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Populärvetenskaplig sammanfattning 
 
Vår värld står inför ett stort problem som måste lösas för fortsatt utveckling och 
välstånd. Energitillgången i världen har länge varit en självklarhet, men med det 
faktum att energikällorna är ändliga och att cirka 90% av vår energiproduktion 
kommer från just dessa energikällor så behövs alternativ som kan ersätta dessa. 
Förnyelsebara energikällor står för cirka 3% av produktionen av världens energi. 
Majoriteten av dessa förnyelsebara energikällor kommer i grund och botten från 
solen, men det är endast en bråkdel av solens energi som kan utnyttjas. Ett alternativ 
vore då att här på jorden, efterlikna solens egen energiproduktion. Processen som 
producerar all dess energi är fusion. Fusionsforskning har pågått i över 50 år och i 
detta nu byggs en fusion reaktor (ITER) som tros producera mer energi än vad den 
kräver och därmed ta ett stort steg mot kommersiell fusionskraft.  

En viktig del för att uppnå en fungerande reaktor är att hålla plasmat (bränslejoner 
och elektroner som separeras pga av värmen) rent. Detta bland annat för att 1% av 
reaktorväggens kol kan bidra med en 12% nedgång i fusionseffekten. Just nu pågår 
försök med en ny reaktorvägg på fusionsforskningsstationen JET i Oxford. Den nya 
väggen är tänkt att sitta i ITER och försöken på JET fungerar som en förstudie för att 
bland annat se om bränsleutspädningen påverkas.  

För att undersöka detta har vi på institutionen för tillämpad kärnfysik på Uppsala 
Universitet utvecklat en modell för att mäta bränsleutspädningen med den 
egenutvecklade neutronspektrometern TOFOR och externa diagnostikmätningar. För 
att då se om det blivit skillnad i bränsleutspädningen mellan reaktorväggarna så är 
viktigt att veta hur bränsleutspädningsmätningen klarar mät osäkerheter i parametrar 
som plasmats temperatur och densitet. I detta projekt har jag gjort en 
känslighetsanalys på denna bränsleutspädningsmodell och kommit fram till att vid en 
10% mät osäkerhet i plasmatemperaturen varierade bränsleutspädningsmätningarna 
mellan 10% och 23% och vid en 10% mät osäkerhet av plasmadensiteten varierade 
bränsleutspädningen med 10%.  

Andra delen av detta projekt var att jämföra reaktorväggarna i syfte i att undersöka 
möjlig skillnad i bränsleutspädning mellan de olika reaktorväggarna. För att det ska 
bli en rättvis jämförelse måste fusionsförsöken vara så lika som möjligt i avseende på 
exempelvis temperatur, densitet och upphettning.  Jag har därför sökt efter jämförbara 
fusionsförsök och kommit fram till att det är svårt att hitta tillräckligt lika 
fusionsförsök och därför är det fortfarande svårt att säga om det blivit någon skillnad i 
bränsleutspädningen vid byte av reaktorväggen.  

Med förhoppningar om fortsatta fusionsförsök och stegring i plasma parametrarna, 
som just plasma temperatur, densitet och upphettning, kan nya fusionsexperiment, 
som är mer jämförbara, fås. Detta skulle då möjliggöra en rättvis jämförelse mellan 
reaktorväggarna och en slutsats om möjlig bränsleutspädning. 
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Abbreviations  
 
ITER – (Latin for “The way”) the next generation fusion experiment, under 
construction in Cadarache, France. 
JET – Joint European Torus 
CW - Carbon wall 
ILW - ITER like wall 
ST - Supra Thermal 
!!!– Thermo-nuclear neutron rate 
!!!,!"#$% – Ideal thermo-nuclear neutron rate 
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1 Introduction 

1.1 Background 
The World’s energy consumption is greater than ever and with a growing population 
in both number and energy demand, increases every day. This already causes 
environmental problems, but it will also cause problems with exhausted energy 
resources (Lior, 2007).  

The total consumption of the world’s primary energy was around 500×106 TJ in 
2009 and 91% of that primary energy came from oil, gas and coal, 6% from nuclear 
and 3% renewables. The world’s electricity production was around 20·103 TWh in 
2010 and 61% came from gas and coal, 17% from hydro-electric, 13% from nuclear 
and 9% from other resources like biomass, solar, wind, geothermal, waste etc. (TSP, 
2013). That means that more than 90% of all energy production and more than 60% 
of the electricity production comes from fossil fuels, energy resources that are finite 
and not sustainable in a long-term production. There are prognoses that our resources 
of oil and gas will last until the end of this century and coal for a couple of centuries 
(Lior, 2007). The environmental issue with the greenhouse effect caused by CO2 
pollutions from fossil fuel combustion is also a reason to decrease the fossil fuel 
dependence (Pachauri, 2013). Other environmental issues like acidification, polluted 
air and extraction processes of raw material are also connected to the use of fossil 
fuels.  

Renewable resources are alternatives to finite energy resources. Nearly all 
renewable resources are primarily powered by the sun. The technique for extracting 
the sun’s energy with for example solar cells, wind turbines or wave power has a low 
efficiency and therefore a low energy production compared to the amount of energy 
the sun delivers to earth (Lior, 2007). A tempting alternative for a more efficient way 
to extract energy from the sun is to do it directly by creating the same processes down 
on earth that heats the sun. For many years scientists have tried to recreate that 
process and extract the energy from it. After many years of scientific research and 
experiments a fusion reactor is under construction for which the aim is to break even 
and produce as much energy that it consumes. This would be an important milestone 
in the fusion research and a step closer to a new contribution in our future global 
energy system (EFDA, 2013a). 

To accomplish a self-driven fusion reactor, there are mainly two parameters to 
focus on, temperature and density.  The problem is to keep both these parameters at a 
high enough level. For example the temperature typically has to be higher than the 
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suns core temperature and with non-known existing material that could stain this 
temperature, it will be a problem to just confine and handle the fusion process. Even 
with other confinement alternatives like magnetism, there will be materials close to 
the hot fusion process and a risk of particles from the nearby materials breaking lose 
and join with the fusion process. This will dilute the fusion fuel with impurities. Fuel 
dilution will lower the efficiency of the fusion process and fusion fuel containing 1% 
of impurities from Beryllium (which is a possible reactor wall material), will lower 
the fusion power by 8%. It is then of great importance to decrease the level of 
impurities in the fusion fuel. 

1.2 Purpose 
The main purpose of this project is to investigate how sensitive an existing model, 
that estimates the fuel dilution from data measured by the neutron time-of-flight 
spectrometer TOFOR, is against uncertainties in input parameters. A second purpose 
is to investigate if there are differences in fuel dilution during operation between the 
old reactor Carbon wall and a new ILW.  

To make this possible, fundamental knowledge concerning nuclear fusion and its 
research field is required to understand the sensitivity analysis and to be able to 
analyse data from the fusion experiments. Deeper knowledge concerning the fuel 
dilution estimation model and neutron spectrometry is also necessary. 

1.3 Intermediate targets 
To achieve the knowledge required to fulfil the purpose of this thesis, intermediate 
targets were identified. 

 
1. Understand the fundamentals of fusion physics and fusion research. 
2. Learn about neutron emission spectrometry and how it is used to estimate the 

fuel dilution. 
3. Understand how different reactor parameters affect the fusion process to be 

able to search for fusion discharges with specific properties. 

1.4 Layout of the report 
A review of the method that was used during this project is presented in Chapter 1.5. 
An introduction to fusion research is presented in Chapter 2. It begins by explaining 
the basic physics needed and general criteria that need to be met by an energy 
producing fusion reactor. Next follows a discussion on how these criteria can be met 
and the difficulties that come with it. Neutron emission spectrometry is explained in 
Chapter 3. Both Chapter 2 and 3 are necessary in order to understand the results and 
conclusions of this report. In Chapter 4, it is described how the fuel dilution can be 
estimated from measured data, and the sensitivity analysis is explained † . The 
sensitivity analysis results are presented in Chapter 5. The report ends with discussion 
and conclusions in Chapter 6 and 7, respectively. 

                                                
† Note that the method for estimating the fuel dilution had already been developed at the start of 

this project. This project concerns mainly the sensitivity analysis and the selection of suitable plasma 
pulses. 
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1.5 Method 
The method that was used during this thesis can be described in two parts. The first 
part was a literature study, which made it possible to accomplish the first and third 
intermediate targets (see Chapter 1.3 above). The second part was to understand how 
data from the neutrons spectrometer TOFOR could be used to estimate fuel dilution. 
This lead to knowledge of how to do a sensitivity analysis of the fuel dilution model 
and also accomplish the second intermediate target. 

1.5.1 Literature study 
The literature study was mainly done from scientific publications from the fusion 
research field. Also literature from the author John Wesson was used, which is 
common literature within the fusion TOKAMAK research area.  

“The science of JET” was studied from the beginning of this project and which 
both contained the history of fusion research and a introduction to JETs research 
station. This resulted in understandings of which fusion parameters that are important 
in fusion research. The way these parameters are connected to neutron emission 
spectrometry and fuel dilution where further studied in scientific publications from 
Hellesen and Wesson (Hellesen, 2010)(Wesson, 1999). This knowledge was 
necessary to be able to understand the fuel dilution model that I later did a sensitivity 
analysis of.  

