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Sammanfattning 

I pappersbruk kommer dagligen mängder med träflis som ska omvandlas till pappersmassa. I 

processen ingår det ett moment där träflisen ska blandas med vatten och kemikalier. För att få rätt 

blandning är det en stor fördel att veta andelen vatten som redan finns i träflisen.  

Mantex, ett svenskt bolag som utvecklar produkter för att med hjälp av dubbla röntgenenergier 

mäta vatten halten.  Träflisen som kommer till bruken är av olika storlekar och träsorter. Detta 

kommer att påverka mätningen av vattenhalten. Denna rapport kommer undersöka hur 

oregelbunden mängd och storlek på flisen (bulkdensitet) påverkar beräkningen av vattenhalten och 

om det är möjligt att genom kollimering förbättra mätningarna.  

Detta kommer att undersökas genom att använda ett Monte Carlo baserat simuleringsprogram. 

Resultaten visade att bulkdensiteten har en stor inverkan på mätning av vattenhalten i träflis och 

att genom att använda kollimatrorer kunde man minska effekten av bulkdensitet och höjd 

förändringar.  
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Abstract 

Paper mills daily use a large quantity of wood chips to produce paper pulp. The wood chips 

together with water and chemicals will be mixed to form paper pulp. To estimate the amount of 

water that is needed, there is an advantage to know the moisture content in the wood chips. Mantex, 

a Swedish company develops products for measuring the moisture content in wood chips by using 

dual energy X–ray photometry. The wood chips will be of varying size and shapes. It has been 

observed that changes in wood chips height and bulk density due to irregular size and shapes 

causes errors in the moisture determination. 

This thesis will investigate the impact of height and bulk density changes during measurements of 

moisture content and investigate the probability to decrease the effects by using collimators.  

The result from this study showed that the bulk density had a significant impact on the moisture 

measurements and by using collimators it was possible to decrease the error.  

Mantex is a Swedish company that develops equipment for the paper industry for e.g. measuring 

the amount of water in wood. The water content is measured by using dual energy X–ray 

absorptiometry (DXA). The total mass absorption coefficient for a material with multiple 

components is proportional to the sum of the individual components with their respective mass 

absorption coefficients. By using this relationship, the fraction of water in wood chips can be 

estimated. The calculations that are used today only account for X–rays that are absorbed by the 

photo electric effect and neglect photons lost by other phenomena like Compton and Raleigh 

scattering. During measurements the height and bulk density of the wood chips can change and 

this leads to errors in the estimated water content. The change in height and bulk density can, for 

example, depend on how compact the wood chips are.  

In this thesis the relationship between change in bulk density, height and collimator size was 

investigated. The study was performed by simulation of the X–ray path using PENELOPE a Monte 

Carlo based simulation program.  

The result from this study showed that the bulk density had a significant impact the moisture 

measurements and that by keeping the bulk density constant there was possible find an optimal 

collimation. 
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NOMENCLATURE 

A list of indications and shortening that is used in this theses.  

 

Denotations 

Symbols Description  

A area per unit time [m2/s] 

β regression values 

c speed of light [m/s] 

γ photon scatter direction  

d material thickness [m] 

E Photon energy [keV] 

Ec energy of the Compton electron [keV] 

Ee energy of an electron [keV] 

h plank’s constant  

Jinc incident flux of photons 

ki MC coefficients 

θ scatter angle of Compton photon [rad] 

µ attenuation coefficient 

H  attenuation coefficient for high energy 

L  attenuation coefficient for low energy 

ν initial photon frequency  [Hz] 

ν’ photon frequency after Compton interaction [Hz] 

MC known moisture content [%] 

MC
^  measured moisture content [%] 

me electron mass [kg] 

N0 number of photons transmitted photons 

N number of photons before passing the material 

Nins number of incident photons 

Nse number pf photon in scatter area  

re radius of en electron [m] 

RL R value low energy  

RH R value low energy 

t time in seconds [s]   
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ρ density [kg/m3] 

KN  total cross section area 

NK

Co  compton cross section area 

Φ compton electron scatter angle  

dΩ total scatter angle 

Z atomic number 

  photon scatter direction 

 

Abbreviations 

A RMSE bar chart were all R-value pairs were used 

C2H Collimator 2 High energy 

C2L Collimator 2 Low energy 

C3H Collimator 3 High energy 

C3L Collimator 3 Low energy 

DCS Diffraction Cross Section  

DOE Design-of-Experiment 

DXA Dual energy X–ray Absorptiometry 

H1 RMSE bar chart were first half of the R-value pairs were used 

H2 RMSE bar chart were second half R-value pairs were used  

MC Moisture Content 

ME Mean Error 

R1 RMSE bar chart were 20 random chosen R-value pairs were used  

R2 RMSE bar chart were 20 random chosen R-value pairs were used 

R3 RMSE bar chart were 20 random chosen R-value pairs were used 

SNR Signal-to-Noise ratio 

PLS  Partial Least Square  

RMSE Rot Mean Square Error 
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1  INTRODUCTION 

Here a detailed description of the background and purpose of the thesis will be presented. The 

purpose of the thesis with it main questions will be stated. Limitations of the method will also be 

described. 

1.1 Background 

In the paper industry the water content of wood chips is an important parameter both during the 

purchasing process of wood chips and during paper production. In the paper mill wood, water and 

other chemical substances will be mixed together. To make as good paper as possible it is 

important to have control over how much water there is in the wood chips. Wood will always 

contain some amount of water and different parts of the tree e.g. the heartwood/sapwood, will 

contain different amounts of water.  

The water content in wood chips is traditionally measured by weighing the wood chips and then 

drying them in an oven and then weighing them again. The water content is measured as the 

difference in weight per percentage. This process is time consuming and a faster and an easier way 

of measuring the water content is desirable [1].  

By using two X–ray sources with different energies i.e. Dual energy X–ray Absorptiometry 

(DXA), the water content can be measured. The basic idea of measuring water and wood is that 

the total mass attenuation coefficient for the material is a sum of all individual attenuation 

coefficients in the material. By measuring the amount of absorbed energy the mass attenuation 

coefficient for water and wood can be calculated [2]. This calculation is simplified by assuming 

that photons are only absorbed in the material by the photoelectric effect and ignores other types 

of photon loss e.g. scattering.  

The technique that is used to measure moisture content is the same technique that is used in bone 

mineral density measurements. The difference between human bone and wood chips is that the 

density and size will vary a lot more for wood chips than for bone. This variation will affect the 

conditions for photons to interact with the material. When, for example, the height of the wood 

chips increase the X–rays can interact further away from the detector. This will decrease the 

probability for scattered photons to reach the detector.  

In the paper mill wood chips will usually be transported on a conveyor belt. One of Mantex 

products (FlowScanner) is placed over the belt and is measuring the water content in wood chips 

by using DXA. The wood chips will have different sizes and shapes which will change the bulk 

density of the feed. It has been observed that these changes have an impact on the moisture 

measurements. To be able to improve the moisture determination, the knowledge about how 

scattering affects the results and how scattering relates to changes in bulk density are desirable. 

1.2 Purpose 

The objective of this thesis was to investigate how changes in bulk density affect the determination 

of moisture content and how this effect can be minimized by changing the collimator sizes. This 

issue has led to four questions that were answered in the thesis. The main questions to answer: 
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- How does the bulk density and height of the wood chips influence the measurement? 

- Can changes of the collimators improve the accuracy of the measurement and decrease the 

effect of bulk density and height changes? 

- How does scatter effect the measurement? 

- Can scattered photons add some important information about the material? 

The questions result in a set of parameters that can be changed: height and bulk density of the 

measured material i.e. height and bulk density, collimator slit sizes and collimator positions. 

1.3 Method 

A simulation program, PENELOPE, was used in order to simulate changes of different parameters. 

PENELOPE is a Monte Carlo based simulation program developed to simulate radio physic 

events. The simulations and geometry was based on a Mantex product; the FlowScanner. By 

building an X–ray beam path model of the FlowScanner in PENELOPE and then change the bulk 

density, collimator slit sizes and position, the effect of these parameters could be obtained. All 

simulations were analysed by calculating the moisture content and then comparing the results with 

known values. The numerical experiments were partly designed and analysed using Design of 

Experiments (DOE).  

1.4 Delineation 

This thesis is limited to the geometry of the FlowScanner mechanics from 2014. Some 

simplifications have been done on the beam geometry and the materials to be able to simulate a 

specific X–ray path. 

All geometries used was set to absorb all electrons and positrons that might arise in or hit the 

material. The electrons and positrons were not of interest for these simulations and by not counting 

these particle tracks the run time for each simulation was reduced.  

The wood chips were simplified to consist of only water and cellulose. Only cellulose was chosen 

because about 40% of dry wood consists of cellulose, the rest is lignin. Lignin is more difficult to 

simulate due to its chemical complexity [8]. 

It is only the collimator slit width and height, bulk density, wood chips height and moisture content 

in the wood chips that has been varied in the simulations, the rest of the geometry was fixed.  
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2  THEORY 

2.1 X–rays 

X–rays are a form of electromagnetic waves in the energy range of 30-140 keV [3]. X–ray photons 

are obtained by accelerating electrons towards a metal plate with high atomic number. The 

electrons will transfer their kinetic energy to the atoms in the material. This interaction will elevate 

the electrons to a higher energy level, when the electrons relax to a lower energy level, energy will 

be emitted. The emitted energy can either be thermal or electromagnetic energy. X–rays can be 

produced either by interaction with electrons or by interaction with the nucleus. When the electrons 

interact with the inner shell electrons X–rays are produced, the wavelength of this radiation is 

characteristic for the specific element. If the electrons interact with the nucleus, X–rays with 

different energies will be produced. This type of radiation is called Bremsstrahlung. 

When X–rays travel through a medium they can be absorbed by the material. The amount of rays 

absorbed depends on the material and the energy of the X–ray photon. Photons can interact with a 

material in three different ways: i) photoelectric absorption, ii) inelastic scattering or iii) elastic 

scattering. X–ray scattering is a random event and the probability that a photon interacts with an 

electron can be described by the cross section area of the material.  

