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It is possible to obtain information about various properties of the fuel ions deuterium (D) and
tritium (T) in a fusion plasma by measuring the neutron emission from the plasma. Neutrons are
produced in fusion reactions between the fuel ions, which means that the intensity and energy
spectrum of the emitted neutrons are related to the densities and velocity distributions of these
ions.

This thesis describes different methods for analyzing data from fusion neutron measurements.
The main focus is on neutron spectrometry measurements, using data used collected at the
tokamak fusion reactor JET in England. Several neutron spectrometers are installed at JET,
including the time-of-flight spectrometer TOFOR and the magnetic proton recoil (MPRu)
spectrometer.

Part of the work is concerned with the calculation of neutron spectra from given fuel ion
distributions. Most fusion reactions of interest — such as the D + T and D + D reactions — have
two particles in the final state, but there are also examples where three particles are produced,
e.g. in the T + T reaction. Both two- and three-body reactions are considered in this thesis.
A method for including the finite Larmor radii of the fuel ions in the spectrum calculation is
also developed. This effect was seen to significantly affect the shape of the measured TOFOR
spectrum for a plasma scenario utilizing ion cyclotron resonance heating (ICRH) in combination
with neutral beam injection (NBI).

Using the capability to calculate neutron spectra, it is possible to set up different parametric
models of the neutron emission for various plasma scenarios. In this thesis, such models are used
to estimate the fuel ion density in NBI heated plasmas and the fast D distribution in plasmas
with ICRH.
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Part I:
Introduction

"Here comes the sun"
— The Beatles






1. Magnetic confinement fusion

The earth is powered by energy from the sun. This energy is released in fusion
reactions primarily between hydrogen isotopes in the core of the sun. If these
fusion reactions could be exploited to produce energy in a controlled way on
earth, it has the potential of becoming an important part of our energy supply.
This is the goal of nuclear fusion research and considerable effort has been put
into achieving this goal for about 60 years [1].

Fusion energy has many attractive features. Fuel is abundant, the reaction
products are not radioactive and the risk of a serious accident is relatively low.
In particular, there is no such thing as a core meltdown in a fusion power
plant. The plant would be a nuclear facility, though, and great care needs to
be taken during construction, operation and decommissioning. After the end
of its operation, the reactor construction materials would need to be stored for
about 100 years in order for the neutron induced radioactivity to be reduced
to non-harmful levels [2]. The following chapter presents an overview of the
basics of fusion energy research, with an emphasis on topics that are relevant
for neutron diagnostics of fusion plasmas.

1.1 Fusion reactions

The main candidates for fueling a fusion reactor are hydrogen isotopes, pri-
marily the isotopes deuterium (d) and tritium (t). The main reasons for this
are:

1. The energy release from a fusion reaction is largest for reactions between
light elements. This is due to the short range nature of the strong nuclear
force, which binds the nucleons in light elements more tightly together than
in heavy elements and consequently the most energy is released when the
lightest elements fuse and form heavier ones.

2. The energy required to make penetration of the Coulomb barrier probable,
and make a fusion reaction possible, is lower for lighter elements, whose
electric charge is smaller than for heavier elements.

3. The energy loss due to radiation for a charged particle in motion scales as
the square of the atomic number Z, which makes heavier elements more
difficult to heat to the temperatures required for fusion.

From this list it seems like the proton (p) could also be a suitable fuel candi-
date. The result of the fusion between two protons is a di-proton. However,
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Table 1.1. Reactions relevant for fusion research and their corresponding energy
release.

Reactants Products Eqs MeV)
3He +n 3.27

dtd { p+t 4.04

d+t “He+n 17.6

t+t “He +2n 11.3

p+t 3He +n —-0.76

d+3He  “He+p 18.4

since this system is unbound, the reaction is extremely unlikely to occur. There
is a small possibility for the di-proton to be converted to a deuteron through f3-
decay, which is the first step in the sequence of fusion reactions that is fueling
many stars, including our sun [3]. It is the extremely high density in the core
of the sun that makes this possible, but since such conditions are not possible
to attain in a laboratory environment the p-p reaction is not feasible to use for
electricity production on earth.

A summary of research relevant fusion reactions is given in table 1.1. Also
shown is the energy Ej, that is released in each reaction. When two nuclei
collide the probability for them to fuse is proportional to the product of their
relative velocity vy and the cross section o for the fusion reaction. Specif-
ically, the number of reactions occurring per unit time when a beam of N,
particles with speed v, passes through a stationary target with particle density
ny 18

R = Nunpva6 (va) - (1.1)

The cross sections for the fusion reactions in table 1.1 are shown in figure 1.1a.
The d-t reaction has by far the largest cross section at lower energies, which is
one of the reasons that this reaction is considered the most promising one for
a fusion reactor.

The above discussion might suggest that a possible way to obtain a fusion
reactor would be to simply fire a beam of deuterons into a block of tritium.
However, even the d-t cross section is very small in comparison to other com-
peting processes, such as Coulomb scattering. This means that the beam par-
ticles will lose their energy before a large enough fraction has taken part in a
fusion reaction, making such an accelerator based fusion reactor impossible.
One way to avoid this problem is to confine the fuel ions and heat them to high
enough temperatures for the fusion reactions to take place. In such a situation
the energy transferred in Coulomb collisions is not lost from the system, pro-
vided that the confinement is good enough. The number of reactions per unit
time and unit volume for two populations of nucleons with densities n, and ny
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Figure 1.1.
table 1.1.
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(a) Cross sections and (b) thermal reactivities for the fusion reactions in

15



is given by
1
R pr—

14+ 64
where the Kronecker delta 8, is included in order to avoid double counting
reactions for the case when particles a and b come from the same distribution.
The fusion reactivity (ov) is given by the integral over the fuel ion distribu-
tions, f, and f;,, and the cross section, i.e.

nany, (OV) (1.2)

<Gv> = /v . fa (Va)fb (Vb)VreIG (Vrel) dvadvy,. (1.3)

When the fuel ions of mass m are in thermal equilibrium at temperature 7 their
velocities are distributed according to the Maxwellian distribution. In this case
the probability for a particle to have its speed between v and v+dv is

3/2 2
m my
fM (V) dv = 47[\/'2 <27‘L'kBT) exXp <_2kBT> dV, (14)

where kg is the Boltzmann constant. The thermal reactivities for the fusion
reactions in table 1.1 are shown in figure 1.1b. It is seen that the temperature
needs to be of about 10-100 keV, i.e. 100-1000 million K, in order for the
d-t reactivity to reach appreciable values. At such temperatures the atoms in
the fuel become ionized and form a gas consisting of an equal number of ions
and electrons, known as a plasma. A fusion reactor must be able to confine
the plasma and heat it to the required temperature. One of the most promising
ways to achieve this goal is offered by the tokamak reactor concept, which is
described section 1.2.

