 17 % for the thin at 980 nm.

The thickness impact the scattering coefficients, the thicker samples have a bigger
difference between the scattering coefficients obtained from the different sides, than
the thin. This might be because the thick samples have the reflective coating which
the thin have not. The brown side yields a lower scattering coefficient that could
result from more absorption because the thickness of the brown layer is bigger than
the thickness of the white.

Reduced scattering coefficient, t=0.03 cm
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Figure 4.11. The reduced scattering coefficients of the untreated samples with thickness t=0.03
cm, a represents white and and b brown side facing the light. The differences between the two sides
decrease with increasing wavelength.
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Reduced scattering coefficients, t=0.05 cm
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Figure 4.12. The reduced scattering coefficients of the untreated samples with thickness t=0.05
cm. There is a separation between the a- and b sides, and the evaluated coefficients depend differently
on the wavelength.

Samples treated with mineral oil

Adding oil to the samples resulted in a significantly lower reduced scattering
coefficient, about 10 times smaller. The differences between a- and b sides of the
thicker samples are no longer that large, about 14%, at 805 nm and 15% at 980 nm.
Regarding the thin samples there are no longer an evident difference depending on
the different sides. The absorption coefficient of the brown sides has decreased to a
level corresponding to the lower absorption coefficients obtained from the white,
untreated side. The thinner samples have a higher scattering coefficient that could
depend on reflections in the surfaces. These reflections exists equally much in both
thicknesses, but the impact on the scattering coefficient, that is expressed in cm™, of
the thin samples is bigger because the distance between the surfaces is shorter.
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Figure 4.13 The reduced scattering coefficients of the treated samples with thickness t=0.03 cm.
The oil has reduced the difference between the coefficients of the two sides and now the evaluated
coefficients show the same wavelength dependency.
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Treated samples, t=0.05cm
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Figure 4.14 The reduced scattering coefficients of the treated samples with thickness t=0.05 cm
show a slight separation between the sides.

Summary of the IAD results

Since the samples are made of the same material the coefficients of the bulk material
are supposed to be the same. The differences arise from the fact that the surface
properties influence the measured results in a way that is not accounted for in the
simulations in the case of the untreated samples. A white surface yields a higher
scattering coefficient than a brown because of more reflection at the surface which
results in an overestimation of the scattering inside the sample. This also affects the
g-factor that is assigned a negative value; the scattering is assumed to be directed
backwards. When the brown side is facing the light source more light is enering the
bulk of the material and is thereby given a higher probability to get absorbed and a
lower scattering coefficient is also resulting in the evaluation.

The evaluated absorption coefficient is much lower than the scattering coefficient,
which is not surprising since cellulose is chains of sugar molecules (CsH9Os),. The
different bonds in the cellulose molecule are between O-H and C-O. These bonds
both have absorption features at wavelengths longer than 2.8 pm and do not affect the
region of interest.”® Adding oil to the samples results in lower absorption coefficients
for both sides, similar to those obtained from the white, untreated side.

Regarding the transmission, it doesn’t matter if it is the brown or the white side that is
facing the light source. There is a difference in reflectance but that is not of interest
for the application at Tetra Pak. From the IS measurements it is clear that the surface
properties do not affect the transmission and which ever of the coefficient sets chosen
will represent the transmission correctly.

Investigating the samples closer, they consist of a larger part brown paperboard and
therefore it seems most reasonable to choose the coefficients resulting from the case
where the brown side is facing the laser. The difference in reflectance might later be

3% C. N. Banwell, E. M. McCash (1994)
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corrected by the knowledge that the brown side absorbs and the white side reflects
more of the light. The resulting coefficients from the brown side are considered more
accurate in terms of describing the bulk material.

To summarize the [AD-results the mean values and standard deviations of the
coefficients are presented in table 4.3; the mean values are chosen as the coefficients
that describe the samples. Regarding the untreated samples only the results from the
b-sides are considered as discussed above. Since the simulations of the treated
samples do not result in that big differences in the coefficients between the samples,
both sides are considered when choosing the final set of coefficients.

Table 4.3. The mean and standard deviation of the reduced scattering and absorption coefficient
for the four wavelengths.