2.1.1 The Photoelectric effect 

When a photon interacts with a material the photon can be completely absorbed by the material. 

Depending on the energy of the incoming photon an interacting electron can either be ejected from 

the atom or become excited to a higher energy level. The photon usually interacts with electrons 

in the K shell but it can interact with electrons in higher shells as well. When an electron is ejected 

from the atom there will be an empty place in the shell that must be filled by another electron from 

a higher energy level. When an electron transfers from a higher to a lower energy lever it emits a 

photon with characteristic energy. The photon that is emitted is often absorbed by another 

surrounding electron which can result in auger electrons.  

 

Figure 1, Schematic of the photoelectric effect. A) A photon is absorbed by the atom and an 

electron is emitted, B) The emitted electron leaves an empty hole that is filled by another 

electron from a higher energy level. A photon will then be emitted having energy equal to the 

energy difference between the two shells. C) This new photon can interact with another electron 

in the material and create a so called auger electron.   

A 

B 

C 
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The amount of transmitted photons can be modelled by the Beer–Lambert law: 

  ( 1 ) 

Where N is the number of transmitted photons and N0 is the initial number of photons, d is the 

thickness of the material and µ is the linear attenuation coefficient. The µ is energy– and material 

dependent and varies with the electron density of the absorber [4]. Eq.1 shows that the attenuation 

is logarithmically proportional to the thickness of the material. Eq. 1 applies only when the X–ray 

beam is monochromatic. When a polychromatic beam is used, the attenuation is no longer 

logarithmically proportional to the thickness. This phenomenal is called the beam hardening effect 

and can give rise to various artefacts in X–ray applications.   

Another drawback of using the linear attenuation is its electron density dependency. For example, 

water in solid and liquid form will have different attenuation coefficients. To make the attenuation 

coefficient invariant to the density the mass attenuation coefficient (µ/ρ) is often used instead.  

2.1.2 Compton scattering 

Inelastic or Compton scattering occurs when a photon interacts with an electron. The photon 

transfers some or all of its energy to the electron which will be ejected from the atom. The photon 

will be deflected by an angle θ with respect to the incident direction [4]. The energy and 

momentum of the process are conserved and can be written as:  

 
electronEhvhv  '  ( 2 ) 

Where h is Plank’s constant, v is the frequency of the photon before interacting with the electron 

and v’ is the frequency after interaction. Eelectron is the kinetic energy of the electron. Figure 2 shows 

a schematic image of a Compton event.  

 

Figure 2, Compton scattering 

Where θ is the angle of the deflected photon and Φ is the reflection angle of the electron. The angle 

of the deflected photon is in the range from 0 to 180o depending on how much energy that has 

been transferred to the electron. Eq. 3 shows the relationship between the angle and the energy 

lost.  
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Where me is the electron mass and c is the speed of light.  The probability that Compton scattering 

will occur depends on the number of electrons that are available as scatter targets. The number of 

electrons is proportional to the atomic number Z [4]. For an unbounded electron the differential 

cross section (DCS) is simply the Klein–Nishina formula Eq 4 [5]. If the electron is bounded, 

Doppler broadening can occur in the Compton line and that makes the DCS more complex.  
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Where 
d

d KN

Co
 is the DCS for Compton, 2

er is the electron radius, EC is the energy of the Compton 

line and E is the energy of the photon.  

2.1.3 Rayleigh scattering 

Rayleigh scattering is a coherent interaction which means that when a photon hits a bounded 

electron it will be scattered by changing direction with respect to its incoming direction, but no 

energy will be transferred. The deflection angle decreases with increasing photon energy. Because 

no energy is transferred Rayleigh scattering is often neglected when discussing X–ray interactions. 

[4] Rayleigh scattering often occur for low X–ray energies and for atoms with a high Z.  

2.2 Dual X-ray energies 

The basic idea of the DXA method is to use two different X–ray energies and measure the 

attenuation from these two cases. By studying the relationship between the attenuation of the two 

different energies, the material density and composition can be obtained [6]. DXA can be used to 

distinguish between two substances in an object. The attenuation coefficient is energy dependent 

which means that for different energies the material have different attenuation coefficient. The 

attenuation can be calculated from Beer–Lamberts law Eq.1 which can be written as: 

 
d

N

N
R 












0

ln  ( 5 ) 

Where R is the logarithm of the relative attenuation and is a combination of all the components in 

the material  iidR  . The fact that the attenuation is dependent of the photon energy and 

electron density is used to determine the moisture content in wood.  

2.3 Simulations 

Monte Carlo simulation is a mathematical method to simulate complex random sequences and can 

be used to predict interaction probabilities. The method was invented in the 1940s during the 

Second World War as an aid during the development of the nuclear bomb [5]. Today the method 

is widely used to simulate for example radiographic tracks of particles.  

In a Monte Carlo simulation the track of a particle can be seen as a random process where the 

particle can interact with a material and loose its energy and/or produce secondary particles. To be 

able to track a particle through a material three different parameters have to be known.  



 

 14 

- The mean free path: Which is defined as the distance the particle can travel in the material 

without interact.  

- Type of interaction: This is defined by the DCS.  

- Loss of energy and angular deflection during an interaction. 

The interaction probability depends of a number of mechanisms that are associated with the DCS. 

The DCS is the probability distribution function for a particle to interact with the material and is 

defined as the number of particles that are scattered by an element with an angle of dΩ in a small 

distance from the origin at a direction of ),(   per unit time and is defined as: 
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When σ is the total cross section, Jinc is the incident flux of photons, Nsc is the number of photons 

in the scattered area A per unit time [5]. Figure 3 shows a schematic image of the definition of 

DCS. 

 

Figure 3, Definition of DCS 

The interaction probability can also be calculated by means of the mean free path. The mean free 

path is the distance a particle or a photon can travel in a medium without interacting [5].  

As described above, when a photon travels thought a material it has different interaction 

possibilities like Compton scattering, Rayleigh scattering, photoelectrical effect etc. The 

probability for all types of interactions is defined by their individual DCSes. The total cross section 

is the sum of all individual cross section areas.  

Monte Carlo simulations are based on probability theory; the statistical uncertainties must be taken 

into account when doing this type of simulations. The statistical uncertainties can be expressed by 

the standard deviation from two or more similar simulations. To be able to decrease the statistical 

uncertainties by a factor of 10 the number of histories has to be increased by a factor of 100. When 

the number of histories in the simulation increases the runtime will be increased.   
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3  METHOD 

The simulations enable analysis of dependencies between moisture content, bulk density and 

Compton scattering. The numbers underlying analysis were generated by changing the bulk 

density and height of the simulated wood chips for different collimator slit widths and heights. The 

simulations were done using a simulation software PENELOPE. This chapter will describe how 

the simulations were performed and analysed. First an introduction to PENELOPE and how the 

program was modified for this purpose and how the geometry and materials where set–up. There 

is also a description of how the moisture content was calculated and how the simulations were 

performed.  

3.1 PENELOPE 

PENELOPE is a FORTRAN–based software for Monte Carlo simulations developed by NEA 

(Nuclear Energy Agency) Data Bank in 2001 [5]. The software is designed to simulate and 

visualize electron, photon and positron interactions and tracks within different materials and 

geometries. 

PENELOPE consists of a main program and 5 subroutines. The main program preforms the Monte 

Carlo calculation and uses the subroutines to calculate the material properties, geometry and 

interaction forces. The main program is controlled by a pre–defined control program called 

penEasy, which provides the main program with inputs from the user and creates output files with 

information from the simulations. 

The properties for each material were defined by a text file containing information about physical 

properties, interaction cross section and particle transport characteristics. For every material an 

energy barrier could be set were the material absorbs all photons that exceed this specific energy. 

This barrier was used to create an ideal detector. 

The geometries in PENELOPE are set–up by a text file which describes all contours of an object 

as quadratic surfaces. All geometries are described in centimetres.   

A history starts when the photon enters a material, the position, energy and direction is then 

registered. The mean free path and which type of interaction that will occur is calculated. At each 

new interaction a new position, energy and direction is saved. This continues until the X–ray 

photon energy reaches a minimum value. Figure 4 shows how a photon can travel thought a 

material. 
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Figure 4, A photon enters a material and after a number of interactions it exits the material at a 

certain angle. 

 

3.2 Calculation of water content  

The mass attenuation coefficient is energy and electron density dependent and by using two 

different energies an equation system can be set up where the fraction of water and wood can be 

calculated.   
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Eq. 7 is a simplified equation to illustrate the relationship between RL,H and the mass attenuation 

coefficient. Where N is the numbers of photons after the wood and N0 is the number of photons 

before the wood, µ is the mass attenuation coefficient and d is the height of the wood. RL and RH 

are mapped to a specific moisture content using Eq. 8. 

 
HL

H

L RkRk
R

R
kkMC 4321   ( 8 ) 

Where ki are constants. By measuring RL and RH of at least 4 different samples the ki can be 

estimated. MC is the moisture content [in %] and is defined as the fraction of mass different 

between dry and moist wood divided by moist wood: 

 

moist

drymoist
MC


  ( 9) 

N and N0 were obtained by measuring the average energy transferred to the detector with and 

without the wood chips.  

For these simulations the moisture contents were calculated using information from the measured 

amount of photon energy deposited in the detector for every history and the number of photons 

that hits the detector. From every simulation, a standard deviation of the energy deposition in the 

detector was calculated. By using 10 million photons the calculated SNR signal was over 54 for 
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all simulations which assure that it is possible to distinguish the noise from the signal with 100% 

certainty.   

The information from the simulations were analysed in MATLAB. The ki coefficients were 

calculated from RL and RH by using Partial Least Squares (PLS) [7]. 