Tritium is radioactive, with a half-life of 12.3 years, which has implications
for the fuel resources for fusion power plants. While deuterium can be found
in vast amounts in sea water, there are only trace amounts of tritium to be
found on earth, typically produced in reactions involving cosmic rays or in fis-
sion nuclear reactors. Tritium can, however, be bred from reactions involving
neutrons (from the fusion reactions) and lithium. The raw materials for a d-t
fusion power plant would therefore be deuterium and lithium.

Even though the fuel of a future fusion power plant is meant to be a d-
t mixture, most fusion experiments of today are carried out without tritium,
typically with deuterium only. This is because the high neutron rate produced
when using the d-t reaction results in activation of the reactor and the materials
surrounding it, which is impractical at an experimental facility.

1.2 The tokamak fusion reactor

The fusion research today focuses on two main ways to approach the problem
of confining the fusion fuel. One is called magnetic confinement, where the
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fuel is in the form of a plasma and confined by means of externally produced
magnetic fields. The other approach is called inertial confinement, where a
laser pulse is used to compress a small fuel pellet, which is then confined by
its own inertia. The work presented in this thesis is concerned exclusively with
magnetic confinement, and in particular with a reactor concept known as the
tokamak [4, 5], which is described in this section.

The magnetic confinement concept relies on the fact that charged particles
in a plasma move under influence of the Lorenz force and will thereby follow
the magnetic field lines. In order to confine a plasma with a magnetic field
B the outward force from the plasma pressure gradient Vp must be balanced
by the inward magnetic force from the interaction between B and the plasma
current J,

JxB=Vp. (1.5)

This is the steady-state momentum equation in magnetohydrodynamics [6]
and holds to a very good approximation for a Maxwellian or near-Maxwellian
fusion plasma. An important consequence of this equation is that the magnetic
field is everywhere perpendicular to the pressure gradient, i.e. B-Vp = 0. This
means that magnetic field lines in a plasma always have to lie on surfaces of
constant pressure. In addition the magnetic field has to be divergence free,
by Maxwell’s equations. It follows that the only way to create a spatially
bounded magnetic field that fulfills equation (1.5) is to bend the field lines
into the shape of a torus. However, a purely toroidal field is not sufficient to
obtain equilibrium, due to the expanding forces induced by the toroidicity [7].
These forces can be balanced by adding a poloidal component to B.

In the tokamak, the toroidal field is created by coils outside the plasma and
the poloidal field is created by running a toroidal current through the plasma,
as shown in figure 1.2. The resulting helical magnetic field is to a good ap-
proximation toroidally symmetric and visualizations of tokamak equilibria are
most often presented as projections on the poloidal plane, as exemplified in
figure 1.3a. This plot shows contours of constant poloidal magnetic flux v,
inside the tokamak. Since the magnetic field lines lie on surfaces of constant
pressure, as remarked above, it follows that the magnetic flux is also constant
on these surfaces. The contours of constant flux are therefore called “flux
surfaces” and many plasma parameters can be represented as functions of the

normalized flux coordinate
| V=¥
= —, (1.6)
P llfsep — Y

where Y is the flux at the magnetic axis and Vs, is the flux at the separa-
trix, which marks the edge of the plasma. For plasma parameters that are not
accurately represented as flux surface quantities it is common to use a cylin-
drical coordinate system, represented by the major radius coordinate R, the

17



Inner Poloidal field coils
(Primary transformer circuit)

Poloidal magnetic field Outer Poloidal field coils
(for plasma positioning and shaping)

JG05.537-1c

Resulting Helical Magnetic field Toroidal field coils

Plasma electric current Toroidal magnetic field
(secondary transformer circuit)

Figure 1.2. The principle of a tokamak. The plasma is confined by a helical magnetic
field created by field coils and the plasma current. Figure from www.euro-fusion.org.

toroidal angle ¢ and the vertical coordinate Z. Alternatively, a toroidal coordi-
nate system is sometimes used, where positions are given in terms of a minor
radius coordinate r, the toroidal angle ¢ and the poloidal angle 8. Both these
coordinate systems are illustrated in figure 1.3b.

The poloidal magnetic field is typically small compared to the toroidal field
in a tokamak. This means that the magnitude of the magnetic field can be
approximated by the toroidal field, which is inversely proportional to the major

radius,
Ry
B=By— 1.7
0 R ) ( )

where By and R are the magnetic field and radial coordinate at the magnetic
axis (or any other reference position). Thus, the magnetic field is higher on
the inboard side than on the outboard side in a tokamak. This affects the orbits
of the confined particles, as described in the next section.

1.2.1 JET and ITER

The measurements presented in this thesis were all done at the Joint European
Torus (JET) tokamak [8, 9], located outside Abingdon in England. JET is a
large aspect ratio tokamak, i.e. its major radius (~ 3 m) is significantly larger
than its minor radius (~ 1 m). It is the largest tokamak in the world and can
operate with plasma volumes of 80-100 m?, magnetic fields up to 4 T and
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A

Figure 1.3. (a) A tokamak equilibrium at JET. The contours mark surfaces of constant
poloidal magnetic flux y,. (b) The two common coordinate systems in a tokamak,
(R’(P)Z) and (r’¢7 6)'

plasma currents up to 5 MA. Also, JET is currently the only machine that
is capable of operating with tritium and holds the world record of produced
fusion power, 16 MW, set in 1997 [10].

The results from JET and other tokamaks around the world have laid the sci-
entific and technological foundation for the next generation tokamak, ITER,
which is currently under construction in Cadarache, France. This device,
which will be about ten times larger than JET, is meant to finally break the
long sought barrier of more produced fusion power than externally applied
heating power.

In order to increase the relevance of the scientific output of JET for ITER,
JET has recently undergone a major upgrade, where a completely new reactor
wall was installed [11], replacing the old carbon based wall. The new wall
is constructed mainly from beryllium and tungsten, which are the wall mate-
rials chosen for ITER, and is therefore known as the ITER-like wall (ILW).
The installation was completed in 2011 and the main focus of the experimen-
tal program since then has been to characterize and understand the plasma
behavior in the new environment.

1.2.2 Particle orbits in a tokamak

The orbits traced out by the fuel ions — in particular fast ions, i.e. ions with
supra-thermal energies — can have a great impact on neutron measurements,
as described in chapter 6. The details of these orbits are also crucial for the
understanding of the dynamics and performance of the external plasma heating
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systems [12], as well as the stability of the plasma [13]. As all these issues are
of relevance to this thesis, an overview of some aspects of these particle orbits
is presented in this section.