Knowledge from publications like Hamby was gathered to understand how 
sensitivity analyses could be done and what sort of sensitivity analysis that was most 
suitable on this present fuel dilution model (Hamby, 1994). The results from the 
sensitivity analysis were presented in diagrams to show fuel dilution model sensitivity 
during the chosen experiments.  

1.5.2 Estimating fuel dilution 
To understand how the fuel dilution estimation is done and to do the sensitivity 
analysis of it, the fuel dilution model was studied and a sensitivity analysis program 
was written in the program language Python. This started with a dry execution of the 
already written fuel dilution program python code. After a complete understanding of 
all the program functions, the sensitivity analysis program python code was written 
and the sensitivity analysis was done.  

To compare the fuel dilution for the different ILW and CW, a python program was 
written to find appropriate fusion experiments from the database of JET containing 
experiments of both the ILW and the CW. After both an automatic search and manual 
search for appropriate experiments, the experiments were run through the fuel dilution 
program. These fuel dilution results, from both the ILW and the CW, were then 
presented in diagram and compared. 
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2 Introduction to fusion research 

2.1 Fusion nuclear energy 
The sun has provided the earth with energy during billions of years. It produces 
around 4×1014 TW in total. The incident power per square meter is 1.37 kW, just 
outside earth’s atmosphere (Wesson, 1999a). With a radius of the earth of 6378 km, 
the total energy delivered to earth would be around 2.8×1012 TJ per year (Tsao,J, 
Lewis,N, Crabtree,G, 2006). This amount of energy can be compared to the total 
energy consumption on earth. The fraction of the amount of energy consumed on 
earth would then be about 0.018% of what the sun deliveries to the earth. To 
understand the magnitude of these numbers, one can note that the sun delivers more 
energy to earth in less than two hours than we consume over a year.  

What is it then that converts all this energy? An early theory was a chemical 
reaction between Coal (C) and Oxygen (O). The sun would then release 106 J/kg and 
totally, the sun would lose around 4×1019 kg fuel/s to maintain its power production. 
This would mean that the sun would last for about 1600 years, if the sun is assumed to 
have a total gravitational mass of 2×1030 kg. So it was highly unlikely that the energy 
could come from chemical reactions since the age of the earth was known. With the 
exploration of the theory of relativity in the beginning of the 20th century and 
scientific achievement by Sir Arthur Eddington and Hans Bethe, an explanation of the 
energy produced by the sun could be made (Wesson, 1999a). By bringing star and 
nuclear theory together they described the sun as a hot gas cloud containing Hydrogen 
(H) that under high temperature and pressure fused together in steps in sequences to 
Helium (He). The energy that is released in a full sequence is 600 TJ/kg hydrogen. 
That would mean that the sun loses about 6.6×1011 kg fuel/s. This would mean that 
the sun would last for 95×109 years, which is a more reasonable number (Wesson, 
1999a).  

2.1.1 Fusion physics 

2.1.1.1 Nuclear energy 
In nuclear physics there are two main processes that are interesting from an energy 
point of view. The first one is to fission a nucleus and the second one is to fuse two 
nuclei together. In both cases, the energy can both be released and lost. What decides 
if there will be an energy release is if the mass of the products is less than the mass of 
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the reactants, and vice versa for the case of energy loss. The energy release can be 
calculated from Einstein’s mass-energy equation ! = !!!! , where ! is mass 
difference. For example with a fusion reaction between Deuterium and Tritium, the 
total amount of energy released is 17.6 MeV, which is shown in an example bellow: 

 
Fusion calculation example: 
Fusion!reaction:!!!! !+ !!!! !→ !!"!! + !!! 
Mass!of!each!atom:!2.014101!!+ !3.016049!! → 4.00260!!+ !1.00866! 
Mass!difference: 5.03015!!– !5.01126!! = 0.01889!! 

 
! = !3×10! !m s 

! = 1.66043×10!!"!kg 
eV! = !1.6!×!10!!"!J 

 
Energy!released:! 
0.01889!!×!1.66043×10!!" kg u !×! 3×10! !m s !

1.6!×!10!!"!J = !17.6!MeV 

 
 

If a study is made of the binding energy per nucleon, it can be seen in Figure 1 
that the middle weight atoms (with mass similar to Iron) has the highest binding 
energy per nucleon and those atoms with low weight has the lowest binding energy 
per nucleon (KSU, 2005). 

 
Figure 1 The binding energy per nucleon for the 240 first mass numbers (HyperPhysics, 2013). 

When for example two nuclei that are lighter than Iron fuse together, nearly all 
produced nuclei will have a higher biding energy compared to the two reactants. 
There will then be a mass difference between the reactants and the products, as seen 
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in the fusion calculation example above, and net energy will be released. For a fusion 
between Deuterium and Tritium, 17.6 MeV is released and from that, 14 MeV goes to 
the neutron. This means that most of the energy in this kind of fusion reaction goes to 
the neutrons. The same procedure can describe the energy extraction from fission. But 
in this case the nuclei need to be heavier than iron, like Uranium 235.  

As can be seen in Figure 1, a peak in energy per nucleon is around Iron. This 
means that Iron is our most stable element. In general it could be said that the 
elements to the left of the element Iron can release energy by a fusion process and the 
elements to the right can release energy through a fission process (KSU, 2005).  

 

2.1.1.2 Fuse atoms 
In order for two nuclei to be able to fuse, they need to overcome the Coulomb barrier 
that occurs when two charges with equal sign repel each other by the electromagnetic 
force. The repelling force is getting stronger with a decreasing distance between the 
nuclei. After the Coulomb barrier, the strong nuclear force is present, this is a force 
that acts over short distances and attracts the nuclei to each other.  

The cross section σ is a way to describe the fusion reaction probability. The cross 
section is determined by the Coulomb barrier if the classical model of physics 
describes it. Two Deuterium nuclei would then need energies around 200 keV to be 
able to fuse. But because of quantum mechanical effects like tunnelling and 
resonances between the particles wave functions, the probability is affected and 
fusion between two Deuterium atoms is therefore possible also at lower energies, in 
the order of 1×10 keV (Freidberg, 2007). A sketch of a typical fusion cross section, 
including the classical and quantum mechanical effects, can be seen in Figure 2. 

 

 
Figure 2 Comparison between classical theory and with quantum mechanical effects with the fusion 

cross section ! plotted against the relative energy of the reactants !. 

Fusion reactions between different ions have different shapes of their cross section 
curves because of the Coulomb barrier and the quantum mechanical effects mentioned 
above. To find out which reaction that has the highest cross section and is easiest to 
fuse, a cross section diagram can be plotted, see Figure 3. 
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Figure 3 Cross section plotted against the relative energy of the reactants. The red curve is the 

Deuterium-Tritium reaction, blue is Deuterium-Deuterium reaction and green is Helium-Deuterium 
reaction. It can be seen that the Deuterium-Tritium reaction has the highest cross section and therefore the 
highest reaction probability (Hellesen, 2010). 

It can be seen in Figure 3(a) that the reaction between Deuterium and Tritium has 
higher probability at lower energy compared to the other reactions. It has its peak 
cross section around 60 keV in the center of mass system. It is readily possible with 
today’s technique to accelerate particles to these energies, but because of the low 
efficiency, it would be a waste of energy because it would demand more energy than 
it would produces (Hellesen, 2010). Instead it would be favourable if the fusion 
process could produce its own energy and heat the fuel particles by its thermal 
motion. This concept of a self-sustaining fusion reactor is referred to as thermo-
nuclear fusion and it is the concept that most fusion researchers work with.  

To determine the velocity of particles in a gas in thermal equilibrium, the 
Maxwell-Boltzmann velocity distribution can be used, 

 

!(!) != !4! !
2!"#

! ! !!! !!! !!!! . 
Equation 1 

Here, ! is the temperature of the gas, ! is the mass of the particles, !(!) is the 
relative probability to find the velocity between !  and ! + !" , and !!  is the 
Boltzmann constant. The average reactivity of the fusion fuel can be described by 
integrating the product between reaction probability ! and the velocity distribution 
due to the velocity of two species of particles !!  and !! (Hellesen, 2010), 

 

!" != ! !! − !! !!!!!!!!!!!!!
!!!!

. 

Equation 2 

The average reactivity !"  depends on !, and is plotted in Figure 3(b).  It can be 
seen in Figure 3(b), as in 3(a), that the Deuterium and Tritium reaction is the best 
alternative due to its reactivity curve, which has the highest reactivity values. Later on 
in this chapter we will see that the average reactivity !" ! is an important part in the 
calculations of the total fusion rate and the fusion power.  

The implication for a fusion reactor is that one needs to heat the fuel to very high 
temperatures to have a high reactivity. As we saw in Figures 3(a) and 3(b), a fusion 
reaction between Deuterium and Tritium has its reactivity optimum for temperatures 
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around !!! = 60  keV ( !! =8.62×10-5 eV/K is the Boltzmann constant) and 
temperatures of at least!!!! = 10 keV (around 100×106 K) are needed in order to 
have a significant fusion reactivity‡. This temperature is actually higher than the suns 
core temperature which is around 15×106 K. But because of the suns size and high 
density it allows for slow rate fusion which happens at lower temperatures (Wesson, 
1999a). This is not the case for a fusion reactor where the size is incomparable against 
the size of the sun; temperatures of 100×106 K are then needed.  