 

3.3 Geometry 

The Monte Carlo geometry was set up to emulate the FlowScanner. The FlowScanner consisted 

of three collimators that primarily collimate in the y–direction. The first collimator was placed just 

below the source and the second collimator was placed just over the material. The third collimator 

was placed just above the detector. Figure 5 shows the geometry that was used. Two X–ray energy 

spectrum were used, one with low energy (60keV) and one with high energy (120keV).  The source 

distribution was rectangular with an angle of 21 degrees in the x direction and 0.15 degrees in the 

y direction. The detector was centred just under the belt. The geometry was divided in to three 

separate files for different parts of the beam path: 

1. collimators 

2. wood chips and belt  

3. detector  

This enables changes in different part of the geometry without affecting other geometries.  See 

Appendix C.  

 

Figure 5, PENELOPE geometry of the FlowScanner X–ray beam path 
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3.4 Material  

The materials used for the simulations were similar to the materials in the FlowScanner. Lead, 

modified to absorb all particles and photons that enter the geometry was used for both the detector 

and the collimators. The lead was modified to be able to reduce the simulation time and to avoid 

double counting in the detector. The belt is usually made out of some plastic material and was 

therefore chosen to be made out of rubber and the wood chips was made out of water and cellulose. 

The wood chips was a composite of water and cellulose, calculated by setting the mass of dry 

wood chips to a constant value and then add water. This was to be able to calculate the 

stoichiometry of hydrogen, oxygen and carbon in the wood chips. The density was calculated by 

setting a constant volume while the mass changes.  

 

volme

masstotal
  ( 10) 

From this information, material files with the information about the DCS and the mean free path 

were created.  This was done for 35 different water contents from 30% up to 70% MC. To be 

able to simulate that the bulk density changes the mass density was decreased up to 30%. The 

height of the wood chips varied from 10-30 cm.  

3.5 Simulation set up 

To be able to understand how the MC model responds to changes of collimator size, height and 

bulk density, a couple of simulation blocks were defined where each simulation block was defined 

to test a specific combination. Figure 6 shows a schematic image of a simulation block. A 

simulation began with defining a new simulation block i.e. which parameters that should be 

changed. The parameter values were chosen according to the DOE method where the values were 

chosen from a centre point.  

The parameters can be combined in 2n different ways, were n is the number of parameters.  One 

combination of parameters defines a set which is called a simulation set. To be able to estimate the 

coefficients for the MC polynomial a simulation set had to contain at least 4 or more single 

simulations. The moisture content can vary from 30% up to 70% and to be able to cover the whole 

range a simulation set comprised 37 single simulations. From these 37 single simulations, RL and 

RH values were obtained i.e. transmitted energy for the low and the high X–ray energy. 
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In every simulation set, one of the single simulations was simulated without any wood chips added; 

this was to be able to generate N0 values. The RL and RH values were used to calculate the constants 

ki in the MC polynomial, Eq. 8. The centre point was simulated three times to be able to calculate 

the standard deviation of the MC model.  

To measure the prediction performance of the MC model, the calculated RL and RH values were 

plugged in to Eq.8. to calculate the moisture content. These predicted moisture content values were 

then compared with the known MC values. The MC polynomial coefficients were estimated in 

three different ways: 

1. By using all 37 RL and RH values to calculate the MC polynomial and use the same R 

values to calculate the MC. 

2. By using half of the R value pairs to calculate the MC polynomial and then use the other 

half to calculate the MC.  

3. By randomly pick 20 R value pairs to calculate the MC polynomial and then randomly pick 

20 new R value pairs to calculate the MC. This was repeated 5 times. 

By using these three different ways of predicting the moisture content it was possible to see if the 

data gave the same model. The coefficients in the MC polynomial were calculated using the PLS 

method (see Appendix B for MATLAB code). PLS is a method to construct a model where the 

data are highly collinear [7].  

The accuracy of the MC prediction was estimated by calculating the Root Mean Square Error 

(RMSE) between the known MC and the predicted MC.  

Figure 6, schematic of the simulation set up 
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Where n is the number of MC values, CM ˆ   is the predicted moisture content according to the MC 

model (with ki coefficients) and MC is the true moisture content of the material according to the 

single simulations. The parameters were chosen and analysed using DOE. With this method fewer 

simulations had to be done but made is possible to generate a statistically valid result. RMSE 

values were fitted to a polynomial model to be able to see which of the geometrical parameters 

that influence the model of the MC error:  

 
21423121 xxxxRMSE     (12) 

Where x are the geometry parameters expressed in normalized values and βi are the regression 

coefficients which describe how the geometry parameters influences the result. By plotting the 

regression coefficients in a bar chart the influence of each parameter is visualized. The significance 

of each individual regression coefficient is judged by its confidence intervals. If the confidence 

interval entails zero, the coefficient is not statistically significant meaning that it does not influence 

the modelled entity and can be removed from the polynomial.  

 

3.5.1 Simulation 

Four different simulation blocks were defined. The focus was on the impact of changing collimator 

2 and 3 and to see how this influenced the RMSE. Collimator 1 does not have any relevant effect 

on the moisture content measurements since it is used to narrowing the beam and the collimation 

of the beam is done by collimator 2. The slit width of collimator 1 was set to 5 mm. 

Since the height and bulk density of the wood chips can vary, simulations were performed to 

elucidate which collimator geometry that was least sensitive to wood chips height and bulk 

density changes and how those parameters influenced the MC measurement:  

1) The height and bulk density varied randomly. This was to be able to see how the 

collimation was effected by those changes.  

2) The height was held constant and the bulk density varied, this was made to investigate the 

height dependency. The height of the wood chips was set to 25 cm which corresponds to a 

normal wood chips height.  

3) The bulk density was held constant and the height varied. The bulk density was set to the 

original density of wood and water.  

4) The height and bulk density was held constant. The height was set to 25 cm and the 

density to the calculated values as in previous simulations. The collimator slit widths 

were changed as described below. 

The collimator slit widths were changed between 1–9 mm for collimator 2. Collimator 3 was 

changed 0-10 mm in height over the detector while the slit width was held constant. The parameters 

of interest for the simulations were: 

 Slit width of collimator 2 for high and low energy  

 Height over the detector of collimator 3 for high and low energy 

Table 1 tabulates the set up for all the simulation blocks. 
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Simulation High Low High Low 

C2H C3H C2L C3L C2H  

[cm] 

C3H  

[cm] 

C2L 

[cm] 

C3L 

[cm] 

1 - - - - 0,1 0 0,1 0 

2 - - + - 0,1 0 0,9 0 

3 + - - - 0,9 0 0,1 0 

4 + - + - 0,9 0 0,9 0 

5 - + - + 0,1 1 0,1 1 

6 - + + + 0,1 1 0,9 1 

7 + + - + 0,9 1 0,1 1 

8 + + + + 0,9 1 0,9 1 

9 - + - - 0,1 1 0,1 0 

10 - + + - 0,1 1 0,9 0 

11 + + - - 0,9 1 0,1 0 

12 + + + - 0,9 1 0,9 0 

13 - - - + 0,1 0 0,1 1 

14 - - + + 0,1 0 0,9 1 

15 + - - + 0,9 0 0,1 1 

16 + - + + 0,9 0 0,9 1 

Table 1, Simulation set up for collimator slit widths and height. For both normalized and inputs 

values. C2 indicates collimator 2 and C3 collimator 3, H and L indicates high and low energy. 

All simulations were analysed by plotting bar charts of the RMSE value from all MC models that 

were generated from the simulation. If possible the DOE function was used to see which parameter 

that had the greatest impact on the result. Eq. 13 shows how the DOE model Eq.12 could be 

implemented. The equation does not show all cross terms that were used.  

 ...)32(3232 654321   HCHCLCLCHCHCRMSE  (13) 

The noise sensitivity of the MC model was investigated by using the MC model from simulation 

block 4 to calculate the moisture content with R value pairs from simulation block 1. This was to 

investigate the noise dependence of the MC model. 

The effect of the height and bulk density was investigated by the four simulation sets where the 

collimator slit widths and heights were set to constant values of:  

C2L: 9 mm, C3L: 10 mm C2H: 9 mm and C3H: 0 mm. these values are based on results from 

previous simulations.  

Simulation Height Bulk density Height [mc] 
Bulk density 

[%] 

1 - -  0 

2 - + 10  30 

3 + - 25 0 

4 + + 25  30 

 

Table 2, Simulation set up for height and bulk density  
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4  RESULTS  

In this chapter the result from the simulations are presented. All results have been processed in 

MATLAB and are visualized with graphs, bar charts and contour plots. The performed 

calculations are described under the heading method and the used MATLAB code can be found in 

Appendix B.  

4.1 Random height and bulk density 

The bar chart in Figure 7 illustrates the RMSE from the first simulation block where the height 

and bulk density varied randomly. It could be seen that the average RMSE of the MC determination 

is around 7%. By looking at bar chart A in Figure 7, we can be seen a regular pattern in between 

the simulations, where the highest RMSE was measured from simulation sets 1, 5, 9 and 13. By 

investigating the relationship between the simulations sets that had the highest RMSE we can see 

that the collimator slit width for collimator 2 high energy was narrowed and C2L was wide. We 

can also see that the simulation sets that gave the lowest RMSE had a wide C2H. The calculated 

regression values could not explain any significant effect from any collimator. 

 

Figure 7, Bar charts from simulations where the height and bulk density of the wood chips 

changed randomly. A –RMSE for all simulations, H1and H2 –RMSE for half the simulation, R1-

3- RMSE for random chosen simulations. 
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The H1 and H2 bar chart in Figure 7 origins from calculations where half of the R value pairs 

where used to estimate the coefficients of the MC polynomial. We can see that the shapes of the 

two bar charts are quite similar, but the RMSE value for H2 is slightly increased compared to H1. 

The increased RMSE value for H2 can be due to material properties like bulk density changes and 

beam hardening. If the R value pairs that are used to calculate the MC, deviates from the values 

used to calculate the model, the RMSE will increase. The effect of this can be seen in bar charts 

R1-3 where the RMSE is randomly changed between the simulations especially for R3.  