Particles with charge ¢ and mass m moving in the magnetic field of a toka-
mak are accelerated by the Lorentz force,

dv
— =qvxB 1.8
ma —4vx B (1.8)
in a direction perpendicular to the velocity v. As a result, the plasma particles
gyrate around the magnetic field lines with a frequency known as the cyclotron
frequency,

O = M, (1.9)

m
and a radius of gyration that is known as the Larmor radius

my

= —= (1.10)
lq|B

Here, v, is the component of v perpendicular to the magnetic field. Since
the direction of the Lorentz force depends on ¢, the Larmor gyration will be in
opposite direction for ions and electrons. It is common to separate the velocity
into a parallel and a perpendicular component with respect to the magnetic
field,

V=V|+V,. (1.11)

The angle between the velocity vector and the magnetic field is called the pitch
angle.
In the absence of forces parallel to v the kinetic energy of the particle,

1, 1 2, .2
E = Jmy —im(vH—i—vl), (1.12)
is a constant of motion. If, in addition, the temporal variation of B is slow
compared to the gyro frequency and spatial variations are small on the scale
of the Larmor radius, the magnetic moment,

2
_ vy

= 1.13
H=—p (1.13)

is also conserved. Hence, the parallel velocity can be written as

2
v =1/ (E—uB), (1.14)
m
from which it follows that when a particle moves from the low field side of
the tokamak towards the high field side its parallel velocity decreases, i.e. the

pitch angle increases. Depending on the initial value of the pitch angle the
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particle may lose all of its parallel velocity and be reflected back towards the
high field region. This divides the plasma particles in a tokamak into two main
classes, namely passing particles and trapped particles. Calculated orbits for
one passing and one trapped particle in a JET magnetic field are shown in
figure 1.4. It is seen that the orbit of a trapped particle resembles the shape of
a banana when projected on the poloidal plane and therefore trapped orbits are
commonly called ’banana orbits”.

From the discussion above one might expect a particle to be locked to one
field line in a given flux surface as it moves through the plasma. This is not
the case, as seen from figure 1.4. The reason for this is that the gradient and
curvature of the magnetic field cause the gyro-center of a particle to drift per-
pendicular to the field lines. This drift can be understood by studying the
Lagrangian L for a charged particle in an electromagnetic field. L is given by

1
L:Em(v2R+v%+v%)—q<D+qA-v, (1.15)

where @ and A are the electric and magnetic potentials, respectively. For
a toroidally symmetric field the toroidal component of A is related to the
poloidal flux through y;, = RAy. L is now differentiated with respect to the
generalized toroidal velocity (¢ = vy /R), which gives an expression for the
canonical toroidal angular momentum, py. The result is

Py = 3; =mR*¢ +qRAy = mRvy +qy,. (1.16)
Due to the toroidal symmetry of the tokamak dL/d¢ = 0, and consequently
it follows from Lagrange’s equations that dpy /df = 0, i.e. py is a constant
of motion. The invariance of py can be used to understand the perpendicular
particle drifts in a tokamak, as outlined in what follows.

The flux y, is determined by the plasma current Ip and therefore the orbit
of a particle depends on whether the motion is parallel or anti-parallel to Ip.
Consider a counter-passing particle, i.e. a particle moving in the direction
opposite to Ip, in a typical magnetic field at JET. Ip is normally in the direction
of negative ¢ at JET, which means that counter-passing particles have vy > 0.
If such a particle moves from the low field side towards the high field side of
the plasma, its parallel velocity — which is approximately equal to }v(p‘ in a
tokamak — is reduced in order to conserve the magnetic moment. Thus, the
first term in equation (1.16) decreases and in order for py to be conserved
the particle has to move towards higher values of the poloidal flux v, i.e.
outwards compared to the flux surface where it started. This is what happens
in the blue orbit in figure 1.5a. The red orbit on the other hand, which is
co-passing and thereby moves in the negative toroidal direction, must move
towards lower values of y,, to conserve py. A similar example is shown for
a trapped particle in figure 1.5b. Note in particular that one consequence of
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Figure 1.4. Examples of (a) passing and (b) trapped 500 keV deuterons in a magnetic
field at JET, shown as projections both in the poloidal (left) and toroidal (right) plane.
In (a), the red orbit is co-passing and the blue orbit is counter-passing, with respect to
the plasma current Ip.
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Figure 1.5. The orbits of two 500 keV deuterons in a magnetic field at JET, shown both
on the poloidal (left) and toroidal (right) plane. The blue orbits starts with a positive
v¢ (i.e. anti-parallel to Ip) and must move into regions of higher poloidal flux in order
to conserve py, as vy decreases in regions of higher magnetic field. The opposite
happens for the red orbit, which starts in the direction parallel to Ip and therefore
moves towards lower poloidal flux as the magnitude of vy decreases. Examples are
shown for a passing (a) and a trapped (b) particle.
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pe-conservation for trapped particles is that the particle always moves parallel
to the plasma current on the outer leg of the banana orbit and anti-parallel on
the inner leg.

The code used to calculate the orbits in the above examples was written
during a diploma project [14] and has been further developed as a part of the
work presented in this thesis. Orbits can be calculated either by specifying
initial conditions for position and velocity, or by giving a set of constants of
motion (E Doy I\, G), where A = uBy/E is the normalized magnetic moment
and o is a label that specifies if the particle is co-passing, counter-passing or
trapped.

1.2.3 Heating the plasma

The ability to heat the plasma to temperatures where the fusion reactivity
is high enough is of great importance in magnetic confinement fusion re-
search. In a future fusion reactor it is in practice required that most of the
heating should come from the slowing down of the charged fusion products,
i.e. mainly the a particles from the d-t reaction, which are produced with an
energy of 3.5 MeV. This is typically called self heating or & particle heating.
However, it is still necessary to develop other plasma heating techniques in or-
der to be able to bring the plasma to the point where the self heating becomes
large enough, as well as to be able to study the effect these fast ions have on
confinement, stability, heat load on the walls etc. The three most common
auxiliary heating systems used at JET — ohmic heating, neutral beam injection
and ion cyclotron resonance heating — are briefly described below.

Ohmic heating

In a tokamak, one obvious heating mechanism is provided by the plasma cur-
rent that generates the poloidal magnetic field. As the current flows through
the plasma, the charges in the current will collide with other plasma particles
and thereby heat the plasma. This is referred to as Ohmic heating and it can
be quantified in terms of the plasma resistivity, 7. By Ohm’s law, the heating
power from the current is Po = 1J2, where J is the current density. Unfortu-
nately, an increase in temperature is inevitably associated with a decrease of
the Coulomb cross section responsible for the resistivity. It can be shown that

the resistivity is proportional to 7"[3/ 2, where 7; is the electron temperature.
Hence, the efficiency of Ohmic heating is reduced at high temperatures, and
in practice it cannot be used to heat the plasma above a few keV (at JET the
typical Ohmic temperature is 2 keV). Complementary methods are therefore
needed to reach the required temperatures.