Wavelength 805 850 940 980
(nm)
Uinfireied U (fom)  3451£27.4 3557233 3688+188 37514172

(Only b-sides)
Ma (1/cm) 1,75+ 0,40 1,13+£0,26 0,54+0,12 0,40+ 0,11

Treated Ms (1/cm) 35,4+ 44 34,1+ 41 32,2+ 3,4 31,5+ 3,1

Ma (1/cm) 0,69+ 0,08 0,38£0,07 0,19+0,06 0,07+ 0,05

4.3 Monte Carlo simulations

When the optical parameters of a sample are known, a Monte Carlo program can be
used to simulate the reflectance and transmittance of the sample. In this case the
absorption and reduced scattering coefficients evaluated with the IAD program are
verified through Monte Carlo simulations. If the the R and T obtained from the Monte
Carlo simulation, with the coefficients from the IAD program as input, correlate to
the IS measurement, then the evaluated coefficients are a good approximation of the
real absorption and reduced scattering coefficients of the sample.

Firstly, the coefficients obtained by the IAD-program for the different samples were
tested in the MCML program to ensure that they give the correct R and T, followed
by a test of the coefficients that were chosen to represent the bulk material of the
samples. In the simulations the LDPE was separated from the paperboard to give a
more correct description of the samples. The problem in how to model the two
different layers of paperboard, the white and the brown, still remains.

The reflectance and transmittance obtained by the MCML simulations corresponded
very well with the IS-result, it only differ + 1 percentage point for some of the
samples, regarding both treated and untreated samples.

Untreated samples

Investigating the difference in reflection between the untreated samples, and linking
this to the absorbed fraction, gives that AR=AAbs. That means that the extra fraction
that is reflected by the white side is absorbed by the brown side. This was discussed
in connection to the IS results in section 4.1 and is now supported by the MCML
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simulations. The IS measurement resulted in a AR that was seven and thirteen
percentage points for the thin and thick samples, respectively, at 805 nm. Comparing
the difference in absorption in the MCML simulations yields the same numbers.

In the simulations the reflectance is divided into the two parts, specular and diffuse
reflectance. The specular reflectance depends on the refractive index of the surface. It
is 4 % for the LDPE coated surface and 2 % for the paperboard. This is off course
based on the assumption that a weighted refractive index can be used for the
paperboard. The diffuse reflectance is lower for the brown side compared to the
white.

This means that a brown surface coated with LDPE gives the lowest reflection, but on
the other hand it has a higher absorption and the transmission remains the same as for
the white side.

Treated samples

In the case of the treated samples, the difference in reflection and absorption between
the samples is much smaller, hardly noticeable. Only the difference in thickness
affects the transmission and reflection.

Chosen coefficients

Since the samples have been investigated from both sides, the impact of the
paperboard having two layers has been evaluated and coefficients to describe the bulk
material have been chosen. These coefficients should describe the transmission
properly, as discussed in section 4.2.3. Figures 4.15 to 4.18 show the transmission
from the MCML simulations with the final coefficients together with the IS result.

The reflection of the white sides of the untreated samples do not correspond to the IS
results, since the difference is bigger between the brown and white sides for those
samples, and only the b-sides are considered when choosing the final coefficients.
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Transmittance untreated samples, t=0.03 cm
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Figure 4.15. Comparison of the transmittance from the IS measurements and the MCML
simulations with the final coefficients for the thin, untreated samples. The MCML results are slightly
overestimated at shorter wavelengths.
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Figure 4.16 Comparison of the transmittance from the IS measurements and the MCML simulations
with the final coefficients for the thick, untreated samples.
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Transmittance treated samples, t=0.03 cm
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Figure 4.17 Comparison of the transmission from the IS measurements and the MCML simulations
with the final coefficients for the thin, treated samples. The MCML results represent the transmission
quite well throughout the wavelength range.
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Figure 4.18 Comparison of the transmission from the IS measurements and the MCML simulations
with the final coefficients for the thick, treated samples.

4.4 Modelling the light propagation

When the optical parameters are determined, different models can be applied to
describe the light propagation through the samples. The two models used in this
thesis are the diffusion model and a Monte Carlo program. The final coefficients
described in section 4.2.3 are used in both simulation models.