 

4.2 Constant height 

A second simulation block, aimed at investigating the height dependency. This was performed by 

setting the height to a constant value while the bulk density varied. Figure 8 shows bar charts of 

the RMSE values from this simulations. There can be seen that the RMSE values are slightly 

decreased in comparison with the random height and bulk density in simulation block 1. The 

decreased RMSE is due to the constant height. When the height of the material is constant there is 

one error factor less than in the previous simulation block. 

 

Figure 8, simulation with constant height 

We can see in Figure 8 that there is tendency to a zigzag pattern where simulation sets 3, 7, 11 and 

15 are the ones that had the lowest RMSE. For this simulation sets there can be seen that the C2H 

was wide and C2L was narrowed. By looking at the regression values in Figure 9, there can be 

seen that C2L was significant and positive which indicate that it should be decreased to be able to 

decrease the RMSE. One could not see any significant effect from C3.  
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Figure 9, bar chart with regression coefficients from simulation block 2. Index L and H stands for 

high and low energy and index C2 and C3 stand from collimator 2 or collimator 3 

4.3 Constant bulk density 

A third simulation block, aimed to investigating the bulk density dependency in were the bulk 

density was set to a constant value while the height of the wood chips varied.  

In Figure 10 we can see that the RMSE value was decreased in comparison to the previous 

simulation blocks. This effect was expected since the measuring of moisture content in wood 

depends on the amount of absorbed photons. When the density of the wood chips increase the 

amount of absorbed and scattered photons will increase which will influence the MC calculation. 

When the bulk density is constant only the effect from changes in moisture will be measured. If 

the density due to both water content and bulk density in the material changes the error in the MC 

estimation will increase.  
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Figure 10, Simulation with constant bulk density 

For the bar charts in Figure 10 one can see a tendency of a zigzag pattern between the simulation 

sets. This patter can be rediscovered by looking at the collimation 2 slit width for low energy. It 

shows that a low RMSE was generated from simulations sets that had a wide C2L and a narrowed 

C2H. This result can also be seen in Figure 11, which shows a plot of the regression values for the 

collimators. The results from this simulation block showed the opposite compared to simulation 

block 2.  

The RMSE in simulation block 1 is low compare to the other simulations. That is because the 

number of photons simulated in this simulation set was 70 million instead of 10 million. By using 

high amount of photons the random photon noise will be decreased.  
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Figure 11, bar chart with regression coefficients from simulation block 3. Index L and H stands 

for high and low energy and index C2 and C3 stand from collimator 2 or collimator 3. 

4.4 Constant bulk density and height 

A fourth simulation block, aimed at investigating only the MC dependency where both the bulk 

density and height of the wood chips were set to constants. 

As expected the RMSE was further decreased. Both the height and bulk density affect the MC 

calculations and when these are constant almost all disturbances have been removed.  Figure 12 

shows bar charts of the RMSEs. Here we can see that the bar charts form a wavy pattern. In bar 

chart A we can see that wavy pattern have minimum and maximum peaks for the same collimator 

2 combinations. The lowest RMSE value resulted from simulation sets 3, 7, 11 and 15 which was 

the same as for simulation block 2.   

To be able to investigate the effect of the four different collimator slit widths the regression 

coefficients for the geometry parameters is plotted in Figure 13. We can see that C2L had the 

highest positive value which means that it have the greatest impact on lowering the RMSE. In 

order to decrease the RMSE value the slit width of collimator C2H should therefore be decreased.  

The other collimator sizes were not significant.  
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Figure 12, Simulation with constant height and bulk density. 

 

Figure 13, DOE plot with the regression from simulation block 4.  

4.5 Model dependencies 

The MC model noise dependencies was investigated by using the noise free MC model from 

simulation 4 to calculate the moisture content with R value pairs from simulation block 1. The 

result can be seen in Figure 14. We can see that the RMSE was increased to almost 17%. We can 

also see that the effect of the collimators is much clearer when using the noise free MC model.  
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Figure 14, calculated RMSE to be able to investigate the noise dependents of the MC model. 

4.6 Bulk density and height dependence 

The above result shows that the RMSE was decreased when the bulk density of the wood chips 

was constant. Based on these results we can analyse what effect, height and bulk density has on 

MC measurements. In Figure 15 we see that the bulk density has the greatest impact on the results 

and that the height of the material was not significant.  

Compton scattering is proportional to the electron density e.g. dependent of the material density 

[9]. Since only the transmitted X–ray photons are measured the measurements will be dependent 

on the density. We can also see that neither the height nor the cross correlation between height and 

bulk density had any significant impact on the resulting RMSE.  

 

Figure 15, Regression coefficients for height and bulk density dependencies. 
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5   DISCUSSION AND CONCLUSIONS 

The results presented above will be concluded and discussed; the main questions will also be 

answered: 

 How does the bulk density and height of the wood chips influence the measurements? 

 Can changes of the collimators improve the accuracy of the measurement and decrease the 

effect of bulk density and height changes? 

 How does scatter affect the measurement? 

 Can scattered photons add some important information about the material? 

5.1 Discussion 

From the results above we can conclude that the bulk density has a significant impact on the RMSE 

while the height did not. By keeping the bulk density constant the RMSE decreased with almost 

33%.  

In order to decrease the RMSE one would like to make the measurements independent of bulk 

density changes. Since water content changes in wood chips will contribute to changes in density 

it is not possible to make the MC measurements independent of bulk density by only measuring 

the transmitted photons. In simulation block3 where the bulk density was constant only changes 

due to varying MC was present and this decreased the noise factors. This modification is not 

possible for measurements on real wood chips which make the MC determination improvements 

more complicated.  

5.1.1  Collimation 

It could be seen from simulation block 1, 2 and 4 that the optimal collimation combination was 

when C2H was wide and C2L was narrowed. This result was really clear when the height was set 

to constant. For simulation block 3 when the bulk density was set to constant the collimation 

dependence showed the opposite compare to the other simulation blocks. This shows that height 

and bulk density influences the collimation in different ways. This can be seen in simulation block 

1 were the effect from both height and bulk density was present. No significant effect from the 

collimator could be obtained from this simulation block.   

MC calculations are based on the amount of absorbed photons. When the density or the height of 

the material increases the amount of absorbed and scattered photons will also increase. In an ideal 

measurement only photons that did not interact with the material would be measured. This can in 

a real case be achieved by narrowing the collimator slit width, especially for C2H. This, on the 

contrary, indicated that a broader collimator slit width for C2H gives a decreased RMSE value 

which means that scattered photons like Compton and Rayleigh scattering adds additional 

information to the MC determination. Earlier studies have shown that scattered photons could 

contribute with additional information about the atomic structure in medium [9]. To fully 

understand the effect of scattered photons more studies have to be done. 

It was not possible to see any effect from collimator 3 for either low or high energy. The difference 

in effect between C2 and C3 is that C2 will affect the direction of the photons entering the wood 

chips and that will affect the photons interaction while C3 only screens off the scattered photons.     
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5.1.2 MC modeling 

The results show that by using constant height and bulk density the RMSE will be decreased. This 

model is almost free from nose. One can see that by using this noise free information to generate 

a model make the MC determination more sensitive to disturbance.  By using a MC model based 

on R value pairs containing some disturbances e.g. height and bulk density changes makes the 

model less sensitive to disturbances due to these factors.  

The MC model only takes account for absorbed photons, this results showed a scattered photons 

can have some effect on the measurements. To be able to generate a more stable model, scattered 

photons have to be taken in to account.  

5.1.3  The validity of the results   

Since this results are based on simulations of a simplified FlowScanner geometry it is not possible 

to repeat the same experiments on a real FlowScanner. The number of photons in the simulation 

was 10 million, in a real case there are a lot more. Due to the low amount of simulation photons 

the collimation effect could drown in photon noise. These results in that one can only use these 

results to indicate an effect from collimation and indicate relationships between the magnitudes of 

the different parameters used in this study. 

This simulation was generated under ideal conditions with less noise than what is expected for a 

real FlowScanner. 

5.2 Conclusions 

The results from this study showed a relationship between density and MC measurements. By 

setting the bulk density to constant, the RMSE was decreased. A surprising finding was that the 

height of the material did not have any significant impact on the RMSE.  

The result showed that collimation will decrease the errors due to bulk density and height changes. 

To be able to decrease the RMSE the collimation for the high energy should be wider than the 

collimator collimating for low energy. It was also shown that collimator 3 did not have any effect 

on the MC measurements. These findings could also indicate that scattered photons contribute 

with some additional information of the material. To be able to fully understand the effect of 

collimation, studies have to be done in a real FlowScanner and further simulations and experiments 

have to be done to be able to understand the effect of scattered photons.   
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6 RECOMMENDATIONS AND FUTURE STUDIES 

6.1 Future studies 

This study was done to investigate if collimation could decrease the effect of height and bulk 

density changes on MC determinations using DXA. This question was only investigated in the y 

–direction. Since it was not possible to decrease the effect of height and bulk density it would be 

of interest to investigate the effect of collimation in x–direction, for instance by the use of a raster.  

The results from the simulations showed a bit contradictive results when the bulk density was set 

to constant therefore it would be of interest to future investigate how Compton scattering is 

affected by changes in bulk density.  

Earlier studies show that a Compton detector can provide more information about the material and 

makes it possible to calculate the bulk density of the material. There would be of interest to 

investigate if there was possible to implement information about scattered photons to decrease the 

RMSE of MC measurements.    

6.2 Recommendations 

This study showed that bulk density changes increase the errors in MC measurements. For future 

studies there would be of interest to investigate if possible to, by measuring scattered photons, 

generate information about the bulk density. If it is possible to make the MC model independent 

of bulk density changes due to scattered information, the accuracy of MC measurements would be 

improved. 
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APPENDIX A   

This appendix contains additional plots  

 

 Constant bulk density 
 

 

Figure 1, Contour plot of RMSE as a function of C2L and C2H for simulation block 3 
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  Constant height and bulk density  

 

Figure 2, Contour plot of RMSE as a function of C2L and C2H for simulation block 4 
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APPENDIX B  

MATLAB code used in this project. 