Neutral beam injection (NBI)
Another way to heat the plasma is to inject energetic ions from an external
source, i.e. an accelerator. The energetic ions are subsequently slowed down,
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transferring their energy through Coulomb collisions with the bulk plasma par-
ticles, much like the « particles in the case of self heating. However, charged
particles cannot penetrate the magnetic field to the center of the plasma and
therefore the accelerated ions are neutralized as a last step before injection. In-
side the plasma, the neutral atoms are ionized again, through charge exchange
and ionization processes with the plasma ions and electrons.

JET is equipped with two neutral beam injector boxes, that can inject hy-
drogen, deuterium, tritium, 3He or “He atoms into the plasma. The nominal
injection energy is around 130 keV or 80 keV, but since some of the beam par-
ticles form molecules (e.g. D, and D;) there will typically also be a fraction
of the beam particles with 1/2 and 1/3 of this energy. There are two different
modes of injection at JET. One is known as tangential injection, with an angle
of about 60° to the magnetic field, and the other one is called normal injection
and has a slightly larger angle. The injection is parallel to the plasma current.
The total beam power available at JET today is about 35 MW for deuteron
injection.

Ion cyclotron resonance heating (ICRH)

Radio-frequency (RF) waves can also be used to transfer energy to the plasma
ions, by matching the RF to the ion cyclotron frequency. This heating scheme
proceeds through three main steps. First, a system of RF generators and anten-
nas are used to create an electromagnetic wave of the desired frequency. This
wave then couples to a plasma wave known as the fast magnetosonic wave,
which propagates towards the center of the plasma. When the wave with par-
allel wave number k|| reaches a region where the resonance condition

ncocfa)rfkavH:O, n=1,2,... (1.17)

is fulfilled for a given ion with parallel velocity v, energy may be transferred
from the wave to this ion through ion cyclotron resonance interaction. This
heating scheme is called ion cyclotron resonance heating (ICRH). Other types
of wave particle interactions are also possible, such as electron Landau damp-
ing or transit time magnetic pumping, which transfer energy to the electrons
rather than the ions [15].

It might be surprising that an ion can be accelerated not only at the fun-
damental (n = 1) resonance but also at harmonics (n > 1) of the cyclotron
frequency. This is due to the non-uniform electric field seen by the particle
during one gyro period. The strength of the interaction at harmonics of the cy-
clotron frequency is greater for more energetic ions, which have larger Larmor
radii and therefore see a bigger variation of the field during its gyration. The
strength of the fundamental interaction, on the other hand, does not depend on
the ion energy.

Due to the approximate 1/R-dependence of the magnetic field in a toka-
mak, the resonance condition (1.17) will be fulfilled at a certain major radius
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position Ryes, which in the cold plasma limit (v — 0) is given by

Rreszﬁw. (1.18)
m O
This allows for the possibility to control where the injected power is deposited.

The resonant ions are accelerated by the electric field of the wave. The
electric field can be decomposed into a co-rotating (£ ) and a counter-rotating
(E_) circularly polarized component, with respect to the gyro motion of the
ions. It is the £ component that gives rise to the acceleration. However, it
turns out that if the plasma contains only one ion species, such as a d-d plasma
which is the most common case for experiments at JET, E; becomes very
close to zero at the fundamental cyclotron resonance [16]. This means that it is
very inefficient to heat the majority ions in a plasma with fundamental ICRH.
This problem can be solved by introducing a small minority population of
another ion species, e.g. hydrogen in a deuterium plasma, and tune the ICRH
to the minority cyclotron frequency. Another possibility is to heat the majority
ions at a harmonic of the cyclotron frequency, e.g. second or third harmonic
ICRH.

Since harmonic ICRH couples more efficiently to energetic ions, strong
synergistic effects with NBI heating are expected. This is indeed what is ob-
served, e.g. in [17, 18] and in chapter 6, where the combined use of third
harmonic ICRH and NBI gave rise to very interesting neutron and gamma-ray
spectroscopy data.

1.2.4 Modeling fuel ion distributions in the plasma

In chapter 3 it is described how the shape of the neutron energy spectrum is
intimately connected to the velocity distributions of the fuel ions that produce
the neutrons in the fusion reactions. The measured neutron energy spectrum
can be analyzed to obtain information about these distributions. For this kind
of analysis it is crucial to have models of the different fuel ion populations in
the plasma. Such models can e.g. be compared and validated against experi-
mental neutron data [19]. Alternatively, given a model that is proved to be re-
liable, it is possible to calculate different components of the neutron emission
which can be used to derive different plasma parameters from neutron spec-
trometry data, such as ion temperature [20] or the fuel ion density (chapter 5).
This section presents an overview of various ways to model the distributions
of different fuel ion populations that arise in tokamak experiments.

Although the plasma as a whole is not normally in thermal equilibrium,
it is typically assumed that the bulk plasma ions are everywhere distributed
according to the Maxwellian distribution with a local temperature 7 (r),

3/2 2
. 2 m . my
fbulk (V, l‘) =4nv <27’L’kBT (l‘)) exXp ( 72](]3]_’ (I’)> . (1.19)
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This distribution is isotropic in the cosine of the pitch angle, i.e. all directions
of the velocity vector are equally probable. It is also frequently assumed that
T is a function of the normalized flux, T =T (p).

In addition to the bulk plasma particles, the auxiliary heating systems can
create fuel ion distributions which are very non-Maxwellian. The energy dis-
tribution function of fast particles created by NBI and/or ICRH can be modeled
by solving a 1-dimensional Fokker-Planck equation, adapted from [21, 22],

af 19 2 10 ) 1 ,df

— =5 |-« - =D —|+S L(v). (1.20
L2 { 2422 (@) + 2D s +L0). (1.20)
Here o and 8 are Coulomb diffusion coefficients derived by Spitzer [23], char-
acterizing the slowing down process of energetic ions, and Dgr is the ICRH
diffusion coefficient, which is used to model the interaction between the ions
and the ICRH wave field. It is given by

2
kLVL E_ kLVL
J._ -
n 1( % >+E+ n+l< .

where Cgrp is a constant independent of v. S(v) is a source term representing
the particles injected with the NBI and L (v) is a loss term that removes par-
ticles that reach thermal speeds. At this point the particles are considered to
belong to the thermal bulk plasma rather than to the slowing down distribution.
The steady state (d f/dt = 0) energy distribution obtained from this equation
was used for neutron spectrometry analysis e.g. in [19] and in Paper V. It was
also used to calculate model distributions for the simulations of t-t neutron
spectra in Paper II. A similar equation was used for the analysis in Paper VI,
as described in section 6.2. Examples of calculated distributions for various
heating scenarios are shown in figure 1.6.