Given the results of the reduced scattering coefficients of the different samples, it is
clear that the diffusion equation will not be valid for the samples treated with oil.
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These samples have reduced scattering coefficients of about 35 cm™, which makes
the distance from the top surface to the location of the source, 7, in the same range as
the sample thickness, that is, the source will be placed in the bottom surface where
the transmittance is to be calculated. In this case the light has no possibility to get
scattered and become diffuse. Another model has to be applied and the Monte Carlo
convolution program is chosen for these samples.

Regarding the untreated samples, the evaluated reduced scattering coefficient will
result in a 10 times smaller distance from the surface to the source, and this is
hopefully enough to obtain reliable results.

4.4.1 Untreated samples- Diffusion approximation

The light propagation through the untreated samples is modelled by the diffusion
approximation of the time independent transport equation. The model is the one
described in section 2.2.3 for the slab geometry. Six virtual point sources are used to
simulate the laser light. Photon fluence are simulated as well as transmittance that is
also compared to the IS results.

Figures 4.19 and 4.20 show the transmitted energy as a function of radius obtained
from the diffusion simulation of the treated samples 3 and 6. Integrating the
transmitted energy over the area yields a transmittance of 23 % for the thin sample
and 11 % for the thick sample. From the IS measurement, the transmittance of the
thin and thick samples is 8- 9 % and 16 %, respectively.

It is not surprising that the thick samples show a better agreement between the IS and
diffusion results, because the condition for the diffusion approximations is that the
light has been scattered and become diffuse. The probability for this to happen
increases with the thickness of the sample. Considering the samples with thickness
t=0.03 cm the transmittance is overestimated by the diffusion model because they
simply are too thin.
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Figure 4.19 The transmitted energy of the untreated sample 3. When this curve is integrated over
the area the transmittance is obtained, 23 % for this sample with thickness 0.03 cm.
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Figure 4.20 The transmitted energy of the untreated sample 6. When this curve is integrated over
the area the transmittance is obtained, 11 % for this sample with thickness 0.05 cm.
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4.4.2 Treated samples- CONV

CONV’! is a program that convolutes the MCML simulation data to the input of a
finite diameter photon beam. The input to the program is the information already
given in the MCML together with the laser beam shape and power. In this case the
incoming photons are in the shape of a flat beam with the radius 16 mm, which best
approximates the beam shape of the Tetra Pak laser.

The input is 1 J on a surface with the radius 0.16 cm. The system is linear, so if the
input is changed by factor n, the output is changed by the same factor.

For the sake of comparison, this model was applied to both untreated and treated
samples, resulting in illustrations of how the oil affects the light propagation.

Figures 4.21 and 4.22 shows the simulated fluence through the untreated samples and
figures 4.23 and 4.24 the fluence through the treated samples. The evaluated fluence
through the treated samples shows peculiar disturbances that come from the
simulation. Why this happens has not been figured out. If these disturbances are
disregarded, the more probable appearance of a smooth fluence can be imagined in
the figures.

Fluence untreated sample, t=0.03 cm
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Figure 4.21 Fluence through the untreated sample 3. The thickness is shown on the y-axis. This
sample has no LDPE coating and that is why the thickness is a bit smaller than 0.03 cm.

' L. —H. Wang, S. L. Jacques, L. —Q. Zheng (1997)
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Fluence untreated sample t=0,05 cm
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Figure 4.22.Fluence through the untreated sample 6. Because of the thickness being almost twice
that of sample 3, the fluence has got more attenuated when reaching the bottom surface. This sample
does not have the LDPE coating why the thickness is a bit smaller than 0.05 cm.
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Figure 4.23 Fluence through the treated sample 3. Because of disturbances in the simulation, the
evaluated fluence is not as smooth as that from the treated samples. However, if the disturbances are
disregarded, the fluence has not been as attenuated at the bottom surface compared to the case with no
oil treatment.
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Fluence treated sample t=0.05
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Figure 4.24 Fluence through the treated sample 6. Disregarding the disturbances, the fluence has
not been as attenuated at the bottom surface compared to the case with no oil treatment.