Besides temperature, there is one more important factor left to take into account 
for a successful fusion process. It is the fuel density, which is the number of fuel 
particles per unit volume. With an increased fuel density, a higher number of fuel 
particles are in the same volume and the possibility for fuel particles to collide 
increases. Later on in this chapter we will see the fuel densities importance in the 
calculations of the total fusion rate and the fusion power.  

The energy released (!) from the fusion reaction should be as high as possible. 
This is to extract as much energy as possible per unit mass of fuel, but also to make it 
easier to achieve a continuous process because of the lower rate of fusion reactions 
needed to reach temperatures that makes it possible to have a self sustaining fusion 
process. In Table 1 different possible fusion reactions and their !-values are shown. It 
can be seen that a good candidate is the fusion reaction between Tritium (!) and 
Deuterium (!) that has both a high !!"#!and!!.! 

 
Table 1 Fusion reactions and their !-values, maximum cross sections !!"# and branching ratio. It can 

be seen that the !" reaction is a good candidate with the highest !!"# and ! (Hellesen, 2010). 

 
Tritium does not exist naturally on earth because of its radioactivity, but it can be bred 
from Lithium, which is further discussed in Appendix A1. 

2.1.2 Continuous fusion process 
The thermal fusion reaction rate (!) in a fusion reactor is mainly dependent on the 
temperature and the density of the thermal fuel ions in the reactor. The temperature 
affects the velocity distribution of the fuel. The density of the fuel affects how close 
the fuel atoms are to each other and thereby influences the possibility to collide 

                                                
‡ It is customary in fusion research to specify temperatures in units of keV, i.e. to give the value of 

!!! rather than !. 
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(Hellesen, 2010). The thermal fusion rate is also equal to the thermal neutron rate 
since each fusion reaction produces a neutron. The thermal fusion rate !!! is given by 

 
!)!!!!!!,!" != ! !" !"!×!!!!×!!!!×!!"#$%# , 

!)!!!!!!!!,!! != ! !" !! !×
!!!
2 !×!!"#$%#!. 

Equation 3!

 

In the above Equations 3(a) and 3(b), !! and !!  are the densities of Deuterium and 
Tritium, respectively. !"  is the average reactivity described in Equation 2 at a given 
temperature and !!"#$%# is the plasma volume. To calculate the fusion power, the rate 
and how much energy each fused atom releases must be known. The fusion power is 
calculated by multiplying !!"with the !!!: 

  
!!!!!!,!"#,!" != ! !" !×!!!!×!!! !×!!"#$%#×!!!" ,  

Equation 4 

Equation 4 describes the fusion power !!!,!"#,!"!with Deuterium and Tritium fuel 
(Hellesen, 2010).  

An alternative way to describe the fuel densities is via the electron density. This is 
possible because a fusion plasma§ must have quasi neutrality, which means that the 
plasma charge is overall zero. The negative charges from the electrons need to be 
equal to the positive ion charges, !!!! != !!!!! !+ !!!!! + !!"!!"!" . !!, !! and 
!! are the charge of electron, Tritium and Deuterium respective, and !!" is the charge 
of possible impurities in the plasma. In the ideal case when no impurities are present 
in the plasma, the electron density can be used instead of the fuel density in the 
calculation of the thermal fusion rate. The ideal thermal fusion rate for a Deuterium 
fuelled reactor can then be written as 
 

!!!!,!"#$% !!= ! !" !!!
!

2 !!"#$%#!. 
Equation 5 

This alternative calculation of the fusion rate makes it possible to calculate the upper 
limit for the thermal fusion rate from a plasma with a given electron density, which 
will be useful later in this report. 

In a thermo-nuclear reactor, the fusion process need to be self sustained and the 
energy produced by the fusion reactions has to be enough to maintain the temperature 
at a high enough level to produce new fusion reactions. Of the power from the fusion, 
!!"# , 80% goes to the neutrons and 20% goes to the alpha particle produced 
(Hellesen, 2010). The neutrons will not be confined in the reactor but will instead 
contribute to breed Tritium from Lithium in the reactor wall and heat an external 
source for power production at the same time. The alpha particle will instead stay in 
the reactor and contribute to heat the fuel. This means that 20% of all fusion power 

                                                
§ Plasma is a high temperature matter of when a separation between atoms and electrons occurs and 

will be further described later in this chapter. 
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will be used to maintain the temperature in the reactor. To keep a reactor in a steady-
state, the energy balance needs to be fulfilled: 

 
!!"## != !0.2!!"#! + !!!"# .! 

Equation 6 

!!"## is the power lost from the reactor in form of radiated heat and transport and !!"#  
is the power from the external heating systems. If this is not equal, it will either 
increase or decrease the power in the reactor. If external power is not needed, and the 
reaction process is powered by the fusion reaction itself, the reactor is self-sustained 
and the reactor is said to be ignited. The steady-state energy balance for an ignited 
reactor is then 

 
0.2!!"# != !!!"##. 

Equation 7 

This is what a future thermo nuclear power plant wants to accomplish ideally. For 
controlling purposes it could be convenient to use external heating systems and the 
lowest criteria to not lose energy in the process is when the total fusion power is equal 
to the external power input, this is called the break even point,  

  
!!"# = !!"# . 

Equation 8 

The fusion process will still need external energy to continue, but if !!"# ≫ !!"#  , a 
large part of the energy will come from the fusion process and energy can be 
extracted from the system (Hellesen, 2010).  

2.1.3 Confinement time 
The thermal energy in the reactor depends on the fuel density and the temperature of 
the fuel via 

!!"! != !3!!!!!, 
Equation 9 

where !! is the electron density, ! is temperature in Kelvin and !! is the Boltzmann 
constant. To be able to know how much power is lost from the reactor, knowledge 
about the confinement time ! is needed. The confinement time is the characteristic 
time that the energy stays in the reactor. By knowing the total energy contained in the 
reactor and the power lost the ! can be calculated via 
 

!! = ! !!"!!!"##
. 

Equation 10 

The confinement time needs to be long enough so that the plasma temperature can 
be kept sufficiently high to sustain the fusion reactions. Today in fusion research, the 
confinement time is a critical factor because the time that the energy stays in the 
reactor is too short. The rate of energy loss is then too big to have a thermo-nuclear 
reactor, but with help from external heating systems, seen later in this chapter, it is 



 15 

possible to create a continuous fusion process. By combining Equation 8 and 
Equation 10, the confinement time that is needed for ignition can be calculated by 

 

!!"!! =
60!!!
!" ! !. 

Equation 11 

 
With !!! = 20 keV, ! = !17.6 MeV, !" = !4! · 10!!"  m3/s and density equal to 
1020 m-3 the confinement time needs to be around 2 seconds to have an ignited reactor. 
This can be compared to JET’s best confinement time that is around 1 second 
(Wesson, 1999a). 

2.1.4 Plasma physics 
Plasma is a state of matter when the electrons partly or totally leave the atoms. In a 
normal state, the electrons are hold by the electromagnetic force by the protons in an 
atom. But if an electron receives enough energy it may overcome the electromagnetic 
force and leave the atom. The electrons in the outer orbits are less affected by the 
electromagnetic force. This is because of a decreasing strength of the electromagnetic 
force with increased distance. The outer electron will then need a lower amount of 
energy compared to the inner electrons to be able to leave the atom. When adding 
heat, the outer electrons will start to leave the atom.  When more energy is added and 
received by the electrons, more electrons will leave the atom and when all the 
electrons have left, the atom and the electrons is in a so called hot and fully ionized 
plasma state (Bittencourt, 2004).  The temperature needed to accomplish this is about 
10 000 K for any kind of gas (Wesson, 1999a). A fully ionized plasma contains two 
fluids with electrons and ions. These fluids are intermixed and sensitive to distortions 
like charge imbalance, this is because of the strong electrostatic attraction.  

Describing and understanding exactly what happens to matter in the plasma state 
is difficult because of its complexity; imagine a fluid with electromagnetic properties 
that contains energy corresponding to 10 000 K or higher.  In a fusion reactor a 
plasma state is unavoidable because of the high energy that the Tritium and 
Deuterium need to be able to fuse. But how can this hot plasma be confined and 
controlled? 

2.1.5 Magnetic fields and confinement 
The sun confines its plasma by means of its own gravity. But this kind of confinement 
is not possible on earth. An artificial confinement of plasma can instead be done with 
a magnetic field.  This is because when a charged particle moves perpendicular to the 
magnetic field it will be exposed of a force, the Lorenz force, given by 

 

! !!
!" != !!(! + !×!) 

Equation 12 
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Figure 4 When a charged particle moves perpendicular to the magnetic field, it will be affected by a 

force that is directed inwards and makes the charged particle move in a circlular orbit (© EFDA-JET). 