The energy distribution obtained by solving equation (1.20) is not enough to
calculate the neutron spectrum from a given ion population. The distribution
of all three velocity components is needed, as described in chapter 3. Hence,
in addition to the energy distribution, it is necessary to know the distribution of
the pitch angle and the gyro angle of the particles. The gyro angle distribution
is isotropic (as long as finite Larmor radii effects can be neglected, see section
6.1). Depending on the level of accuracy required it can be sufficient to specify
minimum and maximum values for the pitch angle, and to consider the cosine
of the pitch angle to be uniformly distributed within this range. This approach
was followed in Papers II, V and VL.

Several more sophisticated (and more computationally intensive) modeling
codes also exist. The slowing down of NBI particles can be modeled in re-
alistic geometry with the NUBEAM code [24, 25]. This is a Monte Carlo
code that calculates the slowing down distribution of energetic particles in a
tokamak, taking both collisional and atomic physics effects into account. The
output is a 4-dimensional distribution in energy, pitch angle and position in

Drr = Crr ) (1.21)
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Figure 1.6. Energy distributions calculated from the Fokker-Planck equation (1.20).
(a) Deuterium plasmas heated with 130 keV (red solid line) and 80 keV (blue dashed
line) deuterium NBI. (b) Fundamental ICRH of a 5% hydrogen minority in a deu-
terium plasma (red solid line), 2nd harmonic ICRH of a deuterium plasma (blue
dashed line) and the combination of 130 keV NBI and 2nd harmonic ICRH (green
dash-dotted line).

the poloidal plane. The code is part of the plasma transport code TRANSP
[26]. NUBEAM distributions were used to model the NBI contribution to the
neutron emission for the fuel ion density measurements presented in Papers
IIT and IV.

A commonly used tool for ICRH modeling is the PION code [27], which
solves a 1-dimensional Fokker-Planck equation on a number of flux surfaces in
the plasma. The calculations are performed self-consistently, but approximate
models for the ICRH power deposition are employed in order to speed up
the calculations. Even more detailed calculations can be performed with the
SELFO code [12], which self-consistently calculates the wave field and the ion
distribution resulting from the wave particle interaction and collisions. The
distribution function in this case is given as a function of the constants of
motion (E, py,A, o), described in section 1.2.2.

1.3 Burn criteria

The ultimate goal of the tokamak reactor — as well as of any other fusion
energy experiment — is to create and maintain a situation where the produced
fusion power exceeds the power that needs to be externally supplied to keep
the fusion reactions going. In order to keep the tokamak plasma in steady
state the power Pogs that is lost from the plasma must be compensated by the
o particle power Py, and the externally supplied heating power Pey;,

Pa +Pext:Ploss- (1-22)

The number of fusion reactions per unit volume and time is given by the fu-
sion reactivity multiplied by the reactant densities, as described in section 1.1.
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Considering only the d-t contribution, one obtains

E r E

Py = ngny (Ov) g, % = nﬁtm (oV) 4 %, (1.23)
where ng, = nq + n; is the particle density of the fuel ions and r = n¢/nq is the
fuel ion ratio. Efyq is the energy released per fusion reaction, i.e. 17.6 MeV for
the d-t case, and the « particles carry 1/5 of this energy. The loss term can be
quantified by the total thermal energy in the plasma, 3nkgT /2, divided by the
energy confinement time 17g, i.e. the characteristic time that energy can be kept
in the reactor before it is lost to the surroundings due to radiation or transport.
The total density n can be related to the electron density by the quasi-neutrality

condition
n=ne+nq+Yy Znj=2ne, (1.24)

J

where 7, is the particle density of the electrons and n; is the density of residual
plasma ions with atomic number Z;. In a tokamak plasma, these ions are
typically helium “ash” from the fusion reactions, as well as impurities released
from the reactor walls. Thus, the loss term becomes

3nekB T

Ploss = & . (1-25)

Finally, it is common to relate the externally supplied power to the fusion
power through the power gain factor Q, defined by

Prus _ 5P«
Q Q
Obviously, it is required to have O > 1 in a fusion power plant. Substituting

equations (1.23), (1.25) and (1.26) into equation (1.22) gives

Pext = (1-26)

3kpT
S B . (1.27)

Ne (r+1) <ov>thqu(%+é>

The quantity on the left hand side of this equation is called the “reactor prod-
uct” in what follows. It can be thought of as a performance indicator of a
fusion reactor, calculated from the fuel ion densities and the confinement time
achieved by the machine. The value of the reactor product required to obtain
a given value of Q depends on the reactor temperature, as seen from the right
hand side of equation (1.27). One important milestone on the way towards
a fusion reactor is to reach “’break even”, which means that Q = 1 and the
produced fusion power is equal to the externally supplied heating power. The
ultimate goal is “ignition”, i.e. when Q goes to infinity and the « particle
power alone can compensate for the losses. The temperature dependence of
the reactor product required for break even and ignition is plotted in figure 1.7.

ndt
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Figure 1.7. Temperature dependence of the reactor product (equation (1.27)) required
for break even (blue dashed line) and ignition (red solid line).

The highest O-value obtained in a magnetic confinement fusion device so far
is 0.67, achieved at JET in 1997 [10].

It is seen from figure 1.7 and equation (1.27) that the fundamental problem
in fusion research is to achieve the following:

e Heat the plasma to high temperatures. The conditions for break even and
ignition are least difficult to meet in the temperature region around 20-30
keV (about 200-300 million K), where the requirement on the reactor prod-
uct is smallest. Various methods exist for this task, as described in section
1.2.3.

e Create a plasma with high enough density and optimal fuel ion ratio. The
value of the reactor product increases with the fuel ion density ng; and the
term r/ (r+ 1)* is maximized for r = 1, i.e. ng = n.

e Create a low impurity plasma. The reactor product is increased if ng;/ne is
high, i.e. if the plasma is not diluted by impurities.

o Maximize the energy confinement time Tg. One important aspect in order to
have good confinement is the ability to understand and control the behavior
of fast ions in the plasma [28]. These are ions with energies much higher
than the thermal energies, e.g. charged fusion products and ions accelerated
by the external heating systems. The need for a low impurity plasma is also
crucial for confinement, since the radiation losses due to Bremsstrahlung
increases quadratically with the charge of the plasma ions. Therefore, even
a small number of heavy impurities could make it virtually impossible to
reach ignition [29].

30



In order to meet the above requirements it is therefore important to be able to
measure and control the density and temperature of the fuel ions in a fusion
plasma, as well as to understand the behavior of fast ions. To this end, neu-
tron spectrometry measurements can provide valuable information, which is
exemplified and discussed in this thesis.