Taking the natural logarithm of the fluence gives a curve that is smoother, and shows
the slowly decaying fluence in the radial direction. For comparison, the logarithms of
the fluence through the untreated as well as the treated sample are shown in figures
4.25 and 4.26.
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Figure 4.25. Logarithmic fluence through the untreated sample 6.To plot the fluence in a
logarithmic scale shows the long tails of a very small fluence. In this case it is apparent that the fluence
is attenuated rather fast.
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Fluence treated sample t=0.05 cm
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Figure 4.26 The natural logarithm of the fluence through the treated sample 6. The oil has
facilitated the light propagation, especially in the z but also giving a longer tail in the radial direction.

The simulated transmittance as a function of radius is shown in figure 4.27 in the case
of the untreated sample 3, and in figure 4.28 for the treated sample 6. Unlike the case
in the diffusion model, the light source hits the sample over a surface and has the
shape of a flat beam. The transmission curves with the radial dependence in the
figures are obtained by dividing the output curve with the input energy. These results
correlate well with the transmittance obtained form the IS measurements. The
transmittance of the treated samples also shows disturbances.
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Figure 4.27. Simulated transmittance of the untreated sample 3. This transmittance is obtained
regardless of which side is facing the light, since the set of coefficients has been chosen to describe the
bulk material. The thickness of the sample is 0.03 cm.
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Figure 4.28. Simulated transmission of the treated sample 6. The thickness of the sample is 0.05
cm. This curve represents the transmittance of both sides, since the set of coefficients has been chosen
that best describes the bulk material.
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4.5 Experiments

The measurements done on Tetra Pak provided the result shown in figure 4.29, it
shows how much laser power is needed to heat the carbon black with and without
sample 6. The pyrometer controlling temperature is set to 180 °C. In the figure both
sides of sample 6 is represented, showing that slightly less power is needed when the
brown side, side b, is facing the laser. A measurement of the carbon black is also
presented in the figure for a direct comparison. The difference between the two is the
part that is reflected or scattered away from the measurement area, and not
contributing to heating the carbon black.

Figure 4.30 show the transmittance of sample 6, and the results from all samples are
presented in table 4.4.

Sample 6 a&b- Power

200

180
160 n i
140 UWW

120

< 100

<

80 ——Power sample

——Power carbon black

60
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20

0 0,5 1 1,5 2 2,5 3 3,5 4 4,5 5

Time (s)

Figure 4.29 The required power to heat the carbon black to 180°C with and without the untreated
sample 6 a and b. The a-side is shown between the times 0.5 to 2.5 s, the b-side between 2.5 to 4.5 s.
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Sample 6 a&b- Transmittance
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Figure 4.30 The transmittance of the untreated sample 6 a and b. The a-side is shown between the
times 0.5 to 2.5 s, the b-side between 2.5 to 4.5 s.

The untreated samples have a transmittance of just above 20 %, the differences in
thickness and surface properties have no measurable impact. When the samples are
treated with mineral oil the difference in thickness appears in the measurements, the
thin samples have a transmittance of about 55-60 % and the thick samples around 40-
45 %. The differences between the samples are only one or a few percentage points,
comparable to the difference in the IS measurements. In table 4.4, sample 5 has a
lower Pj, than samples 4 and 6, but with experience from earlier measurements this is
not representative for sample 5 which generally has about the same values as 4 and 6.

Comparing the transmittances of the treated and untreated samples, the transmittance
of the thin, untreated samples is almost 40% of the transmittance of the treated
samples, and correspondingly 50% of the thick, treated samples.
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Table 4.4 The results from the power measurements. The LDPE in the “Side facing laser” column
indicates the surfaces with LDPE coating. Samples 1-3 have the thickness 0.03 cm and samples 4-6
have the thickness 0.05 cm.