  

 

 readProjects.m 
Function used to read the output from the simulations 

 
% This functions take a direction path to projects.mat, this file contains  
% information about simulations the simulation. The outputs from the 

simulations  
% The R value pairs is calculated based in information from the  
% simulations. 
% The MC is calculated using a function called simpls1. 
% All informations is saved in .dat   
function   readProjects(file) 

  
load([file '/projects.mat']) 
FileName = ['Calc/' file '/']; 

 
% sets parameters 

RL = []; 
RH = []; 
VRL = []; 
VRH = []; 
RHY = []; 
RLY = []; 

rayL = 0; PHL = 0; comptonL = 0; 
rayH = 0; PHH = 0; comptonH = 0; 
NL = 0; NH = 0; 
height = []; 
Dens = []; 

 
% reads the N0 values for both high adn low energies 
N0High = project(end); 
N0Low = project(end-1); 
IH = load([file '/' N0High.name '/tallyEnergyDepositionInteract.dat']); 
IL = load([file '/' N0Low.name '/tallyEnergyDepositionInteract.dat']); 
I0L = IL(14); 
V0L = IL(24); 
I0H = IH(14); 
V0H = IH(24); 

 

 
% this for loop calculates the R value pairs  
for i = 1:numel(project)-2 

   
  N = project(i); 

    
  if N.channel == 1   

        
       I = load([file '/' N.name '/tallyEnergyDepositionInteract.dat']); 
       A  = textread([file '/' N.name '/tallyDetectorFile.dat'],'%d',1); 
       IL = I(14); 
       NL(length(NH)+1) = A(4) ; 
       comptonL(length(comptonL)+1) = A(8); 
       rayL(length(rayL)+1) = A(9); 
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       PHL(length(PHL)+1) = A(10); 
       VIL = I(24)/2; 
       QL = IL/I0L; 
       VQL = QL*sqrt((VIL^2)/(IL^2)+(V0L^2)/(I0L^2)); 
       RL(length(RL)+1) = -log(QL); 
       VRL(length(VRL)+1) = VQL/QL;  
       RLY(length(RLY)+1) = str2num(N.desc)/100; 

        
       Name = N.name; 
       if str2num(Name(4)) == 0 || str2num(Name(4)) <= 9 
           Dens(length(Dens)+1) =  str2num(Name(4)); 
       else 
           Dens(length(Dens)+1) =  str2num(Name(4:5)); 
       end 
       height(length(height)+1) = N.materialTop; 

        
  else 
      I = load([file '/' N.name '/tallyEnergyDepositionInteract.dat']); 
      A  = textread([file '/' N.name '/tallyDetectorFile.dat'],'%d',1); 
      IH = I(14); 
      NH(length(NH)+1) = A(4); 
       comptonH(length(comptonH)+1) = A(8); 
       rayH(length(rayH)+1) = A(9); 
       PHH (length(PHH)+1)= A(10); 
      VIH = I(24)/2; 
      QH = IH/I0H; 
      VQH = QH*sqrt((VIH^2)/(IH^2)+(V0H^2)/(I0H^2)); 
      RH(length(RH)+1) = -log(QH); 
      VRH(length(VRH)+1) = VQH/QH; 
      RHY(length(RHY)+1) = str2num(N.desc)/100; 
      %fprintf(texting,N.channel,I(2),I0H) 
  end     

   
end 
%% Halva 1: Reads one half of the R value to generate the k values and uses 

the other half to calculate the MC   
RL = RL'; 
RH = RH'; 
RHY = RHY'; 

  
x1 = [ones(length(RH(1:2:end)),1) RL(1:2:end)./RH(1:2:end) RL(1:2:end) 

RH(1:2:end)]; 
K = simpls1(x1,RHY(1:2:end),4); % generate the k values 

  
 x2 = [ones(length(RL(2:2:end)),1) RL(2:2:end)./RH(2:2:end) RL(2:2:end) 

RH(2:2:end)]; 
 mc4 = x2*K(4,:)'; % calculates MC for simpls1 4 
 mc3 = x2*K(3,:)';% calculates MC for simpls1 3 
 VMC4 = sqrt((K(4,2)/mean(RH)+K(4,3))^2*mean(VRL)^2+(-

K(4,2)*mean(RL)/mean(RH)^2+K(4,4))^2*mean(VRH)^2); 
 VMC3 = sqrt((K(3,2)/mean(RH)+K(3,3))^2*mean(VRL)^2+(-

K(3,2)*mean(RL)/mean(RH)^2+K(3,4))^2*mean(VRH)^2); 

  
 %Calculated the RMSE and AME 
y = RHY(2:2:end); 
RMSE3 = sqrt(1/length(RL(2:2:end))*sum((mc3-y).^2)); 
AME3 = 1/length(RL(2:2:end))*sum(abs(mc3-y)); 
VarMC3 = sqrt(sum(((mc3-y)-AME3).^2)/(length(mc3)-1)); 

  
RMSE4 = sqrt(sum((mc4-y).^2)/length(mc4)); 
AME4 = 1/length(mc4)*sum(abs(mc4-y)); 
VarMC4 = (mc4-y)-AME4; 
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NL = NL'; 
comptonL = comptonL'; 
rayL = rayL'; 
PHL = PHL'; 
NH = NH'; 
comptonH = comptonH'; 
rayH = rayH'; 
PHH = PHH'; 
height = height'; 
Dens = Dens'; 

  
% Saves all information to textfiles 
save ([FileName 'Info_1halv.dat'],'RL', 'RH', 'NL' ,'comptonL', 'rayL', 

'PHL', 'NH', 'comptonH', 'rayH', 'PHH') 
save ([FileName 'sim1_1_1half.dat'], 'RMSE3' ,'AME3' ,'RMSE4', 'AME4')  
save ([FileName 'Rval1.dat'], 'RHY') 
save ([FileName 'data.dat'], 'height','Dens','RHY') 

  
%% halva 2: Reads one half of the R value to generate the k values and uses 

the other half to calculate the MC   

  
x1 = [ones(length(RH(2:2:end)),1) RL(2:2:end)./RH(2:2:end) RL(2:2:end) 

RH(2:2:end)]; 
K = simpls1(x1,RHY(2:2:end),4); 

  
 x2 = [ones(length(RL(1:2:end)),1) RL(1:2:end)./RH(1:2:end) RL(1:2:end) 

RH(1:2:end)]; 
 mc4 = x2*K(4,:)'; 
 mc3 = x2*K(3,:)'; 
 VMC4 = sqrt((K(4,2)/mean(RH)+K(4,3))^2*mean(VRL)^2+(-

K(4,2)*mean(RL)/mean(RH)^2+K(4,4))^2*mean(VRH)^2); 
 VMC3 = sqrt((K(3,2)/mean(RH)+K(3,3))^2*mean(VRL)^2+(-

K(3,2)*mean(RL)/mean(RH)^2+K(3,4))^2*mean(VRH)^2); 
y = RHY(1:2:end); 
MSE3 = sqrt(1/length(mc3)*sum((mc3-y).^2)); 
AME3 = 1/length(mc3)*sum(abs(mc3-y)); 
varMC3 = sum((mc3-y).^2)/(length(mc3)-1); 

  
MSE4 = sqrt(1/length(RL(2:2:end))*sum((mc4-y).^2)); 
AME4 = 1/length(RL(2:2:end))*sum(abs(mc4-y)); 
varMC4 = sum((mc4-y).^2)/(length(mc4)-1); 
save ([FileName 'sim1_1_2half.dat'], 'MSE3', 'AME3' ,'MSE4' ,'AME4') 

  
%% Alla:_Uses all R values to generate the MC model and uses the same to 

calculate the MC 
x1 = [ones(length(RH),1) RL./RH RL RH]; 
K = simpls1(x1,RHY,4); 

  
 x2 = [ones(length(RL),1) RL./RH RL RH]; 
 mc4 = x2*K(4,:)'; 
 mc3 = x2*K(3,:)'; 
 VMC4 = sqrt((K(4,2)/mean(RH)+K(4,3))^2*mean(VRL)^2+(-

K(4,2)*mean(RL)/mean(RH)^2+K(4,4))^2*mean(VRH)^2); 
 VMC3 = sqrt((K(3,2)/mean(RH)+K(3,3))^2*mean(VRL)^2+(-

K(3,2)*mean(RL)/mean(RH)^2+K(3,4))^2*mean(VRH)^2); 

  
y = RHY; 
MSE3 = sqrt(1/length(RL)*sum((mc3-y).^2)); 
AME3 = 1/length(RL)*sum(abs(mc3-y)); 
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varMC3 = sum((mc3-y).^2)/(length(mc3)-1); 

  
MSE4 = sqrt(1/length(RL)*sum((mc4-y).^2)); 
AME4 = 1/length(RL)*sum(abs(mc4-y)); 
varMC4 = sum((mc4-y).^2)/(length(mc4)-1); 
save ([FileName 'sim1_1_alla.dat'], 'MSE3', 'AME3', 'MSE4', 'AME4') 

  

  
%% random 1-5: This function picks 20 random R value pairs to generate a MC 

model, then pick 20 new r pair to be able to calculate the MC. 
% this is done 5 times.  
Rvec = [RL,RH,RHY]; 

  
for i = 1:5 
 n = randperm(numel(RL)); 
 x1=Rvec(n(1:20),:); 
 y1=Rvec(n(1:20),3); 
 xm=[ones(20,1) x1(:,1)./x1(:,2) x1(:,1) x1(:,2)]; 
 K = simpls1(xm,y1,4); 
 b=xm\y1; 
 n = randperm(numel(RL)); 
 x2=Rvec(n(1:20),1:2); 
 yv = Rvec(n(1:20),3); 
 xv=[ones(20,1) x2(:,1)./x2(:,2) x2(:,1) x2(:,2)]; 
 mc4t = xv*K(4,:)'; 
 mc3t = xv*K(3,:)'; 
 MSE3 = sqrt(1/20*sum((mc3t-yv).^2)); 
AME3 = 1/20*sum(abs(mc3t-yv)); 
varMC3 = sum((mc3t-yv).^2)/(length(mc3t)-1); 