 

 
A charged particle which is exposed to the Lorenz force and starts to circulate 

around a magnetic field is a so called a confined particle, shown in Figure 4. The path 
that the plasma particles follow is then guided by the magnetic field. To achieve an 
efficient plasma confinement, the magnetic field lines should always be inside the 
reactor, to minimize particle losses to the surroundings. A reactor type called 
TOKAMAK was developed to make this kind of magnetic confinement possible 
(Wesson, 1999b). This reactor concept is discussed in the next section. 

2.2 The TOKAMAK Fusion reactor 
In the 1960s, Soviet developed a fusion reactor formed as a torus, i.e. an endless 
circuit where the plasma could flow. This reactor shape is still the most tested and 
successful. The donut shaped reactor is called TOKAMAK and is a Russian acronym 
for “torodial chamber and magnetic coils”. The magnetic field that confines the 
plasma is created by external coils and a current through the plasma, as shown in 
Figure 5. The magnetic configuration is further described in Appendix A2 

 

 
Figure 5  Schematic sketch of the tokamak reactor concept, consisting of a fusion plasma confined by a 

magnetic field, which is created by coils around the plasma and a current in the plasma. The helical 
magnetic field lines are the sum of the torodial and polodial magnetic fields.  (Farell, 2009) 
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2.2.1 The Joint European Torus (JET) 
There are several research tokamaks in the world and the biggest now is the Joint 
European Torus (JET) outside Oxford in England. JET was built in the 1970s and had 
its first plasma in 1983. JET is the biggest fusion reactor so far, with a major radius of 
3 m and a vessel height of 4 m. A picture of JETs reactor is shown in Figure 6. It 
holds the world record of produced fusion power. The record is today 16 MW of 
fusion power with a Deuterium-Tritium fuel and this was achieved in 1997. The input 
power was 24 MW and the energy ratio was then 0.67 JET is also today the only 
fusion reactor capable of operating with Deuterium-Tritium fuel (EFDA, 2013e). 

 

 
Figure 6 The JET nuclear fusion reactor. The donut shaped vessel can be seen in the middle. A human 

being is standing beside to realise the reactor size (EFDA, 2001) 

 
So far we have in the thesis discussed the reactor that makes it possible to confine 

a high temperature plasma. Together with knowledge of plasma properties like 
temperature, density and confinement time, theoretically, soon we may have a 
working thermo-nuclear fusion reactor. But how, initially, to create this plasma and 
make it reach the temperature which is needed? 

2.2.2 Plasma heating 
When the fuel has entered the reactor vessel it needs to be heated. This is primarily 
done by ohmic heating from the electric current running in the torodial direction.  
This will just heat to a certain level (explained later in this chapter) and external 
heating is therefore needed. At JET, Neutral Beam Injection (NBI) and Ion Cyclotron 
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Resonance Frequency (ICRF) heating are the most common external heating systems 
(Hellesen, 2010). An sketch of these heating systems is shown in Figure 7. 

 

 
Figure 7 Three different plasma heating systems, Ohmic heating, Neutral beam injection (NBI) and 

Radio frequency heating (© EFDA-JET). 

 

2.2.2.1 Ohmic heating 
Ohmic heating is heating by the toroidal electric current, done by the resistance in the 
plasma. The heating power corresponding to a given plasma current I can be 
described with Ohms law,  
 

!!"#$ != !!!!. 
Equation 13 

The ohmic heating increases with an increased plasma current !, but with higher 
temperature the resistance ! decreases. This allows the ohmic heating at JET to create 
plasmas with temperatures around !!! = 2 keV. But as seen in Chapter 2.1.1.2, 
temperatures around !!! = 10-20 keV are needed. 

2.2.2.2 NBI and ICRF heating 
There are different ways to heat the plasma additionally. NBI heating is one way and 
it consists of an ion accelerator that launches energetic neutral particles into the 
reactor vessel and plasma. The neutral particles need to be ionized in order to be 
accelerated in the accelerator. Before entering the plasma, the ions need to neutralize 
so they can break through the magnetic field and penetrate into the centre of the 
plasma. There they get ionized again and create a sub-population of supra thermal 
(ST) ions, i.e. ions with energies well above the thermal energy. On JET, the NBI 
creates ST ions with energies between 70-130 keV. The ST ions will eventually begin 
to collide and slow down on thermal fuel ions and thereby heat the plasma (Hellesen, 
2010).  

Ion cyclotron resonance frequency heating (ICRF) is another way to heat the 
plasma. By sending electromagnetic waves with a frequency that is matched to the 
cyclotron frequency (which is the ions gyration frequency around a magnetic field 
lines) of one of the plasma ions, energy can be transmitted through a resonant 
interaction between the particle and the wave. This can be used to send energy to the 
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ions in plasma. For both NBI and ICRF, ST ions are created before they transfer their 
energy to the thermal ions or react (Hellesen, 2010). 

2.2.3 Diagnostics 
So when the reactor is running and a plasma is created, how to gather information of 
the process to be able to control and maintain the fusion process?  

There are many different diagnostic tools to be able to do this. The whole 
diagnostic field is a research area only by itself on JET. Simultaneously with fusion 
research, new and better diagnostic tools are explored and tested to increase the 
capability to diagnose a nuclear fusion reactor properly. As discussed above, densities 
and temperatures are key parameters in fusion experiments. Below follows a brief 
description of different techniques for measuring these quantities, as well as the total 
rate of neutrons emitted by the plasma. 

2.2.3.1 Charge exchange spectroscopy  
To get information about the temperature and direction of the plasma flow, 
information from the NBI are collected during the heating. When the NBI ions are 
injected into the plasma, they may deliver an electron to the fuel ions or heavier ions 
(impurities), a process known as charge exchange. The fuel ions or heavier ions can 
later send out electromagnetic light by losing the electron by a sub collision. The 
electromagnetic light from electron transitions between different shells of the 
impurity ions can then be detected by a receiver, and from this measurement it is 
possible to calculate the plasma flow direction and the temperature of the plasma 
(EFDA, 2013c) 

2.2.3.2 Thomson scattering 
Thomson scattering is a diagnostic tool that measures electron temperature and 
density in the plasma. This is done by means of a high intensity laser pulse. By 
detecting the backscattering light from the electrons after a laser pulse an energy 
spectrum can be constructed. The width of the spectrum determines the electron 
temperature and the area tells us about the electron density (EFDA, 2013d). 

2.2.3.3 Fission chambers 
A fission chamber can be used to count the number of neutrons produced in the fusion 
reactor (IAEA, 2004). This is done by using a Uranium 235 coating in the detector. 
The detector detects the number of Uranium 235 fissions by measuring the fission 
energy. By knowing the number of fissions, the number of neutrons send in to the 
detector can then be counted. On JET there are several of fission chambers around the 
reactor with the task to measure the total neutron rate. 

2.2.4 H-mode and L-mode 
The confinement time of energy is, as mentioned in Chapter 2.1.3, the 

characteristic time that the energy can be contained in the reactor. One way to 
increase the confinement is to increase the size of the reactor vessel and by that 
lowering the temperature gradient. This will then increase the time that the energy is 
in the reactor. But there is also another way. During low confinement mode, L-mode, 
the reactor operates under “normal” conditions with the plasma being compressed and 
maintained by the electromagnetic coils and the plasma current. But during a 
discharge with enough external heating, a high confinement mode, H-mode, can 
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occur. H-mode is a phenomenon that increases the confinement time with about a 
factor of two, by compressing the plasma and decreasing the heat transport from the 
plasma. A future thermal fusion reactor is planed to run with the plasma in H-mode 
but the H-mode phenomenon and its triggering mechanisms are not yet totally 
understood. Indicators like increased energy density and plasma density can be seen 
during H-mode (JET-EFDA, 2008). 

2.3 Difficulties - the need for ITER  
All basic components that are needed to be able to create an energy producing 
thermo-nuclear fusion reactor are now mentioned. At a first glance this may seem to 
work, but in an actual process, it is not so easy at all. Problems related to continuous 
power production, tritium retention in the reactor wall and heat loads on the plasma 
facing components are some of the challenges that still are not completely solved. 
Some of these complicating factors are described in Appendix A3. 

To be able to solve these problems, a new tokamak called ITER is being 
constructed. ITER is a world global project that started in the 1980s. 20 years later, 
the construction is in process in Cadarache, France, and if the time schedule holds, the 
first plasma will be obtained in 2020. ITER has a plasma volume of 840 m3, which is 
8 times greater than at JET and it is designed to produce 500 MW of fusion power. 
The main goal for ITER is to produce 10 times the energy it consumes. ITER will also 
be a test reactor for different reactor materials, continuous electric current drive, 
Tritium breeding, super-conducting magnets and remote control on active devices 
(ITER, 2013).   