Untreated samples, Py =34 W Treated samples, Pyy,;= 34 W

Side facin Transmittance Transmittance
sample e Pin (W) o) Pin (W) %)
a) White,
] LDPE 160 21 58 58
b) Brown 155 22 63 54
a) White 164 22 62 54
2 b) Brown
LDPE 157 22 60 56
3 a) White 163 22 56 60
b) Brown 150 22 57 60
a) White,
A L DPE 167 21 81 41
b) Brown 159 22 80 42
a) White 168 21 66 52
5 b) Brown
LDPE 155 22 70 49
5 a) White 166 21 80 42
b) Brown 152 22 83 40

Comparison IS and Tetra Pak results

Comparing the results from this measurement with the transmission obtained in the IS
measurement, it is surprising to find that the transmission according to the TP
measurements is actually higher for the untreated samples than the corresponding
result from the IS measurement. Furthermore there is no difference depending on the
thickness of the samples. The untreated samples on the other hand give a lower
transmission in the TP measurement compared to the IS measurement. This is more
realistic considering that it is the total transmission that is measured in the integrating
sphere. In the Tetra Pak laser setup it is the temperature that is measured, and most
likely there are some losses because the temperature is only measured in one spot.

Considering the untreated samples, it is doubtful that the pyrometer measures the
temperature in the right spot since it doesn’t register any difference between the
thicknesses. In addition there is no sign of the LDPE melting when in contact with the
carbon black film. LDPE has a melting point of 109-125 °C** which makes it evident
that the carbon black film has not reached the set temperature. This points towards the
pyrometer measuring the temperature in another spot than assumed, or gets disturbed
in some way.

When measurements are performed on the treated samples, the LDPE melts when it
faces the carbon black film, indicating that the film has at least reached the LDPE
melting temperature.

32 Plasticsusa
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Since the pyrometer measures the temperature and not the transmitted light, and
because of the uncertainties with the measuring spot, it is difficult to compare these
results with the IS measurements.
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Chapter 4 Results and discussion
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Chapter 5 Conclusions

The results from the IS measurements show that the different surfaces; brown or
white, with or without LDPE-coating does not affect the transmission. However, the
brown and white side affect the reflectance differently; the white side giving a higher
reflectance than the brown. This is caused by a higher absorption in the brown
paperboard and does not result in an increase in transmission.

The oil decreases the diffuse reflectance, the part that penetrates the surface of the
sample but then is backscattered and leaves the sample at the same side as it entered.
This means that it is not enough to treat the surface of the samples; the whole sample
must be made more homogeneous to increase the transmission. Adding the oil makes
the average transmittance increase from 16 % to 63 % for the samples with thickness
0.03 cm, from 8 % to 55 % for thickness 0.05 cm.

In the IAD evaluation model it is assumes that the samples are homogeneous; this is
not the case why the samples are investigated from both sides to form an opinion of
how this affects the obtained coefficients.

The TAD-simulation with only R and T as input gives the most reliable result, with
reduced scattering coefficients around 200 times greater than the absorption
coefficients for the untreated samples.

Adding oil to the samples has a positive impact on both the scattering and the
absorption, making the reduced scattering coefficients decrease with a factor 10 for
all samples and the absorption coefficients of the brown sides decrease to a level
corresponding to the lower absorption in the white, untreated side.

Coefficients obtained from the brown, untreated are the most reliable and are
assumed to describe the transmission correctly. Regarding the treated samples,
coefficients obtained from both sides can be considered since the oil makes the
difference between the samples very small.

Using the coefficients in the MCML program results in a transmission that
corresponds very well to the IS results. These simulations also confirm that the
difference in the surface reflectance is due to absorption in the brown paperboard.

The diffusion approximation handled light propagation through the thick, untreated
samples rather well, but overestimates the transmission of the thin samples because
they simply are to thin. The treated samples do not scatter the light enough for it to be
diffuse why the Monte Carlo convolution program is a better choice to model the
light propagation through those samples.

Regarding the untreated samples, the Tetra Pak measurements gave a higher
transmittance than the one obtained in the IS measurements In addition, the carbon
black has not reached the LDPE melting temperature that is lower than the set
temperature, which makes it doubtful that the pyrometer measures the temperature in
the assumed point on the carbon black. The results from the treated samples show a
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more realistic result giving a transmission of 56 % and 42 % for the thin and thick
samples respectively.