  
MSE4 = sqrt(1/20*sum((mc4t-yv).^2)); 
AME4 = 1/20*sum(abs(mc4t-yv)); 
varMC4 = sum((mc4t-yv).^2)/(length(mc4t)-1); 

  
    switch i 
    case 1 
        save([FileName 'sim1_1_rand1.dat'], 'MSE3', 'AME3', 'MSE4', 'AME4') 
    case 2 

     
       save  ([FileName 'sim1_1_rand2.dat'], 'MSE3', 'AME3', 'MSE4', 'AME4') 
    case 3 

     
        save ([FileName 'sim1_1_rand3.dat'], 'MSE3', 'AME3', 'MSE4', 'AME4') 
    otherwise 

     
        save ([FileName 'sim1_1_rand4.dat'], 'MSE3', 'AME3', 'MSE4', 'AME4') 

    
    end 
end 
fprintf('end of file %s \n',file) 

  
end 
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 simpls.m 
MATLAB code used for calculating the PLS ki values. 

 
function b = simpls1(x,y,maxlv) 
%SIMPLS1 minimum implementation of simpls for PLS1 
%  Inputs are the matrix of predictor variables (x), vector 
%  of predicted variables (y) and maximum number of latent  
%  variables to calculate (lv). The output is a matrix of 
%  regression vectors (b) where each row corresponds to the 
%  regression vector for the PLS model with corresponding 
%  number of LVs. 
% 
%  Note: This function is primarily used for fast cross- 
%  validation since none of the PLS model parameters  
%  (weights, loadings, etc.) are calculated. The SIMPLS 
%  algorithm developed by Sijmen de Jong is used. 
% 
%  The I/O format is: b = simpls1(x,y,maxlv); 
% 
%  See also: PLS 

  
%  Copyright Eigenvector Research 1994-97 

  
[m,n] = size(x); 
s = x'*y; 
rmat = zeros(n,maxlv); 
tmat = zeros(m,maxlv); 
vmat = zeros(n,maxlv); 
qmat = zeros(1,maxlv); 
for i = 1:maxlv 
  r = s; 
  t = x*r; 
  normt = sqrt(t'*t); 
  t = t/normt; 
  r = r/normt; 
  p = x'*t; 
  q = y'*t; 
  u = y*q; 
  v = p; 
  if i > 1 
    v = v - vmat*(vmat'*p); 
    u = u - tmat*(tmat'*u); 
  end 
  v = v/sqrt(v'*v); 
  s = s - v*(v'*s); 
  rmat(:,i) = r; 
  tmat(:,i) = t; 
  qmat(:,i) = q; 
  vmat(:,i) = v; 
end 
if maxlv ~= 1 
  b = cumsum((rmat*diag(qmat))'); 
else 
  b = (rmat*diag(qmat))'; 
end 
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 Infile.m 
 

MATLAB code used to determine the regression values and plots the bar charts 

 
% reads the files generated by "readProjects" and plots the RMSE and 

calculated the DOE regression values.   
clc 
close all 
clear all 
fontsize = 12; 
fontname = 'Times New Roman'; 
 

%% Paths for the in files  

 
InFiles1 = [In1 In2 In3 In4]; 
InFiles2 = [In21 In22 In23 In24]; 
AllFilesIn = [AllIn1 AllIn2 AllIn3 AllIn4]; 
RandomIn1 = [Random11 Random12 Random13 Random14]; 
RandomIn2 = [Random21 Random22 Random23 Random24]; 
RandomIn3 = [Random31 Random32 Random33 Random34]; 
RandomIn4 = [Random41 Random42 Random43 Random44]; 
Rall = [RV1 RV2 RV3 RV4]; 

  
% normalized values for the collimator sizes.  
c2H1 =[-1,-1,+1,+1]; c2H2 = [-1,-1,+1,+1]; c2H3 =[-1,-1,+1,+1]; c2H4 = [-1,-

1,+1,+1];  
c3H1 =[-1,-1,-1,-1]; c3H2 = [+1,+1,+1,+1]; c3H3 =[+1,+1,+1,+1]; c3H4 = [-1,-

1,-1,-1]; 
c2L1 =[-1,+1,-1,+1]; c2L2 = [-1,+1,-1,+1]; c2L3 =[-1,+1,-1,+1]; c2L4 = [-

1,+1,-1,+1]; 
c3L1 =[-1,-1,-1,-1]; c3L2 = [+1,+1,+1,+1]; c3L3 =[-1,-1,-1,-1]; c3L4 = 

[+1,+1,+1,+1]; 

  
C2H = [c2H1 c2H2 c2H3 c2H4]; 
C3H = [c3H1 c3H2 c3H3 c3H4]; 
C2L = [c2L1 c2L2 c2L3 c2L4]; 
C3L = [c3L1 c3L2 c3L3 c3L4]; 

  
%% Reads the information from a the text files using a function called Diff  
for i = 1:length(InFiles1) 
    [R3,A3,R4,A4] = Diff(InFiles1{i}); 
    Halva13(i) = R3; 
    Halva14(i) = R4; 

     
end 

  
for i = 1:length(InFiles2) 
    [R3,A3,R4,A4] = Diff(InFiles2{i}); 
    Halva23(i) = R3; 
    Halva24(i) = R4; 

     
end 
for i = 1:length(AllFilesIn) 
    [R3,A3,R4,A4] = Diff(AllFilesIn{i}); 
    Alla3(i) = R3; 
    Alla4(i) = R4; 

     
end 
for i = 1:length(RandomIn1) 
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    [R3,A3,R4,A4] = Diff(RandomIn1{i}); 
    Rand13(i) = R3; 
    Rand14(i) = R4; 

     
end 
for i = 1:length(RandomIn2) 
    [R3,A3,R4,A4] = Diff(RandomIn2{i}); 
    Rand23(i) = R3; 
    Rand24(i) = R4; 

     
end 
for i = 1:length(RandomIn3) 
    [R3,A3,R4,A4] = Diff(RandomIn3{i}); 
    Rand33(i) = R3; 
    Rand34(i) = R4; 

     
end 
for i = 1:length(RandomIn4) 
    [R3,A3,R4,A4] = Diff(RandomIn4{i}); 
    Rand43(i) = R3; 
    Rand44(i) = R4; 

     
end 
RLM = [] 
RHM = [] 
N = []; 
for i = 1:length(Rall) 
    [RL RH NA] = RVal(Rall{i}); 
    RLM = [RLM RL(1:30)]; 
    RHM = [RHM RH(1:30)]; 
    N = [N NA] 

     
end 
RLM = RLM; 
RHM = RHM; 

  
%% calculates the regression values based on the normalized collimator sizes  

  
%F = [ones(length(C2L),1) C2H' C3H' C2L' C3L' C2H'.*C3H' C2L'.*C3H' 

C2L'.*C3L' C2H'.*C3L' C2L'.*C2H' C3H'.*C3L' C2H'.*C2L'.*C3H' C2H'.*C2L'.*C3L' 

C2H'.*C3L'.*C3H' C2L'.*C3L'.*C3H'.*C2H']; 
F = [ones(length(C2L),1) C3H' C2L' C3L' C3H'.*C3L']; 

  
H1 = F\Halva14(1:16)'; 
H2 = F\Halva24(1:16)'; 
A  = F\Alla4(1:16)'; 
R1 = F\Rand14(1:16)'; 
R2 = F\Rand24(1:16)'; 
R3 = F\Rand34(1:16)'; 
R4 = F\Rand44(1:16)'; 

  
Medel = (H1+H2+A+R1+R2+R3+R4)./7 
V = [(H1-Medel).^2,(H2-Medel).^2,(A-Medel).^2,(R1-Medel).^2,(R2-

Medel).^2,(R3-Medel).^2,(R4-Medel).^2] 

  
varians = sqrt(sum(V,2)./7) % calculation of the variance of the regression 

values   

  

  
figure 
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ff= bar(A(2:end)), title('Alla','FontSize',fontsize,'FontName',fontname), 

set(gca,'XTickLabel',{'C3H' 'C2L' 'C3L' 

'C3H*C3L'},'FontSize',8,'FontName',fontname) 
hold on  
errorbar(A(2:end),varians(2:end),'rx') 
saveas (ff,'DOE.jpg') 

  

  

  
%% Calculations of the standard deviation  
AllaMean = mean(Alla3(end-2:end)); 
AllaDiv = sqrt(((Alla3(end-2)-AllaMean)^2 + (Alla3(end-1)-AllaMean)^2 + 

(Alla3(end)-AllaMean)^2)/2); 
AllaDiv = ones(1,length(Alla3))*AllaDiv; 

  
Halv1Mean = mean(Halva13(end-2:end)) 
Halv1Div = sqrt(((Halva13(end-2)-Halv1Mean)^2 + (Halva13(end-1)-Halv1Mean)^2 

+ (Halva13(end)-Halv1Mean)^2)/2); 
Halv1Div = ones(1,length(Halva23))*Halv1Div; 

  
Halv2Mean = mean(Halva23(end-2:end)) 
Halv2Div = sqrt(((Halva23(end-2)-Halv2Mean)^2 + (Halva23(end-1)-Halv2Mean)^2 

+ (Halva23(end)-Halv2Mean)^2)/2); 
Halv2Div = ones(1,length(Halva23))*Halv2Div; 

  
Random1Mean = mean(Rand13(end-2:end)); 
Random1Div = sqrt(((Rand13(end-2)-Random1Mean)^2 + (Rand13(end-1)-

Random1Mean)^2 + (Rand13(end)-Random1Mean)^2)/2); 
Random1Div = ones(1,length(Rand13))*Random1Div; 

  
Random2Mean = mean(Rand23(end-2:end)); 
Random2Div = sqrt(((Rand23(end-2)-Random2Mean)^2 + (Rand23(end-1)-