The reactor material try outs have already begun on JET to work as a pre study to 
save both time and costs for ITER. The experiments purpose is to try a new ITER like 
wall (ILW) with a new reactor wall material. Carbon was the previous wall material 
on JET, but for the ILW Beryllium is the main wall material. This is mainly an 
attempt to lower fuel ion absorption into the reactor wall. The ILW is expected to 
decrease the absorption of fuel ions by a lower retention of Tritium in the magnitude 
of 1 to 2 orders (Roth, 2008). Beryllium has on the downside a low melting point at 
1287°C (Webelements, 2012). This can be critical in the reactor areas with the highest 
heat fluxes, i.e. the reactor bottom in the divertor where the particle exhaust is. The 
divertor needs to have heat resistant material and be able to hold against high 
energetic atoms colliding into it. Tungsten has a melting point of 3422 °C and is used 
in those areas (Webelements, 2012). But Tungsten has atomic number of 74 and 
would affect the fuel dilution strongly if it gets fully ionized in the plasma. However, 
heavy impurities like Tungsten will also cause strong radiation by electron transitions 
and Bremsstrahlung. The radiated energy will leave the reactor, which means that the 
fuel will cool down rapidly. This, in turn, will shut down the whole fusion process 
before it actually affects the fuel dilution (Stacey, 1976). 

 A second effect of a new wall material is a possible change in fuel dilution.  
Because of the lower atomic number of Beryllium compared to Carbon, it could lead 
to lower fuel dilution (further explained in Chapter 2.4). The installation of the ITER-
like wall started in 2009 and experiments with the new wall have been running since 
2011 (EFDA, 2013b).  

2.4 The problem with fuel dilution 
The Deuterium and Tritium fusion plasma should contain only Deuterium, Tritium, 
He4 and electrons in the optimal case. But because of materials near the plasma it can 
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be diluted with impurities. A Carbon based wall (CW) was installed before the ILW. 
It contains mostly Carbon-12, which has atomic number 6. As mentioned in Chapter 
2.1.4, a plasma contains very close to the same number of ions and electrons, i.e. the 
plasma is quasi-neutral. A Coal ion will then replace 6 Tritium or Deuterium because 
the coal ion is 6!! -charged (!!" != !6).  This causes fuel dilution and will lower the 
fusion power by the square of the fuel density seen in Equation 4. With 1% Carbon 
fuel dilution it will lower the power by 1− 0.94! != !12%. This would mean a 
decrease in a commercial fusion power station with 3 GW thermal power of around 
350 MW. Impurities like Carbon are therefore something undesirable in a reactor. 

The level of fuel dilution can be quantified by the ratio !!/!!, where !! is the 
electron density and !! is the deuterium density. If there are no impurities in the 
plasma we have !! = !! (neglecting the small amount of charged fusion products). 
!! therefore represents the ideal deuterium density in a given plasma. 

The ILW is an attempt to improve the reactor wall and reduce the fuel dilution by 
choosing Beryllium as the wall material. Beryllium has number 4 in the periodic table 
and therefore !!" != !4. The diluting effect of a single Be9 atom will then be 33% 
lower compared to C12. 

As stated in the introduction, this project is about estimating the !! !! from 
neutron spectrometry measurements. Accurate measurements of this quantity are 
essential for the task of minimizing the fuel dilution in fusion experiments. 
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3 Neutron emission spectrometry 

Different diagnostic tools can measure different properties of the plasma. The 
diagnostic tools already mentioned are Thomson scattering that measures properties 
of the electrons via a laser probe and charge exchange spectroscopy that measures 
properties about the ions with help from the NBI particles. Another alternative is to 
measure the neutron energy of the neutrons produced in the fusion reactions. The 
neutrons are neutrally charged and will therefore not be affected by the magnetic field 
that confines the ions and electrons in the plasma. This gives the opportunity to 
measure the neutrons outside the reactor without affecting the plasma.  

When a Deuterium-Deuterium (DD) or Deuterium-Tritium (DT) fusion occurs, a 
neutron is produced. That neutron has a certain amount of energy based on the energy 
released for that particular reaction, the angle between the reactants, the masses of the 
products, and the initial energies of the reactants. From classical kinematics it is 
possible to derive the following equation for the neutron energy (Brysk, 1973), 

 

!! != !
!!!!"!
2 !+ ! !!

!! +!!
! ! + ! !+ !!!" cos(!)!

2!!!!
!! +!!

! + ! . 

Equation 14 

In Equation 14, !!  is the neutron mass and !! is the residual product mass (4He 
for DT and 3He for DD). !!" is the center of mass velocity of the reactants, ! the 
energy released from the fusion reaction, and ! is the relative kinetic energy between 
the reactants. ! is the angle between !!" and the neutron emission direction in the 
center of mass reference frame. As described in Chapter 2.1.1.2, the probability of a 
certain velocity in a thermal equilibrium gas at a certain temperature is given by the 
Maxwell-Boltzmann distribution. A fusion plasma contains reactants with different 
velocities. By integrating Equation 2 and Equation 14 over the Maxwell-Boltzmann 
distribution, an energy spectrum is obtained. This neutron spectrum from only thermal 
ion reactions has a Gaussian shape (Brysk, 1975). But as known, ST ions are present 
in many cases and they have non-Maxwellian velocity distributions, which contains 
ions with higher average velocity than the thermal ions. In the case of measuring 
neutrons from thermal reactions, it must be taken into account that the ST ions can 
react with thermal ions and contribute to the neutron energy spectrum. Such neutrons 
cannot be directly separated from a thermal neutron and will therefore complicate the 
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interpretation of the results in a neutron emission diagnostic. Analysis of the different 
characteristic shapes of neutron energy spectra from thermal ions reactions and ST 
with thermal ions reactions can be made to separate thermal neutrons and ST 
neutrons.  

The thermal ion reactions has, as mentioned above, a Gaussian shaped neutron 
energy spectrum but the ST-thermal ion reaction have another characteristic shape. 
When an ST ions gyrates around a magnetic field line with !!" ≫ !!!!, the thermal 
ion can be considered as stationary. If a neutron is detected at a given point in space, 
the emission angle ! in Equation 14 depends on where during the orbit around the 
magnetic field line the fusion reaction took place. When the ST ion moves towards 
the detector, the angle is 0°, and the third part of the Equation 14 contributes with its 
maximum and this results in a high-energy hump in the top graph seen Figure 8. 
When the ST ion is on its way down the angle is 180° and this corresponds to the 
minimum neutron energy. This results in the low energy hump in Figure 8. The sum 
of this, will give a characteristic neutron energy spectrum with a ‘’double humped’’ 
shape seen in Figure 8 (Hellesen, 2010). 

 

 
Figure 8 A double humped ST thermal neutron spectrum. The bottom picture represents the cross 

section of a magnetic field line with a circling ST ion (Hellesen, 2010). 

3.1 The TOFOR spectrometer 
The Time Of Flight neutron spectrometer Optimized for high count Rate 
measurements (TOFOR) (Gatu Johnson 2008), is a neutron emission spectrometer 
developed by Uppsala University and the Department of Physics and Astronomy, 
Applied Nuclear Physics. It detects neutrons in two sets of detectors, S1 and S2, and 
by knowing the flight time between these detector sets, the neutron energy can be 
measured and a total neutron spectrum can be plotted (see Figure 9). 
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Figure 9 (Left) The time-of-flight spectrometer TOFOR with its two detector sets S1 and S2. The 

neutron energy is related to the flight time between S1 and S2. (Right): TOFOR is mounted about 19 meters 
above the JET reactor and the shaded area in the picture illustrates what TOFOR sees. 

 
TOFOR can detect neutrons with energies between about 1.5 MeV and 20 MeV, 

which means that it will detect neutrons from both thermal ion reactions and ST-
thermal ion reactions. With knowledge from the beginning in this chapter about 
different characteristics of the neutron spectra from fusion reactions between ions 
with different velocity distributions, the measured neutron spectrum can be 
decomposed into components representing thermal and ST-thermal reactions. An 
example is shown in Figure 10, for a NBI heated plasma. The components are thermal 
neutron (THN, red line), ST-thermal neutron (NBI**, black line) and a component 
describing scattered neutrons (scatt, black dash-dotted line). 

 

 
Figure 10 Results from TOFOR measurements from JET discharge 83471, with Deuterium fuel. Left 

graph: Neutron counts for each flight time, along with fitted neutron emission components. Right graph: 
Energy spectra of the fitted components. 

The right graph in Figure 10 shows the components on an energy scale, along with 
their sum (blue line). These spectra can then be translated to the time-of-flight scale 

                                                
** Here, ST-thermal is referred to as NBI, which specifies that the ST ions come from the NBI 

heating. 
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by multiplying with the response matrix of TOFOR (Hjalmarsson, 2005). The 
resulting time-of-flight spectra are shown in the left graph in Figure 10, together with 
the measured TOFOR data (points with error bars). The intensity of each component 
and the temperature of the thermal component have been adjusted in a fitting 
procedure so that the total spectrum (blue line) matches the TOFOR data as closely as 
possible. Note the characteristic shape of the NBI component, with a clear double 
hump, and the THN component with a clear Gaussian shape. 

When fitting the temperature we use the fact that we have additional knowledge 
on this quantity from the Thomson scattering measurements of !!. The discharges 
studied in this project all have a comparatively high density (> 1 ⋅ 10!" m-3), which 
means that the ion and electron temperatures are expected to be similar. We would 
therefore expect the temperature from the TOFOR fit to be close to !! . This 
requirement can be imposed in the fitting procedure through Bayesian statistics, by 
specifying a prior probability distribution for the temperature (Hellsesen, 2010). In 
this project the prior distribution was chosen to be a Gaussian centred at !!, with a 
standard deviation of 10%. This is done to increase the robustness of the fitting 
process.  