Since the pyrometer measures the temperature and not the transmitted light, and
because of the uncertainties with the measuring spot, it is difficult to compare these
results with the IS measurements.
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Appendix A Matlab code Diffusion theory




% Steady-state diffusion theory with six virtual sources
% slabsteady - Steadystate photon fluence as a function of r in a
slab geometry

% (cylindrical symmetry)

%

% USEAGE: fluence=slabsteady(d,mus,mua,n,z,r,P)

%

% ARGUMENTS:

% d = slab thickness [m]

% mus = reduced scattering coefficient [1/m]

% mua = absorption coefficient [1/m]

% n = refractive index

% z = the depth where fluence is to be calculated
% r = a vector of the radius elements where fluence is to be
calculated [m]

% P = input power [W]

%

% OUTPUT:

%  fluence = a vector containing fluence data
function fluence=slabsteady(d,mus,mua,n,z,r,P)

% Speed of light
c0=3e8;
c=c0/n;

% Diffusion Theory (Extrapolated boundary)

% Determination of the distance ze. This depends on the difference
in

% refractive index between the two media

muc = cos(asin(c/c0));

ro = ((c0-¢c)/(cO0+c))N2;

kappa = ((1-r0)*(1-muc*muc))/(1+r0+(1-r0)*muc*muc*muc) ;
diff = 1/(3*(mus+mua));

ze = 2*diff/kappa;

%z0 = distance from z=0 to tege point of the Ffirst source
%muf= Mu effective

z0 = 1/mus;

muf = sqrt(3*mua*(mua+tmus));

gamma=4*pi*mua;

%distances from the different sources to the measuring point
rl=sqrt((z-z0)"2+r."2);

r2=sqrt((z+z0+2*ze)2+r."2);
r3=sqrt((z-2*d+z0-2*ze)"2+r ."2);
rd=sqrt((z-2*d-z0-4*ze)"2+r ."2);
r5=sqrt((z+2*d-z0+4*ze)"2+r ."2);
ré=sqrt((z+2*d+z0+6*ze)"2+r."2);

% Calculate photon fluence W/m2
fluence=((P*muf"2)/gamma)*((1./rl) . *exp(-muf*r1)-(1./r2) . *exp(-
muf*r2)-(1./r3) . *exp(-muf*r3)+(1./r4) . *exp(-muf*r4)+(1./r5) . *exp(-
muf*r5)-(1./r6) . *exp(-muf*r6));

67
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% steadyT - Steadystate transmittance as a function of r in a slab %
% % %geometry

% (cylindrical symmetry)

%

% USEAGE: transmittance=steadyT(d,mus,mua,n,r,P)
%

% ARGUMENTS:

% d = slab thickness [m]

% mus = reduced scattering coefficient [1/m]

% mua = absorption coefficient [1/m]

% n = refractive index

% r = a vector of the radius elements where fluence iIs to be
calculated [m]

% P = power input [W]

%

% OUTPUT:

% transmittance= a vector containing transmittance data [W/m2]
function transmittance=steadyT(d,mus,mua,n,r,P)

% Speed of light
c0=3e8;
c=c0/n;

% Diffusion Theory (Extrapolated boundary)

% Determination of the distance ze. This depends on the difference
in

% refractive index between the two media

muc = cos(asin(c/c0));

ro = ((c0-¢c)/(cO0+c))N2;

kappa = ((1-r0)*(1-muc*muc))/(1+r0+(1-rO0)*muc*muc*muc);
diff = 1/(3*(mus+mua));

ze = 2*diff/kappa;

% zO= distance from z=0 to the point of the source
% muf= Mu effective

z0 1/mus;

muf sqrt(3*mua*(mua+mus));

%distances from the different sources to the measuring point
rl=sqrt((d-z0)"2+r."2);

r2=sqrt((d+z0+2*ze)"2+r."2);
r3=sqrt((-d+2*d-z0+2*ze)"2+r."2);
rd=sqrt((-d+2*d+z0+4*ze)"2+r_"2);
rS5=sqrt((d+2*d-z0+4*ze)"2+r ."2);
ré=sqrt((d+2*d+z0+6*ze)"2+r."2);