The relevant neutron diagnostics are introduced in chapter 2. In chapter 3
the relation between the fuel ion distributions and the neutron emission is dis-
cussed in detail. The statistical methods required to extract information from
the neutron measurements are described in Chapter 4. Chapter 5 presents
methods to estimate the fuel ion density from neutron measurements. Chap-
ter 6 is concerned with the analysis of fast ion measurements in deuterium
plasmas heated with 3rd harmonic ICRH at JET. Finally, conclusions and an
outlook for the future are given in chapter 7.
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Part II:
Experimental

"Hello Oompa-Loompa’s of science!"
— Dr Sheldon Cooper






2. Plasma diagnostics at JET

JET has around 100 different diagnostic systems that monitor various aspects
of the plasma during an experiment. Below follows a brief description of the
systems of importance for the work presented in this thesis. Naturally, the fo-
cus here is on neutron diagnostics, which are discussed in section 2.1. Special
attention is given to the different neutron spectrometers at JET. However, the
data analysis and methods presented in this thesis also rely on measurements
of other plasma parameters apart from the neutron emission, in particular the
plasma density and temperature. The main techniques for determining these
quantities are introduced in section 2.2. A more complete overview of the
diagnostics of importance for tokamaks is given in [5] and an in-depth dis-
cussion about the underlying physical principles behind different diagnostics
techniques can be found in [30].

2.1 Neutron diagnostics

As described in section 1.1, the most important fusion reactions for research
and energy production applications are the d-d and d-t reactions. Since neu-
trons are produced in both of these reactions, the neutron emission from a fu-
sion plasma is intimately connected to the fusion process and to the fuel ions.
The total neutron rate is directly proportional to the produced fusion power
and the neutron emissivity profile reflects the fusion power density at different
points in the plasma. Furthermore, the velocity distribution of the fuel ions
affect the energy spectrum of the neutrons emitted from the plasma. In this
section it is described how these different aspects of the neutron emission are
measured at JET. Special focus is given to the neutron spectrometers TOFOR
and MPR, since the analysis of data from these instruments is one of the main
topics of this thesis.

2.1.1 Total neutron rate detectors

The total neutron rate at JET is measured by sets of fission chambers placed at
3 different toroidal locations on the transformer structure outside the vacuum
vessel. At each toroidal position there are two fission chambers, containing
235U and 238U, respectively. The fusion neutrons induce fission of the uranium
isotopes, resulting in energetic charged fission products that can be detected in
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an ionization chamber. The fission chamber count rate is proportional to the
neutron flux. More details about the fission chambers and their calibration is
given in [31]. The original calibration was done in 1984 and a new calibration
has recently been completed.

2.1.2 The neutron emission profile monitor

Information about the spatial profile of the neutron emission can be obtained
by measuring the neutron flux along several collimated sightlines viewing dif-
ferent parts of the plasma. The neutron emission profile monitor [32], or neu-
tron camera, at JET has 10 horizontal and 9 vertical sightlines, as shown in
figure 2.1. All of the sightlines intersect the plasma perpendicular to the mag-
netic field. At the end of each sightline there is a Bicron 418 plastic scintillator
and a NE213 liquid scintillator, which can detect neutrons from the scintilla-
tion light that is produced when a neutron scatters elastically on a proton in
the detector material. The Bicron detector is only sensitive to d-t neutrons.
The signal from the 19 detectors go into separate acquisition channels, which
means that the number of neutron counts in each channel is related to the
poloidal profile of the neutron emission. The JET neutron camera has recently
undergone a major hardware upgrade where a new digital data acquisition sys-
tem was installed [33].

2.1.3 Neutron energy spectrometers

A neutron from a fusion reaction carries information about the motion of the
fuel ions that produced it. Therefore it is possible to extract information about
the distributions and densities of different fuel ion populations in the plasma
from the neutron energy spectrum and the relevant cross sections.

Energy can not be directly observed. In order to measure the energy of
neutrons emitted from a fusion plasma it is therefore necessary to measure
some other physical quantity related to energy, such as scintillation light, the
flight time between two reference points or the deflection of charged secondary
particles in a magnetic field. JET has several spectrometer systems based on
these kinds of principles.

The TOFOR spectrometer
The time-of-flight neutron spectrometer optimized for rate, named TOFOR
[34] was installed in the roof laboratory above the JET tokamak in 2005. The
viewing angle is close to perpendicular to the magnetic field lines and the
distance from the spectrometer to the plasma mid-plane is around 19 meters,
as shown in figure 2.1. Neutrons reach TOFOR through a collimator installed
in the 2 meters thick concrete floor of the roof laboratory.

TOFOR consists of two sets of plastic scintillator detectors, S1 and S2,
organized as shown in figure 2.2. The S1 detectors are placed in the beam of
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Figure 2.1. The JET neutron camera, consisting of 10 horizontal and 9 vertical sight-
lines that intersect the plasma perpendicular to the magnetic field. The position and
sightline of the TOFOR spectrometer is also indicated. The figure is a poloidal projec-
tion; the neutron camera and TOFOR are not installed in the same toroidal position.
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Figure 2.2. The TOFOR spectrometer and a sketch of the constant time-of-flight
sphere.

collimated neutrons and the S2 detectors (a ring shaped set of 32 detectors)
are located a distance L =~ 1.2 m from S1 at an angle o = 30° compared to
the beam line. Some of the neutrons reaching the S1 detectors will scatter
elastically on the protons in the plastic scintillators. The recoil protons give
rise to scintillation light that can be detected. If the neutron scatters at an angle
close to o it might also be detected in one of the S2 detectors. This is called a
coincidence. The time-of-flight #.s between the two interactions is related to

the neutron energy E;, through
2m,r?
E, = R
ttof

@2.1)

where m,, is the mass of the neutron and r = 705 mm is the radius of the
constant time-of-flight sphere (see figure 2.2b). The flight time for a scattered
neutron with given initial energy energy E, from S1 to any point on this sphere
is constant, independent of the scattering angle .

Based on Eq. 2.1 there is, to first order, a simple one-to-one correspondence
between the incoming neutron energy and the measured time-of-flight. How-
ever, several factors make the interpretation of the measured time-of-flight
spectrum more complicated. One is the difficulty to separate true coinci-
dences from random coincidences when constructing the spectrum, i.e. to
know which S1 and S2 events that correspond to interactions of the same neu-
tron. Random coincidences, which are caused by flight times reconstructed
from uncorrelated neutrons, appear as a flat background in the time-of-flight
spectrum and it is possible to take it into account in the data analysis by esti-
mating it from the unphysical, negative time-of-flight, region of the spectrum.
However, the number of random coincidences increases quadratically with the
count rate, which means that for a too high neutron flux the real neutron signal

38



will be drowned by these false events. The present TOFOR system is projected
to be capable of handling count rates up to 0.5 MHz [34], which is more than
sufficient to handle neutron rates from deuterium plasmas. For d-t plasmas the
maximum neutron rates are expected to be orders of magnitude higher and to
cope with this one would have to limit the neutron flux with additional colli-
mation.