Random2Mean)^2 + (Rand23(end)-Random2Mean)^2)/2); 
Random2Div = ones(1,length(Rand23)).*Random2Div; 

  
Random3Mean = mean(Rand33(end-2:end)); 
Random3Div = sqrt(((Rand33(end-2)-Random3Mean)^2 + (Rand33(end-1)-

Random3Mean)^2 + (Rand33(end)-Random3Mean)^2)/2); 
Random3Div = ones(1,length(Rand33))*Random3Div; 

  
%% plots bar chart of the RMSE 
figure 
x=1:16; 
str = 

{'1','2','3','4','5','6','7','8','9','10','11','12','13','14','15','16'}; 
Alla4 = Alla4; 
 h = subplot(3,2,1); 
 bar(Alla3), title('RMSE for all of the simulations 

(All)','FontSize',fontsize,'FontName',fontname) 
 axis([1,16,0,0.03]) 
 set(gca,'XTickLabel',str,'XTick',1:numel(str)) 
 ylabel('RMSE [%]') 
  xlabel('Simulation sets') 
 hold on 
 errorbar(Alla3,AllaDiv,'rx') 

  
 h = subplot(3,2,2); 
 bar(Halva13),title('RMSE for half of the simulations (Half 

1)','FontSize',fontsize,'FontName',fontname) 
 axis([1,16,0,0.035]) 
 set(gca,'XTickLabel',str,'XTick',1:numel(str)) 
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 ylabel('RMSE [%]') 
  xlabel('Simulation sets') 
  hold on 
 errorbar(Halva13,Halv1Div,'rx') 

  
 h = subplot(3,2,3); 
 bar(Halva23),title('RMSE for half of the simulations (Half 

2)','FontSize',fontsize,'FontName',fontname) 
 axis([1,16,0,0.035]) 
 set(gca,'XTickLabel',str,'XTick',1:numel(str)) 
 ylabel('RMSE [%]') 
  xlabel('Simulation sets') 
   hold on 
 errorbar(Halva23,Halv2Div,'rx') 

  
 h = subplot(3,2,4); 
 bar(Rand13),title('RMSE for 20 random chosen simulations 

(Random1)','FontSize',fontsize,'FontName',fontname) 
 axis([1,16,0,0.035]) 
 set(gca,'XTickLabel',str,'XTick',1:numel(str)) 
 ylabel('RMSE [%]') 
  xlabel('Simulation sets') 
   hold on 
 errorbar(Rand13,Random1Div,'rx') 

  

  
 h = subplot(3,2,5); 
 bar(Rand23),title ('RMSE for 20 random chosen simulations 

(Random2)','FontSize',fontsize,'FontName',fontname) 
 axis([1,16,0,0.035]) 
 set(gca,'XTickLabel',str,'XTick',1:numel(str)) 
 ylabel('RMSE [%]') 
  xlabel('Simulation sets') 
   hold on 
 errorbar(Rand23,Random2Div,'rx') 

  
 h = subplot(3,2,6) 
 bar(Rand33,'stacked'), title('RMSE for 20 random chosen simulations 

(Random3)','FontSize',fontsize,'FontName',fontname) 
 axis([1,16,0,0.035]) 
 set(gca,'XTickLabel',str,'XTick',1:numel(str)) 
 ylabel('RMSE [%]') 
  xlabel('Simulation sets') 
    hold on 
 errorbar(Rand33,Random3Div,'rx') 

  
saveas (h,'SimH.jpg') 
% counture of the regression values.  
x=-1:.01:1; 
y = -1:.01:1; 
[X,Y] = meshgrid(x,y); 
g=figure 
Z = A(1)+ A(3).*X + A(4).*Y ; 
contourf(X,Y,Z) 
shading flat 
xlabel('C2L ','FontSize',fontsize,'FontName',fontname); ylabel('C3L 

','FontSize',fontsize,'FontName',fontname); zlabel('Diff') 
colorbar 
saveas (g,'counture.jpg') 
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APPENDIX C  

 

Here are the geometry files that were used in all simulations. Parameters like wood chips height 

and collimator sizes were changed by using an Octave script. 

 

 Detector and collimator 3 
 

Simple detector that consists of a material that absorbs all photons and electrons that enters 

0000000000000000000000000000000000000000000000000000000000000000 

SURFACE (   1)   z over 

INDICES=( 0, 0, 0, 1, 0) 

Z-SHIFT=(-76.00000000000000E+00,   0) 

0000000000000000000000000000000000000000000000000000000000000000 

SURFACE (   2)   Plane Z=-0.5 

INDICES=( 0, 0, 0, 1, 0) 

Z-SHIFT=(-80.00000000000000E+00,   0 

0000000000000000000000000000000000000000000000000000000000000000 

SURFACE (   3)   x ytterkant material 

INDICES=( 0, 0, 0, 0, 0) 

     AX=(+1.000000000000000E+00,   0) 

     A0=(+16.75000000000000E+00,   0) 

0000000000000000000000000000000000000000000000000000000000000000 

SURFACE (   4)   x yttekant material 

INDICES=( 0, 0, 0, 0, 0) 

     AX=(+1.000000000000000E+00,   0) 

     A0=(-16.75000000000000E+00,   0) 

0000000000000000000000000000000000000000000000000000000000000000 

SURFACE (   5)   y innerkant material 

INDICES=( 0, 0, 0, 0, 0) 

     AY=(+1.000000000000000E+00,   0) 

     A0=(+0.155000000000000E-00,   0) 

0000000000000000000000000000000000000000000000000000000000000000 

SURFACE (   6)   y innerkant material 

INDICES=( 0, 0, 0, 0, 0) 

     AY=(+1.000000000000000E+00,   0) 

     A0=(-0.155000000000000E+00,   0) 

0000000000000000000000000000000000000000000000000000000000000000 

MODULE  (   2)  Material 

MATERIAL(   4) 

SURFACE (   1), SIDE POINTER=(-1) 

SURFACE (   2), SIDE POINTER=(+1) 

SURFACE (   3), SIDE POINTER=(+1) 

SURFACE (   4), SIDE POINTER=(-1) 

SURFACE (   5), SIDE POINTER=(+1) 

SURFACE (   6), SIDE POINTER=(-1) 

0000000000000000000000000000000000000000000000000000000000000000 

SURFACE (   7)   Collimator 3 

INDICES=( 0, 0, 0, 0, 0) 

     AY=(+1.000000000000000E+00,   0) 
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     A0=(+5.155000000000000E+00,   0) 

0000000000000000000000000000000000000000000000000000000000000000 

SURFACE (   8)   Plane Z=-0.5 

INDICES=( 0, 0, 0, 1, 0) 

Z-SHIFT=(COLHEIGHT,   0 

0000000000000000000000000000000000000000000000000000000000000000 

MODULE  (   3)  Material 

MATERIAL(   3) 

SURFACE (   8), SIDE POINTER=(-1) 

SURFACE (   2), SIDE POINTER=(+1) 

SURFACE (   3), SIDE POINTER=(+1) 

SURFACE (   4), SIDE POINTER=(-1) 

SURFACE (   5), SIDE POINTER=(-1) 

SURFACE (   7), SIDE POINTER=(+1) 

0000000000000000000000000000000000000000000000000000000000000000 

SURFACE (   9)   y innerkant material 

INDICES=( 0, 0, 0, 0, 0) 

     AY=(+1.000000000000000E+00,   0) 

     A0=(-5.155000000000000E+00,   0) 

0000000000000000000000000000000000000000000000000000000000000000 

MODULE  (   4)  Material 

MATERIAL(   3) 

SURFACE (   8), SIDE POINTER=(-1) 

SURFACE (   2), SIDE POINTER=(+1) 

SURFACE (   3), SIDE POINTER=(+1) 

SURFACE (   4), SIDE POINTER=(-1) 

SURFACE (   6), SIDE POINTER=(+1) 

SURFACE (   9), SIDE POINTER=(-1) 

0000000000000000000000000000000000000000000000000000000000000000 

END      0000000000000000000000000000000000000000000000000000000 

 

 Collimators1 and 2 
 Collimator 2 

0000000000000000000000000000000000000000000000000000000000000000 

SURFACE (   1)   z övers 

INDICES=( 0, 0, 0, 1, 0) 

Z-SHIFT=(+0.500000000000000E+00,   0) 

0000000000000000000000000000000000000000000000000000000000000000 

SURFACE (   2)   Plane Z=-0.5 

INDICES=( 0, 0, 0, 1, 0) 

Z-SHIFT=(-0.500000000000000E+00,   0 

0000000000000000000000000000000000000000000000000000000000000000 

SURFACE (   3)   x ytterkant material 

INDICES=( 0, 0, 0, 0, 0) 

     AX=(+1.000000000000000E+00,   0) 

     A0=(+49.95000000000000E+00,   0) 

0000000000000000000000000000000000000000000000000000000000000000 

SURFACE (   4)   x yttekant material 

INDICES=( 0, 0, 0, 0, 0) 

     AX=(+1.000000000000000E+00,   0) 
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     A0=(-49.95000000000000E+00,   0) 

0000000000000000000000000000000000000000000000000000000000000000 

SURFACE (   5)   y innerkant material 

INDICES=( 0, 0, 0, 0, 0) 

     AY=(+1.000000000000000E+00,   0) 

     A0=(+7.000000000000000E+00,   0) 

0000000000000000000000000000000000000000000000000000000000000000 

SURFACE (   6)   y innerkant material 

INDICES=( 0, 0, 0, 0, 0) 

     AY=(+1.000000000000000E+00,   0) 

     A0=(-7.000000000000000E+00,   0) 

0000000000000000000000000000000000000000000000000000000000000000 

SURFACE (   7)   x ytterkant material 

INDICES=( 0, 0, 0, 0, 0) 

     AX=(+1.000000000000000E+00,   0) 

     A0=(+48.95000000000000E+00,   0) 