For the analysis presented here the response function of TOFOR had not been 
calibrated on an absolute scale. This means that TOFOR can only measure different 
fusion reaction shares relatively to each other, i.e. we do not know directly the 
number of thermal or NBI reactions emitted from the plasma into the TOFOR 
sightline.  

Statistical uncertainties from the TOFOR fitting process are calculated directly in 
the fuel dilution program, giving the uncertainty in the fitted thermal and the ST 
neutron intensities. The statistical uncertainty is affected by the number of neutrons 
reaching TOFOR and fewer neutrons will increase the uncertainty and vice versa. 
Also the presence of ST ions increases the uncertainty. When the neutron emission 
consists of both THN and NBI components, about 5000 neutron counts are needed in 
the spectrum to estimate the THN:NBI ratio with 10% uncertainty (Hellesen, 2010).  
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4 Method of measuring the fuel 
dilution 

4.1 Measuring the fuel dilution with TOFOR 
TOFOR can be used to measure the fuel dilution. This is done by comparing the 
thermal neutron rate !!! with the with the ideal thermal neutron rate !!!,!"#$% that 
would be expected if the fuel were completely undiluted. From Equations 3(b) and 5, 
it can be seen that !!!,!"#$% and !!! are proportional to !!! and !!! , respectively. This 
leads to the following relation between the fuel dilution, !!! and !!!,!"#$%,  

 
!!
!!
!= ! !!!

!!!,!"#$%
!. 

Equation 15 

The thermal neutron rate !!!! is measured from TOFOR as follows. The ILW 
discharge 83471 from Figure 10 (Chapter 3) is taken as an example. The thermal 
neutron intensity !!! and ST-thermal neutron intensity !!"#  are obtained from TOFOR 
measurements as described in Chapter 3.1. These component values are given in 
Table 2 along with the total neutron rate !!"! measured by the fission chambers.  

Table 2 

ILW Discharge 83471 Parameter values 
Thermal neutron intensity (!!") 0.0147188 (arb. units) 
NBI neutron intensity (!!"#) 0.2856367 (arb. units) 
Total neutron emission rate (!!"!) 2.782⋅1015 neutrons/s 
 
Multiplying the ratio !!! !!! + !!"#  with the total neutron emission rate !!"! 
measured by the fission chambers gives an estimate of the total thermal neutron rate, 
 

!!! = !!"!!× !
!!!

!!! + !!"#
×0.7. 

Equation 16 
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In Equation 16, the term inside the brackets calculates the total thermal neutron 
emission. The factor 0.7 is an adjustment for the limited TOFOR sightline. The 
sightline determines where in the plasma TOFOR measures from. TOFOR’s sightline 
is focused on the central part of the plasma and because the dominating part of the 
thermal fusion reactions happens in this part of the plasma the thermal neutron 
fraction seen by TOFOR is not expected to exactly correspond to the global value. 
The factor 0.7 compensates for this, and it is obtained from simulations with the 
plasma modelling code TRANSP (Ongena, 2013). By using the values from Table 2 
in Equation 16, the total thermal neutron rate is estimated to !!! != !6.6224×10!" 
neutrons/s.  

The ideal thermal neutron rate !!!,!"#$% is now estimated by using electron density 
!!  and temperature !!  measured by Thomson scattering. When integrating the 
thermal fusion rate (which is a function of the electron density and temperature) over 
the whole plasma volume, the ideal total thermal neutron rate, !!!,!"#$%, is given. For 
the discharge in Table 2, we get !!!,!"#$% != !1.2186×10!"!neutrons/s. With known 
!!!  and !!!,!"#$% , the fuel dilution can be calculated from Equation 15; the fuel 
dilution is then equal to 73.7% during discharge 83471. Figure 11 shows a schematic 
picture of the fuel dilution measuring process. These calculations of the fuel dilution 
were made for all discharges studied during this project. 

 
 

 
Figure 11 Schematic picture of the fuel dilution estimation 

It would be favourable to exclude the total neutron emission rate, i.e. to be able to 
use !!!  directly from TOFOR. But as mentioned in Chapter 3.1, this is not possible at 
this point because the response function of TOFOR is not calibrated well enough on 
an absolute scale. Further work will aim at refining the model and remove the need 
for using the total neutron emission. 

As described earlier it is of great interest to be able to measure the fuel dilution 
because of the negative effect it has on the fusion performance. It is then important to 
do this with high accuracy. We have a model that can measure fuel dilution and it is 
dependant on the electron temperature !! and the electron density !!. The question is 

TOFOR gives 
thermal neutron 
emission 

From measurements of  ne and 
Te we calculate the ideal thermal 
emission, i.e. assuming nd = ne 
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now how sensitive this model is against uncertainties in these parameters and why? 
My first part of this project is to answer that question by doing a sensitivity analysis 
of this existing fuel dilution measurement model. 

4.2 Sensitivity analysis 
A sensitivity analysis has been performed on the fuel dilution model described in 
Chapter 4.1, in order to investigate how sensitive the TOFOR fuel dilution estimates 
are against changes in input parameters from external diagnostics. The fuel dilution is 
estimated through !!!,!"#$% !and !!!  as described in Chapter 4.1. These quantities 
depend on Thomson scattering measurements of !! and !!. These two parameters will 
therefore be the focus of the sensitivity analysis. 

A sensitivity analysis can be done by different methods. The OAT- method, one-
at-the-time, is simple and easy to use. The procedure of OAT is to change the input 
parameters one at the time and at the same time hold the other parameters on their 
initial values. The models output is observed for each change in the input parameters. 
This will give indications of how sensitive the model really is to changes in the 
corresponding parameters. There are both advantages and drawbacks with this 
method. One positive fact is that it is easy and practical to use, this will lower the 
chances of simulation errors during the simulation and if there is an error, it is easy to 
find. But its easiness is also its downside because it does not take correlation into 
account between the input parameters. This can be troubling if you have parameters 
that are dependent on each other (Hamby, 1994).  

If the effect of a change in a parameter is uncertain, the range of changes in the 
parameters should be equal on both sides of the initial value of the chosen parameter. 
In this project, a 10% change of the initial value on each side was chosen.   

4.2.1 Parameters 
As mentioned earlier, !! and !! are chosen parameters in the sensitivity analysis of 
the fuel dilution model. These parameters are used in the calculation of the ideal 
fusion rate !!!,!"#$% and of the measured rate !!! in fuel dilution model. The total 
neutron rate from the fission chambers is also a parameter that could have been 
varied. But it was decided to not include this parameter because of what was 
mentioned in Chapter 4.1, that it may not be used in the future because of planned 
absolute measurements of the values of !!! and !!!,!"#$%, and due to time limitation. 

Some effects that could be expected before performing the actual sensitivity 
analysis on fuel dilution model were that !! and !! directly and indirectly would 
affect the ideal thermal neutron rate, !!!,!"#$% , in Equation 5. !!  affects !!!,!"#$% 
directly and !!  affects it indirectly, through the temperature dependence in the 
average reactivity in Equation 2. The thermal neutron rate estimated from TOFOR, 
!!!, is also affected by !! since this parameter is used as a Bayesian prior in the 
fitting procedure, as described in Chapter 3.1. 

4.2.2 Simulation process 
A Python program that estimates the fuel dilution according to the method described 
in Chapter 4.1 was already available at the beginning of this project. The sensitivity 
analysis was made using this fuel dilution program, by multiplying !! and !! by 0.9, 
1.0, and 1.1 for each discharge and then collecting the result. 6 results were then 
obtained from each discharge in the sensitivity analysis. The chosen discharges that 
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were analysed were discharges with Deuterium plasmas with strong NBI heating (>10 
MW) and high plasma density (> 9·1019/m3).  

Both CW and ILW discharges were considered in the sensitivity analysis, 70 
discharges with ILW and 30 discharges with CW. The different number of discharges 
between ILW and CW is because of the response function of TOFOR was not well 
determined enough during the older CW discharges and it made them unsuitable for 
the kind of analysis presented here.  
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5 Results 

5.1 Initial set of discharges 
The results of the sensitivity analysis are presented with the parameter !! in Figure 12 
and with parameter !! in Figure 13, both with the fuel dilution plotted against the 
plasma temperature. The red dots and the blue dots are fuel dilution results from CW 
and ILW discharges, respectively. The error bars represent the statistical uncertainty. 
The black line is a 2nd degree polynomial fitted to the fuel dilution results points. The 
green lines are fuel dilution results, with the parameter !! or !! changed by 10%, 
again fitted to a 2nd degree polynomial. The ILW discharge numbers are selected from 
the JET pulse range 82500-83500 and the CW discharges are selected from 78400-
79900. 

 
 

 
Figure 12 Estimated fuel dilutions for a number of JET discharges with the CW (red points) and the 

ILW (blue points), plotted against the electron temperature. The black line is a second degree polynomial 
that has been fitted to the data points. The green lines represent the corresponding fitted line for the case 

when Te is increased and decreased by 10%. 
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A 10% change in !! gave an asymmetric distance between the fitted fuel dilution 
results line (black) and the fitted fuel dilution results with 10% change line (green) 
seen in Figure 12. The impact on the resulting fuel dilution is higher at low 
temperatures. The absolute change in fuel dilution had a range from 10.5% to 20% 
when changes in !! were made, which corresponds to a relative change of 15% to 
24%. 