Another complication is that a fusion neutron with one specific energy can
give rise to a broad range of flight times, depending on the details of how
it scatters in the S1 detectors on its way to S2. There is a broadening due
to the finite dimensions of the detectors; the length of the flight path is not
the same for all possible combinations of scattering positions in the detectors.
Furthermore, the neutron can lose some of its energy through multiple large
angle scattering in S1, resulting in a longer time-of-flight. There is also the
possibility that the neutron is scattered towards S2 through several small angle
scattering events in S1. In this process less energy is lost than in one single
interaction, which means that such a multi-scattered neutron gets a somewhat
shorter flight time.

All these effects have been simulated in detail, using the particle transport
code GEANT4 [35] and the results are contained in the response function of
TOFOR, R (E,,tf)'. In order to obtain the TOFOR response dN/df to a
given neutron energy distribution f;, (E,) one integrates the product of R with
Jn over all possible neutron energies,

dN
dttof

_ / R(En tiof) fn (En) dEn. 2.2)

As an example, the TOFOR spectra from several mono-energetic neutron en-
ergy distributions are shown in figure 2.3a. Detailed knowledge of the re-
sponse function is important when analyzing neutron spectrometry data, as
discussed in chapter 4.

The MPR spectrometer

In the magnetic proton recoil (MPR) spectrometer [36] the neutrons transfer
their energy to protons by elastic scattering in a thin polythene foil. The energy
of a forward scattered proton produced in this way is very close to the original
neutron energy. The energy distribution of these protons, and thereby the neu-
trons, is obtained by letting the protons pass through a magnetic spectrometer
and measure the spatial distribution of protons along an array of scintillators (a
hodoscope), placed in the focal plane of the magnetic system. The main com-
ponents of the MPR system are shown in figure 2.4. Different proton energies
will give rise to different trajectories in the magnetic field and thereby different

IThe response function of TOFOR also includes the effects of electronic broadening and voltage
thresholds set in the data acquisition electronics, but the exact details are not important for the
present discussion.
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Figure 2.3. The response to several mono energetic neutron beams for (a) TOFOR
and (b) the MPR.

interaction positions in the hodoscope. The end result of a MPR measurement
is a position histogram of the protons, dN /dXpos.

As in the case of TOFOR, the response function of the MPR has been simu-
lated with a Monte Carlo code, using a detailed model of the detector geometry
and its magnetic field. The MPR response for various mono energetic neutron
energy distributions are shown in figure 2.3b.

The MPR was installed at JET in 1996. The original design was primar-
ily made for detecting 14 MeV neutrons, but in 2005 the spectrometer was
upgraded to allow for the detection of 2.5 MeV neutrons as well [37]. The
upgraded spectrometer is called the MPRu. However, since the measurements
in Paper III were performed with the original MPR spectrometer, the original
name is used throughout this thesis.

Compact spectrometers

The TOFOR and MPR spectrometers both occupy a fairly large space (the
MPR is by far the bulkiest of the two; the concrete radiation shield weighs
about 60 tons). Several more compact neutron spectrometers have also been
installed at JET during recent years [38, 39, 40]. One of these were used for
the work presented in section 6.2 and is therefore briefly introduced here. It is
a NE213 liquid scintillator installed in the back of the MPR sightline, inside
the radiation shield, as indicated in figure 2.4.

NE213 detectors can, in addition to acting as neutron counters as in the the
neutron camera, also provide some spectroscopic capabilities by recording the
pulse height of each detector event. The pulse height is related to the energy
deposited by the neutron in the detector. Hence, a pulse height spectrum for
a number of detected neutrons is related to the energy spectrum of these neu-
trons. Since a given neutron can deposit any fraction of its energy in the detec-
tor, depending on the n-p scattering angle, the response function of a NE213
spectrometer is broad and non-Gaussian. Examples of the NE213 response
to neutrons with different energies, calculated with the particle transport code
MCNP, are shown in figure 2.5. It is seen that the pulse height spectrum has

40



(a) Proton
NE213 collimator
Magnets position

AN

Neutron
collimator

neutrons

Foil

position
«———Concrete
Beam
dump
Hodoscope
/ Lead shield

Proton trajectories

,,,,,,,,,

MPRu

/ Line of sight

Port

Figure 2.4. (a) Sketch of the MPR spectrometer and (b) its placement at JET. The
position of the NE213 spectrometer in the back of the MPR is also indicated.
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Figure 2.5. The response to several mono energetic neutron beams for the NE213
spectrometer.

a neutron energy dependent upper cut-off and always extends down to zero
pulse height, regardless of the incident neutron energy. It turns out that the
spectral analysis of the NE213 data can be very sensitive to the details of the
response function, which, in the case discussed here, is therefore calibrated
both with a 2>Na y-source and with ohmic neutron spectra before being used
for any JET analysis [38].

Just like TOFOR the NE213 detector is a broadband spectrometer, capable
of simultaneous measurements of neutrons from the d-d and d-t reactions.

2.2 Other diagnostic techniques

Below follows a brief description of other plasma diagnostics or relevance for
the work presented in this thesis. This mainly includes diagnostics of impor-
tance for the calculation of beam-thermal reactivities in Papers III and IV.

2.2.1 Electron density and temperature

Several diagnostics that measure the electron density (n.) and temperature (7¢)
are installed on JET. Two of the most common methods are the light detec-
tion and ranging (LIDAR) [41, 42] and high resolution Thomson scattering
(HRTS) [43] techniques, which are both based on firing a continuous series
of short laser pulses into the plasma during operation. Some of the laser light
in the incoming pulses are Thomson scattered off the plasma electrons. The
intensity of the scattered radiation is proportional to n. and the width of the
scattered energy spectrum is related to 7.. Both the LIDAR and HRTS laser
pulses are launched from the outboard side of the plasma, approximately hor-
izontally along the major radius. In the LIDAR case the back-scattered light
is detected and the spatial profiles of n. and T; are deduced by a time-resolved
analysis of the spectra reaching the receiver (the time between firing the laser
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pulse and detecting the scattered spectrum gives the spatial position where
the scattering took place). The HRTS system detects spectra scattered at ap-
proximately 90 degrees to the incident radiation and the spatial information is
obtained from an array of optical fibers which receive scattered radiation from
different positions along the incident laser path.