0000000000000000000000000000000000000000000000000000000000000000 

SURFACE (   8)   x yttekant material 

INDICES=( 0, 0, 0, 0, 0) 

     AX=(+1.000000000000000E+00,   0) 

     A0=(-48.95000000000000E+00,   0) 

0000000000000000000000000000000000000000000000000000000000000000 

SURFACE (   9)   y innerkant material 

INDICES=( 0, 0, 0, 0, 0) 

     AY=(+1.000000000000000E+00,   0) 

     A0=(COLUNDERPOS,   0) 

0000000000000000000000000000000000000000000000000000000000000000 

SURFACE (  10)   y innerkant material 

INDICES=( 0, 0, 0, 0, 0) 

     AY=(+1.000000000000000E+00,   0) 

     A0=(COLUNDERNEG,   0) 

0000000000000000000000000000000000000000000000000000000000000000 

MODULE  (   1)  Material 

MATERIAL(   0) 

SURFACE (   7), SIDE POINTER=(+1) 

SURFACE (   8), SIDE POINTER=(-1) 

SURFACE (   9), SIDE POINTER=(+1) 

SURFACE (  10), SIDE POINTER=(-1) 

0000000000000000000000000000000000000000000000000000000000000000 

MODULE  (   2)  Material 

MATERIAL(   3) 

SURFACE (   1), SIDE POINTER=(-1) 

SURFACE (   2), SIDE POINTER=(+1) 

SURFACE (   3), SIDE POINTER=(+1) 

SURFACE (   4), SIDE POINTER=(-1) 

SURFACE (   5), SIDE POINTER=(+1) 

SURFACE (   6), SIDE POINTER=(-1) 

MODULE  (   1) 

0000000000000000000000000000000000000000000000000000000000000000 

SURFACE (  11)   z Collimator 1 

INDICES=( 0, 0, 0, 1, 0) 

Z-SHIFT=(+88.50000000000000E+00,   0) 
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0000000000000000000000000000000000000000000000000000000000000000 

SURFACE (  12)   Plane Z=-0.5 

INDICES=( 0, 0, 0, 1, 0) 

Z-SHIFT=(+88.00000000000000E+00,   0 

0000000000000000000000000000000000000000000000000000000000000000 

SURFACE (  13)   x ytterkant material 

INDICES=( 0, 0, 0, 0, 0) 

     AX=(+1.000000000000000E+00,   0) 

     A0=(+15.05000000000000E+00,   0) 

0000000000000000000000000000000000000000000000000000000000000000 

SURFACE (  14)   x yttekant material 

INDICES=( 0, 0, 0, 0, 0) 

     AX=(+1.000000000000000E+00,   0) 

     A0=(-15.05000000000000E+00,   0) 

0000000000000000000000000000000000000000000000000000000000000000 

SURFACE (  15)   y innerkant material 

INDICES=( 0, 0, 0, 0, 0) 

     AY=(+1.000000000000000E+00,   0) 

     A0=(+7.050000000000000E-00,   0) 

0000000000000000000000000000000000000000000000000000000000000000 

SURFACE (  16)   y innerkant material 

INDICES=( 0, 0, 0, 0, 0) 

     AY=(+1.000000000000000E+00,   0) 

     A0=(-7.050000000000000E+00,   0) 

0000000000000000000000000000000000000000000000000000000000000000 

SURFACE (  17)   x ytterkant material 

INDICES=( 0, 0, 0, 0, 0) 

     AX=(+1.000000000000000E+00,   0) 

     A0=(+14.05000000000000E+00,   0) 

0000000000000000000000000000000000000000000000000000000000000000 

SURFACE (  18)   x yttekant material 

INDICES=( 0, 0, 0, 0, 0) 

     AX=(+1.000000000000000E+00,   0) 

     A0=(-14.05000000000000E+00,   0) 

0000000000000000000000000000000000000000000000000000000000000000 

SURFACE (  19)   y innerkant material 

INDICES=( 0, 0, 0, 0, 0) 

     AY=(+1.000000000000000E+00,   0) 

     A0=(0.2500000000000000E+00,   0) 

0000000000000000000000000000000000000000000000000000000000000000 

SURFACE (  20)   y innerkant material 

INDICES=( 0, 0, 0, 0, 0) 

     AY=(+1.000000000000000E+00,   0) 

     A0=(-0.250000000000000E+00,   0) 

0000000000000000000000000000000000000000000000000000000000000000 

MODULE  (   3)  Material 

MATERIAL(   0) 

SURFACE (  17), SIDE POINTER=(+1) 

SURFACE (  18), SIDE POINTER=(-1) 

SURFACE (  19), SIDE POINTER=(+1) 

SURFACE (  20), SIDE POINTER=(-1) 

0000000000000000000000000000000000000000000000000000000000000000 
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MODULE  (   4)  Material 

MATERIAL(   3) 

SURFACE (  11), SIDE POINTER=(-1) 

SURFACE (  12), SIDE POINTER=(+1) 

SURFACE (  13), SIDE POINTER=(+1) 

SURFACE (  14), SIDE POINTER=(-1) 

SURFACE (  15), SIDE POINTER=(+1) 

SURFACE (  16), SIDE POINTER=(-1) 

MODULE  (   3) 

0000000000000000000000000000000000000000000000000000000000000000 

END      0000000000000000000000000000000000000000000000000000000 

 

 Wood chips and belt 
belt and wood chips 

0000000000000000000000000000000000000000000000000000000000000000 

SURFACE (   1)   band top 

INDICES=( 0, 0, 0, 1,-1) 

Z-SHIFT=(-46.00000000000000E+00,   0) 

0000000000000000000000000000000000000000000000000000000000000000 

SURFACE (   2)   material top 

INDICES=( 1, 1, 0, 1, 0) 

X-SCALE=( 15.00000000000000E+00,   0) 

Y-SCALE=( 5.000000000000000E+00,   0) 

Z-SCALE=( 1.000000000000000E+00,   0) 

  OMEGA=( 0.000000000000000E+00,   0) DEG 

  THETA=( 0.000000000000000E+00,   0) DEG 

    PHI=( 0.000000000000000E+00,   0) DEG 

Z-SHIFT=(FMATERIALTOP,   0) 

0000000000000000000000000000000000000000000000000000000000000000 

SURFACE (   3)   band botten 

INDICES=( 0, 0, 0, 1,-1) 

Z-SHIFT=(-60.00000000000000E+00,   0) 

0000000000000000000000000000000000000000000000000000000000000000 

SURFACE (   4)   PARABOLOID utsida 

INDICES=( 1, 1, 0,-1, 0) 

X-SCALE=( 10.00000000000000E+00,   0) 

Y-SCALE=( 5.000000000000000E+00,   0) 

Z-SCALE=( 1.000000000000000E+00,   0) 

  OMEGA=( 0.000000000000000E+00,   0) DEG 

  THETA=( 0.000000000000000E+00,   0) DEG 

    PHI=( 0.000000000000000E+00,   0) DEG 

Z-SHIFT=(-8.000000000000000E+01,   0) 

0000000000000000000000000000000000000000000000000000000000000000 

SURFACE (   5)   PARABOLOID insida 

INDICES=( 1, 1, 0,-1, 0) 

X-SCALE=( 9.500000000000000E+00,   0) 

Y-SCALE=( 5.000000000000000E+00,   0) 

Z-SCALE=( 1.000000000000000E+00,   0) 

  OMEGA=( 0.000000000000000E+00,   0) DEG 

  THETA=( 0.000000000000000E+00,   0) DEG 



 

 C-6 

    PHI=( 0.000000000000000E+00,   0) DEG 

Z-SHIFT=(-8.000000000000000E+01,   0) 

0000000000000000000000000000000000000000000000000000000000000000 

SURFACE (   6)  inner botten 

INDICES=( 0, 0, 0, 1,-1) 

Z-SHIFT=(-59.00000000000000E+00,   0) 

0000000000000000000000000000000000000000000000000000000000000000 

SURFACE (   7)  y plan  

INDICES=( 0, 0, 0, 0, 0) 

     AY=(+1.000000000000000E+00,   0) 

     A0=(+7.000000000000000E+00,   0) 

0000000000000000000000000000000000000000000000000000000000000000 

SURFACE (   8)   y plan  

INDICES=( 0, 0, 0, 0, 0) 

     AY=(+1.000000000000000E+00,   0) 

     A0=(-7.000000000000000E+00,   0) 

0000000000000000000000000000000000000000000000000000000000000000 

BODY    (   3) bottom 

MATERIAL(   2) 

SURFACE (   3), SIDE POINTER=(+1) 

SURFACE (   6), SIDE POINTER=(-1) 

SURFACE (   4), SIDE POINTER=(-1) 

SURFACE (   7), SIDE POINTER=(+1) 

SURFACE (   8), SIDE POINTER=(-1) 

00000000000000000000000000000000000000000000000000000000000000000 

BODY    (   1)  Cup body 

MATERIAL(   2) 

SURFACE (   1), SIDE POINTER=(-1) 

SURFACE (   4), SIDE POINTER=(-1) 

SURFACE (   5), SIDE POINTER=( 1) 

SURFACE (   6), SIDE POINTER=( 1) 

SURFACE (   7), SIDE POINTER=(+1) 

SURFACE (   8), SIDE POINTER=(-1) 

0000000000000000000000000000000000000000000000000000000000000000 

BODY    (   2)  Liquid 

MATERIAL(   1) 

SURFACE (   5), SIDE POINTER=(-1) 

SURFACE (   2), SIDE POINTER=(-1) 

SURFACE (   6), SIDE POINTER=( 1) 

SURFACE (   7), SIDE POINTER=(+1) 

SURFACE (   8), SIDE POINTER=(-1) 

0000000000000000000000000000000000000000000000000000000000000000 

INCLUDE 

   FILE=(col2.geo    ) 

0000000000000000000000000000000000000000000000000000000000000000 

INCLUDE 

   FILE=(det.geo     ) 

0000000000000000000000000000000000000000000000000000000000000000 

END      0000000000000000000000000000000000000000000000000000000 
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