 
Figure 13 Estimated fuel dilutions for a number of JET discharges with the CW (red points) and the 

ILW (blue points), plotted against the electron temperature. The black line is a second degree polynomial 
that has been fitted to the data points. The green lines represent the corresponding fitted line for the case 

when ne is increased and decreased by 10%. 

 
A 10% change in !! gave a change in the estimated fuel dilution that was close to 

constant, as seen in Figure 13. The absolute changes in fuel dilution were from 10% 
to 7% and the relative change was constant around 10%.   

The results show a tendency of lower fuel dilution with ILW discharges. It can be 
seen in both Figure 12 and Figure 13 that the black trend curve is higher to the left 
where there are more ILW shots.  But the differences between the ILW and CW fuel 
dilutions results are generally not bigger than the uncertainty range (the distance 
between the green and black lines) which means that all results could, in principle, be 
equal. It can also be seen that the CW and ILW fuel dilution results are clearly 
separated in temperature. This will make it difficult to compare the CW and ILW with 
respect to fuel dilution. In the next chapter, we will make an attempt to make the fuel 
dilution results more comparable. 

5.2 Work for better comparability between ILW and CW results.  
The second part of this project where to investigate a possible change in fuel dilution 
between discharges with the CW and the ILW. To compare the fuel dilution between 
the CW and the ILW, the ILW discharges and the CW discharge need to represent 
similar plasma scenarios to do a fair comparison. During the search for the CW and 
the ILW discharges used in this chapter, I worked to find high performance 
discharges with similar condition like a future fusion power station would have for 
both the CW and the ILW. The search requirements were high plasma density and 
NBI power to achieve this. In Figures 12 and 13 it can be seen that the plasma 
temperature is in general lower for the selected ILW discharges than for the CW 
discharges. The requirements during the first discharge search were 
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• Plasma density: !> !9×10!"   /m3 
• NBI power:  !!"# = !10 MW. 

5.2.1 Parameter choice 
In an attempt to increase the comparability between the ILW and CW discharges, the 
plasma temperature was added to the requirements during the discharge search in the 
JET database. This was done by using the same program that was used to search for 
the old discharges but with electron temperature as an extra requirement:  !!!! > 4 
keV.  

Around 3000 discharges were search through (discharge nr between 82500-85467) 
and of those, around 150 discharges passed the criteria. A manual search for H-mode 
was made to ensure the discharges quality and thermal reactor like conditions. Typical 
H-mode indicators like increased energy density, average plasma density and 
increased radiation from the plasma edge from electron transitions in Beryllium (Be 
527nm photon flux) were looked for during the manual search (JET-EFDA, 2008). 

    

 
Figure 14 Five different parameters measured during an ILW discharge 85009. From the top: NBI 

power, Plasma temperature, Be 527nm photon flux, energy density and at the bottom the average plasma 
density. 

In Figure 14, data from five different measurements is plotted against the time 
during the ILW discharge 85009. The three lower plots are the H-mode indicators, Be 
527nm photon flux, energy density and the average plasma density. During the NBI 
period, which is seen in the top in Figure 14 between 50 and 60 second in the 
discharge, the plasma was in H-mode because all these three parameters increased 
during this time. For each of the 150 discharges, the start and stop times of the H-
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mode phase were written down, and this time period was then used when estimating 
the fuel dilution from the TOFOR data. 

5.3 Results with new set of ILW discharges 
The results from the sensitivity analysis with the new ILW discharges are presented in 
Figure 15 and 16, for !! and !!, respectively. The ILW discharge numbers is selected 
from the range 82500-85467 and the CW discharge numbers are selected between 
78400-79900. 

 
Figure 15 Estimated fuel dilutions for a number of JET discharges with the CW (red points) and the 

ILW (blue points). The black line is a second degree polynomial that has been fitted to the data points. The 
green lines represent the corresponding fitted line for the case when Te is increased and decreased by 10%. 

 
Figure 16 Estimated fuel dilutions for a number of JET discharges with the CW (red points) and the 

ILW (blue points). The black line is a second degree polynomial that has been fitted to the data points. The 
green lines represent the corresponding fitted line for the case when ne is increased and decreased by 10%. 

It is seen in both Figure 15 and Figure 16 that the new fuel dilution results for the 
ILW discharges have a higher temperature than the old ones (shown in Chapter 5.1) 
and they have a lower statistical error. They lie a little more to the right and closer to 
the fuel dilutions results from the CW discharges and has smaller error bars. The 
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attempt of finding ILW discharges with higher temperature thus seems to have 
succeeded. However, most of the ILW temperatures are still lower than 4 keV, even 
though this temperature was a criterion during the database search. This is further 
discussed in Chapter 6 below.  

Just as for the old discharges, it can be seen in Figure 15 and Figure 16 that there 
could be a tendency of lower fuel dilution for the ILW discharges compared to the 
CW discharges. However, this tendency is very weak; the majority of the ILW results 
are very similar to the CW results, !! !! ∼ 0.7-0.8. Note also in Figure 15 and 
Figure 16 that some fuel dilution results from the ILW discharges are higher than 1. 
This is unphysical and will be further disused in Chapter 6. 

The fuel dilution changed from 14% to 23% relative to its initial value, depending 
on what the plasma temperature was when !! (in Figure 15) changed with 10%. The 
relative change and its dependence of plasma temperature are shown in Table 3. For 
!!, seen in figure 16, a constant relative change of fuel dilution of 10% is seen. 

 
Table 3 The relative change in the estimated fuel dilution resulting from changing Te by 10%, for the 

new selection of ILW discharges, as a function of plasma temperature. 

!!!! (keV) Relative fuel dilution change  [%] 
1.5 23 
2 21.3 
3 18.8 
4 16.5 
5 14.7 
6 14.1 
7 14 
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6 Discussion 

The results from the sensitivity analysis show that there is a change in the estimated 
fuel dilution when the input values of !!  and !!  are changed. As mentioned in 
Chapter 4.2.1, both direct and indirect effects of changing !! and !! can be expected. 
It was then kind of foreseen that the results would change in some direction. The 
magnitude and the difference between the analysis of !! and !! was something we 
could not foresee and therefore it was an interesting result.  

The estimated fuel dilution changed with a constant relative change of about 10% 
when !!  was changed with 10%. This can be explained by looking at Equation 5, 
which shows that !!!,!"#$% changes quadratically with !!. Estimating the fuel dilution 
involves taking the square root of this number, which explains why a 10% change in 
!!  also gives roughly a 10% change in !! !! . However, the change is slightly 
different depending on whether !! is increased or decreased (there is an asymmetric 
distance between the black line and both green lines in Figures 13 and 16). This 
occurs since !!  only affects !!!,!"#$%  and !!!,!"#$%  is the denominator in the fuel 
dilution Equation 15. 

!! is also affecting the denominator for the same reason as !! and this will lead to 
an asymmetric distance between the black line and both green lines seen in Figures 12 
and 15. An increasing asymmetry for lower plasma temperatures can also be seen. 
The increasing asymmetric distance between the green lines and the black line can be 
explained by the fusion reactivity between Deuterium and Deuterium. The reactivity 
as a function of temperature for the DD reaction is shown in figure 3(b). The 
reactivity curve has a higher derivate at lower temperatures compared to higher 
temperatures. For a given temperature change, this results in a higher relative change 
in the reactivity at lower plasma temperatures and affect the ideal thermal neutron rate 
!!!,!"#$% in Equation 5 and give a corresponding change in fuel dilution in Equation 
15 through !!!,!"#$%.  

By analysing the sensitivity analysis of !!  and !!  during process it could be 
noticed that most of the systematic uncertainties arise from the calculation of 
!!!,!"#$%. !!!   is just affected through a change in the allowed temperature in the 
Bayesian prior and has only a limited effect on the resulting fuel dilution estimate. 
This shows that the TOFOR estimate of !!! is stable against changes in !! and !!. 

As described in Chapter 5.2, the reason for doing an extra search for ILW 
discharges in the JET database was to increase the comparability between the ILW 
discharges and the CW discharges in order to be able to say anything about a possible 
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change in fuel dilution between the two walls. The discharges that were chosen with 
more selective parameter seen in Chapter 5.2.1 gave discharges that had a somewhat 
higher electron temperature compared to the old ILW discharges seen in Chapter 5.1. 
As can be seen in Figures 15 and 16, only a few ILW discharges comes under the 
temperature 2 keV compared to the old ILW discharges in Figures 12 and 13 where a 
considerable part came under 2 keV. The new discharges have then moved closer to 
the CW discharges with respect to the temperature and the comparability has then 
increased. One could expect that the new ILW discharges should have plasma 
temperatures over 4 keV because it was a requirement during the new search in the 
JET database, but the time period that was analysed in each discharge was the NBI 
period (i.e. the H-mode phase), whereas the database search was performed for the 
entire duration of the pulse. The average temperature during the H-mode phase could 
therefore be lower than 4 keV. An example of this can be seen in Figure 17. The 
electron temperature is between 2-3 keV during most of the NBI time period, which 
leads to an average temperature below 4 keV. 