%Calculate diffuse transmittance

% z=d

nol=(1./rl+muf) .*((d-z0)./r1."2) .*exp(-muf*rl);
no2=(1./r2+muf) . *((d+z0+2*ze) ./r2 ."2) . *exp(-muf*r2);
no3=(1./r3+muf) . *((-d+2*d-z0+2*ze) . /r3."2) . *exp(-muf*r3);
nod=(1./r4+muf) . *((-d+2*d+z0+4*ze) . /r4 . "2) . *exp(-muf*r4);
no5=(1./r5+muf) . *((d+2*d-z0+4*ze) . /r5.72) . *exp(-muf*r5);
no6=(1./r6+muf) . *((d+2*d+z0+6*ze) ./r6.72) . *exp(-muf*r6) ;

transmittance=(-P/(4*pi))*(-nol+no2-no3+no4-no5+nob);
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% Steady state transmittance through the slab
% Prov 3

R=0:0.0001:0.004;
T805=steadyT(0.00027,34500,175,1.324,R,1);
T850=steadyT(0.00027,35570,113,1.324,R,1);
T940=steadyT(0.00027,36880,54,1.324,R,1);
T980=steadyT(0.00027,37510,40,1.324,R,1);

% Average transmittance considering all four wavelengths

T=(T805+T850+T940+T980) ./4;

figure(l)

plot(R,T)

title("Sample 3- Transmitted energy”);
xlabel ("Radius (m)");

ylabel (" (3/m2) °);

% Integrating over the area to obtained total transmitted
energy/power

T _tot=0;
for i=1:length(T)-1;

T _tot=T_tot+pi*(RG+1L)"N2-R(I)N2)*T(1);
end
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Bestamning av de optiska egenskaperna hos material for
laserapplikationer.

A. Nordstrom

Bakgrund och syfte

Tetra Pak ar ett vérldsledande foretag inom process och forpackningsindustrin, som hela
tiden jobbar for att utveckla nya tekniker som samtidigt dr forenliga med nyckelfrasen ”En
forpackning ska spara mer dn den kostar”. Detta stiller hdga krav bdde da det géller ekonomi
och miljé. Huvudkomponenten i forpackningar, kartong, bestar av cellulosa och stimmer vil
pa bada aspekter.

Syftet med denna undersokning &r att bestimma kartongens optiska
egenskaper for laserapplikationer. Det dr intressant att se hur en behandling av kartongen kan
paverka dessa egenskaper, i detta fall handlar det om en olja som trénger in i kartongen.
Kartongprover med olika ytor och tjocklekar undersoks for att se hur detta paverkar
reflektion och transmission.

Teori
De parametrar som anvinds for att beskriva ett prov ar absorptionskoefficienten, 1,
spridningskoefficienten, Us och anisotropifaktorn, g. Absorptions- och

spridningskoefficienterna beskriver en sannolikhet att en inkommande foton ska absorberas
resp. spridas under en lingdenhet och anges i cm™. Anisotropifaktorn #r ett matt pa hur
spridningen r riktad, och har vérden i intervallet -1 till 1, dér -1 beskriver bakétspridning, 0
isotropisk spridning, dvs. att spridingen sker lika mycket i alla riktningar och 1 innebér
framétspridning. I vissa fall kan inte g och i bestimmas var for sig och da anvinds istéllet
den reducerade spridningskoefficienten p’=(1-g)us.

Utforande
Provernas reflektans, R, transmittans, T, samt den kollimerade transmittansen T, bestimdes
genom maétningar i en integrerande sfér, IS.

Med ett utvdrderingsprogram baserat pa adding-doubling metoden, [AD,
bestimdes de optiska parametrarna p,, ps och g. D4 mitningen av T, dr svar att genomfora
korrekt, dr en utvédrdering utan denna mer tillforlitlig. D& erhalls istéllet pg” samt p, Dessa
koefficienter testades sedan med ett Monte Carlo program for att se om de gav samma R och
T som IS, alltsd om koefficienterna ger en bra beskrivning av proverna.

Ljustransporten genom kartongproverna modellerades med
diffusionsapproximationen i fallet med obehandlad kartong, och med ett Monte Carlo
program for de oljebehandlade proverna. Diffusionsteori baseras pa att ljuskéillan
approximeras med en isotropisk punktkilla pd avstandet zy=1/p’ in i provet, och att ljuset
antas vara diffust nir det nér detektorn. Monte Carlo programmet simulerar transmissionen
av en inkommande ljusstrale med bestdmd radie och intensitetsférdelning.

Resultat och diskussion
IS-mitningen gav olika reflektans beroende pa vilken yta som &dr vind mot ljuset, vit sida
reflekterar mer. Transmittansen paverkades dock inte av detta, vilket tyder pa att
minskningen i reflektans for den bruna sidan beror pa absorption. IAD- simuleringarna gav
en s’ som var ca 200 génger storre dn p, for de obehandlade proverna, vit sida ledde till
hogre s’ och lagre p, n brun.

Oljan gjorde att spridningen minskade markant, s’ blev ca 10 ganger mindre.
Absorptionen minskade for de bruna sidorna och blev i nivd med absorptionen i de vita. Det
ar viktigt att komma ihdg att proverna utvdrderas med antagandet att de 4r homogena, vilket
inte dr fallet 1 verkligheten. Detta gor att de utvirderade koefficienterna far ses som den bédsta
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mojliga approximationen. Figur 1 visar transmissionen av de obehandlade, tunna proverna
fran IS-matningen. Prov 1-3 har tjockleken 0.03 c¢cm och 4-6 tjockleken 0.05 cm. Dartill
representerar ett a en vit sida mot ljuskéllan, och b en brun sida mot ljuskéllan. Férutom detta
har prov 1a och 2b en plastbeldggning.

Transmission, t=0.03 cm

0,19

- /// N
—a—1b

0,15 -+

- 0,13 %

=

S 2b
0,11 —x—3a
0,09 3
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805 850 940 980

Véglangd (nm)

Figur 1. Transmissionen frin de obehandlade, tunna proverna. Jimforelse mellan IS och
MCML resultat.

Eftersom proverna ér gjorda av samma material, borde de beskrivas av samma koefficienter.
De koefficienter som bist beskriver transmissionen testades med Monte Carlo simuleringar
och resultatet fran dessa visas ocksa i figurerna. Figur tva visar resultatet fran IS och MCML
for de behandlade proverna. Oljan innebdr en markant 6kning av transmissionen. Proverna
med tjocklek 0,05 cm hade en ldgre transmission, ca 10 % for obehandlat och 55 % med olja.

Transmission, t=0.03 cm
0,7
0,65
—e—1a
0.6 1 —=—1b
K 2a
g 055 2b
—x—3a
0’5 a +3b
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0,4
805 850 940 980
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Figur 2. Transmissionen frin de behandlade, tunna proverna. Jimforelse mellan IS och MCML
resultat.

Simuleringar enligt diffusionsmodellen utfordes pa de obehandlade proverna och resulterade i
transmittanser som stdmde vil med IS resultatet for de tjocka proverna, men lite sdmre for de
tunna. Detta beror pa att ljuset inte hinner spridas och bli diffust om provet ar for tunt Att
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ljuset ar diffust dr ett villkor for att diffusionsmodellen ska vara giltig. De behandlade
provernas transmittans simulerades med ett Monte Carlo program, som ocksé gav resultat
jdmforbara med IS métningen. Har simulerades dven fotonflédet genom proverna, ocksa for
de obehandlade, vilket visas i figur 3 for ett tunt, obehandlat prov.

Fotonfléde obehandlat prov, t=0.03 cm

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Radie (cm)

Figur 3. Fotonflodet genom ett obehandlat prov utan plastbeliggning, t= 0.03 cm.

Slutsats

Oljan minskar den diffusa reflektansen, den del som penetrerat ytan och som sen genom
bakatspridning ldmnar provet pd samma sida som den kom in. De olika ytorna har ingen
betydelse for transmittansen, vilket innebér att hela provet maste behandlas och bli mer
homogent, att ytbehandla ricker inte.

Oljan har en positiv effekt pd bade spridningen och absorptionen da den
minskar den reducerade spridningskoefficienten med ca en faktor 10 for samtliga prover och
sianker absorptionskoefficienten for den bruna sidan till samma nivd som den ligre
absorptionen i den vita, obehandlade sidan.

Koefficienterna som valdes att representera provernas optiska egenskaper gav
en bra beskrivning av transmittansen, testat med Monte Carlo simuleringar.
Diffusionsmodellen &r giltig for de tjocka obehandlade proverna men de med tjocklek 0.03
cm &r ndgot for tunna for att ljuset ska hinna spridas och bli diffust.
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