 

 
Figure 17 These are three different parameters measured during an ILW discharge 84649. From the 

top: NBI power, Plasma temperature, average plasma density. 

It can be seen in Figures 15 and 16 that the fuel dilution for some discharges with 
the new ILW discharges are higher than 1.0. Transients in parameters during the 
chosen time period in parameters like average plasma temperature and plasma density 
may explain this. As seen in the plasma temperature graph in the middle in Figure 17, 
the plasma temperature has a transient in the beginning of the NBI phase which is 
about 4 keV more than during the middle phase of the discharge. When these kinds of 
transients are present it is probably not suitable to use our model to estimate the fuel 
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dilution, since this model uses average values of !! and !!, and our model is not 
linear in these parameters. For example, using the average value of !!  in the 
expression for !!!,!"#$% will not give the corresponding average of !!!,!"#$%. To make 
the results better an even more detailed selection should be made. With time periods 
specific during high temperatures and also neglecting time periods with transients 
should make the results more accurate and possibly without discharges with abnormal 
fuel dilutions. But it may also increase the statistical error because of a lower number 
of neutrons detected by TOFOR. 

One purpose of this project was to determine if the change of reactor wall changed 
the fuel dilution. Unfortunately it is difficult to tell yet. The trend line in Figures 15 
and 16 shows that it could be a small decrease in fuel dilution for the ILW discharges 
but it lies in the uncertainty range of fuel dilution from the CW. Also, the discharge 
selection should be improved to avoid transients in the plasma parameters, as 
discussed in the previous paragraph. 

6.1 Suggestions for further studies 
 When discharges of higher quality are produced and can be analysed, more 
comparable and more reliability fuel dilution results will hopefully be able. Future 
studies could focus on developing the method for high quality ILW discharges by 
improving the selection timespan so no transients in plasma parameters are present.  
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7 Conclusion 

In the sensitivity analysis of parameters !! and !! it was seen that the fuel dilution 
model was most sensitive against changes in !!. The estimated fuel dilution changed 
relatively from 14% to 23%, depending on the plasma temperature, with a 10% 
change in !!. A constant 10% relative change of fuel dilution occurred with a 10% 
change in !!.  

!!!,!"#$% , that is the ideal rate of thermal neutrons calculated from Thomson 
measurements, was the main source of systematic uncertainties during the sensitivity 
analysis. The TOFOR estimates of !!! was seen to be close to unaffected by changes 
in !!  and !! , which means that TOFOR’s estimates of !!!  are stable against 
uncertainties in these parameters.   

The discharge time period that was analysed during this project was the full NBI 
time period. This was seen to be too unspecific because the fuel dilution model used 
the average temperature during the chosen time period. This lead to fusion discharged 
with plasma temperatures less than !!!! = 4 keV. A more detailed choice of time 
period, so low temperature periods are sorted out, could solve this and ILW 
discharges with data from desired plasma temperature could be used instead.  

Some of the fuel dilution results were over the maximum physical value of 1. The 
reason for this may be transients in e.g. the plasma temperature and density which 
could lead to problems in the determination of !!! and !!!,!"#$%. This could be solved 
by using a time varied plasma temperature and density in the calculations of !!! and 
!!!,!"#$%. But also use a more detailed selection of the time period as mentioned 
earlier in this chapter, could be a solution. This should be investigated further. 

For the improved ILW discharges selection it was difficult to tell anything from 
the results that could point towards a lower fuel dilution with the new ILW. A weak 
tendency for lower fuel dilution can be seen for the ILW. But because of some invalid 
fuel dilution results, and because the ILW discharges in general have a lower 
temperature, this trend could be misleading.  

This project is a first state of comparing the fuel dilution between the walls. There 
are, at this point, too few ILW discharges that can be compared to the CW discharges.  
In the future we probably will get more ILW discharges that has higher similarity to 
the CW discharges a long with JETs continues fusion experiments.  
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Appendix 

A1  Tritium breeding 
To use Deuterium and Tritium as a fuel has both negative and positive sides. 
Deuterium is commonly found in seawater where it has a concentration of 0.0156% of 
all natural hydrogen. This means that 1 m3 water contains roughly 33 g of Deuterium 
(NODE 2013). Since the earth contains 1.3·109 km3 sea water, the total amount of 
Deuterium is 4.3·1013 kg (Quadri, 2003). Deuterium can be extracted by e.g. water 
electrolysis or water-hydrogen sulphide exchange (Miller, 2001).  Tritium is more 
difficult to find because it does not exist naturally on earth. This is because it is 
radioactive and has a half-life of 12.3 years. But this problem can be solved by 
breeding Tritium from a reaction between the fusion neutrons and Lithium. Lithium 
can be found naturally on earth and is today a common material in batteries in all 
sorts of electronics and electrical cars. With visions of an electrified car community, 
usage of Lithium batteries is expected to increase. This will create a possible 
competition of Lithium if fusion power plants get commercial. In 2012, the natural 
Lithium reserves were estimated to 13×109 kg. In a scenario where a fusion power 
stands for 30% of the world’s electrical production 2050 and with twice the energy 
consumption compared to today, Lithium-6 would last about 1200 years (Bradshaw, 
Hamacher and Fischer, 2010). But there is a missing source of Lithium in these 
calculations. The oceans resource of Lithium maintains about 226×1012 kg of natural 
Lithium and this can be harvested directly from ocean water. If all of this could be 
used, fusion power could last for 22×106 years (Bradshaw, Hamacher and Fischer, 
2010). 

The nuclear reaction in a future fusion reactor will then be Deuterium and Tritium 
together with Lithium. The chain reaction is initiated by a neutron that reacts with Li6 
and produces Tritium and an alpha particle (see Figure 18). 

 
 

 
Figure 2 The reaction scheme that is envisaged for a future nuclear fusion reactor (Hellesen, 2010). 
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To breed Tritium from Lithium is not only favourable because it produces Tritium 
but it also releases 4.8 MeV of energy in the process. Tritium can after that react with 
Deuterium and produce a neutron, an alpha particle and 17.6 MeV of energy. The 
neutron produced in the last step can then produce a new Tritium nucleus and 
continue the process (Hellesen, 2010). 

A2 The TOKAMAK magnetic field 
To obtain the torodial magnetic field, magnetic coils are placed around the reactor 
wall at a number of toroidal positions, shown in Figure 19.  

 
Figure 19 The magnetic coils of a tokamak and their resulting torodial magnetic field (© EFDA-JET) 

 
When a current runs through the coils, a magnetic field occurs perpendicular to the 

current along the tokamak. However, this torodial magnetic field is not enough to 
totally confine and stabilize the fusion plasma. By adding an electric current in the 
same direction as the torodial magnetic field, a polodial magnetic field is created. The 
sum of these magnetic fields will create helical magnetic field lines, as shown in 
Figure 20.  

 

 
Figure 20 Combined torodial and polodial magnetic field (© EFDA-JET) 

 
The toroidal electric current is obtained with an electric transformer-like structure 

where the plasma is the second winding. Because of the inductive procedure for 
producing the polodial magnetic field, the current in the first winding of the 
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transformer-like structure must be ramped (Wesson, 1999). This leads to serious 
limitations concerning the runtime but scientists are working to solve this with a non-
inductive alternative (Gormezano et al, 2007). 

A3 Some problems in fusion research 
There are several problems in fusion research - apart from fuel dilution - that are not 
yet completely solved. Some of these problems are listed below.   

 
• Plasma instabilities are a problem and, to some extent, not fully understood. 

Because of the complexity of a plasma, it is sensitive and easily goes unstable. 
The most serious instability is known as a “disruption”. This occurs when the 
plasma destabilizes, gets out of control and runs into the reactor wall. Another 
common instability is the saw-tooth instability and it is a result of changes in 
the magnetic field (Hellesen, 2010). 

 
• The polodial magnetic field is created by ramping an electric current in a 

transformer coil outside the plasma. This will lead to limitations in how long 
time a toakmak can operate without interruption. Discharges up to 4 minutes 
are possible but then the induced magnetic field will be comparatively low 
during this time [ref]. For a future thermal fusion reactor, a steady state 
process is desirable. There may be a solution to this with a non-inductive 
device, but this is still in an experimental state (Gormezano, 2007).  

 
• As seen in Chapter 2.1.3 the confinement time in a typical tokamak DT 

plasma needs to be at least 2 seconds for ignition. This is twice as much than 
the JET’s record of confinement time (Wesson, 1999a). This could be solved 
by making the temperature gradient lower (e.g. by increasing the volume of 
the reactor vessel) so it takes a longer time for the energy to leave the vessel.  

 
• Tritium production from Lithium is also something that hasn’t been tested 

completely in a real process. The plan is to add Lithium to the reactor wall and 
then let the produced neutrons from the fusion reactions react with it, as 
described in Figure 18.  

 
• Absorption of fuel ions into the carbon wall structure is another problem. This 

phenomenon contaminates the wall with radioactive atoms like Tritium, which 
will make it more difficult to handle in case of repair, final disposal or an 
accident. 