2.2.2 Ion densities and temperatures

Densities and temperatures of different ion species in the plasma (fuel ions
and impurities) can under some circumstances be determined from the mea-
surement of radiation emitted from charge exchange (CX) reactions between
ions and neutrals [44, 45]. At JET one of the NBI modules is used as a di-
agnostic beam, providing a source of neutral atoms. A set of spectrometers
detect CX radiation in the visible frequency range at different locations along
the beam as it crosses the plasma. Different ion species can be probed by an-
alyzing CX spectral peaks from reactions involving the corresponding ions.
Just as for the electron measurements, the spectral width is related to the tem-
peratures and the intensity is proportional to the density. Furthermore, it is
possible to determine the plasma rotation velocity from the overall Doppler
shift of the peaks.

2.2.3 Plasma effective charge

A quantity related to the ion densities is the plasma effective charge, defined
by
Zos = =, (2.3)
Ne
where the sum is over all the ion species in the plasma. Z. is a measure of
the plasma dilution caused by impurities with Z > 1. It is not necessary to
measure all the ion densities n; explicitly in order to determine Zeg, since it is

proportional to the intensity of Bremsstrahlung radiation (/) from the plasma,

1/2
Iy o< Zegml T . (2.4)

Hence, Z.¢ can be obtained directly from measurements of /g, n. and 7. At
JET, Ip is routinely measured along one vertical and one horizontal chord from
the system described in [46], thus providing two line integrated Z.¢ measure-
ments.
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Method

"When you realize there is something you don’t understand, then you're gen-
erally on the right path to understanding all kinds of things"
— Jostein Gaarder






3. Calculation of neutron energy spectra —
Paper I

Much of the work presented in this thesis rely on the calculation of the neutron
energy spectrum from given fuel ion distributions. The calculated spectrum
can e.g. be compared with measured data in order to see if a certain model of
the fuel ion distribution is compatible with the actual neutron emission. It can
also be the case that a well-established model depends on a number of physical
parameters, which can be estimated by calculating the neutron spectrum for
many different parameter sets and finding the values that result in the best
description of the experimental data. This chapter presents an overview of
such neutron spectra calculations.

3.1 Kinematics

When two particles of mass m, and my, interact and produce n particles of mass
m; (i=1,2,...n), four-momentum conservation requires that

P=P+P=) P, 3.1
i=1

where P; = (Ej,p;) is the four-momentum! of particle j and P = (E,p) =
(Ey + Eb, pa + Po) is the total four momentum of the system. An equation for
the energy of particle 1 can be obtained by subtracting P; from both sides of
this equation and squaring, which gives

M?*+m? —2(EE, —p-p1) = M3. (3.2)

Here,
M? = P2 = (Ey+ Ep)* — (pa+pb)° (3.3)

is the invariant mass of the reaction and M3 = (Y1, P,)? is the invariant mass

of the residual particles. Writing p; as (E12 - m%) 1/2 u, where u = p;/pj, and
rearranging gives

1/2B.u_M2+m%—M§

3.4)

I Throughout this section, units are used in which the speed of light ¢ = 1.
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This equation should be solved in order to obtain the energy of particle 1,
emitted in direction u. An explicit expression for Ej is given in Paper I.

In order to solve equation (3.4) one needs to know the value of Mg. For
most fusion relevant reactions there are only two particles in the final state,
which means that Mg is simply equal to my, but if there are more particles
Mg can take on any value as long as equation (3.1) is fulfilled. The case with
three particles in the final state is presented in more detail in section 3.4, where
calculations of the neutron spectrum from the t-t fusion reaction are discussed.

Further insight into the nature of equation (3.4) can be obtained by consid-
ering its solution in the center-of-momentum system (CMS), i.e. the reference
frame where the total momentum p is zero and £ = M. The solution simply
becomes
M? +m? — M3

2M ’
where the asterisk is used to denote CMS quantities. Thus, in the CMS, the
energy of particle 1 is independent of the emission direction. Furthermore,
substituting the expression for E; back into equation (3.4) and recognizing
that p/E is the velocity of the CMS, f3, gives

E; = (35)

1/2

v (B~ (EF—m})"u-B) =5, (3.6)
where v = (1 - B 2) 1/ ®. This is nothing but the Lorentz transformation from
our original reference frame to the CMS.

It is clear that E} is uniquely determined if the invariant masses M and Mgr
have been specified. In any other reference frame however, E; depends on
the emission direction u and even for a given emission direction there may be
two kinematically allowed values of Ej. This is the case whenever the speed
of particle 1 in the CMS is smaller than 3, the speed of the CMS [47]. This
condition is equivalent to

2 2 2

E. 3.7
2, < 3.7

Whenever this inequality holds, there are generally two solutions for E; for
a given u and the emission direction is restricted to the forward hemisphere
with respect to the velocity of the CMS. The double valued solution is not of
great concern for fusion neutron spectrometry applications, though. This can
be seen by noting that equation (3.3) implies that m, +m, < M < E, which
means that

M2 +m}—M3  (my+my) 4+ m’ — M3
> . (3.8)
2m 2my

By substituting the relevant masses into the final expression it is seen that the
total fuel ion kinetic energy, E — m, — my, needs to be about 70 MeV and 10
MeYV, for d-t and d-d reactions respectively, in order for the second solution
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to come into play. Such high kinetic energies are very uncommon in a fusion
plasma.

3.2 Integrating over reactant distributions

The results from the previous section can be used to find the energy of a neu-
tron produced in a fusion reaction between two fuel ions with given velocities.
However, in order to calculate the energy spectrum of the fusion neutrons, it is
also necessary to integrate over the velocity distributions of the fuel ions and
the cross section of the fusion reaction.

The number of neutrons with energy E,, emitted in the direction u from
position r, is given by

1

n(En,u,r) = / fa(Vayr)fb(ber) ’Va_vb|6(vavvb7u)
Va J Vp

X 8 (Eyn — E1 (Va,Vp))dvadvy, (3.9)

where f, and f;, are the fuel ion velocity distributions and & (v,, vy, u) is the
cross section for the production of neutrons in the direction u by ions with
velocities v, and vy. Note the appearance of the Dirac delta function inside
the integral, which is included in order to single out only the ions that produce
neutrons of energy E; when they fuse. The spectrum W, seen by a neutron
detector is calculated by integrating equation (3.9) over the plasma volume in
the field of view. The emission from each point in the plasma should then
be weighted by the solid angle of the detector, AQ (r), seen from that point
and only neutrons emitted in the direction of the detector, uge (r), should be
included in the spectrum, i.e.

W, (En) = / 1 (Enyu, 1) AQ (1) & (1 — ugec (1)) dr. (3.10)

r

Fusion cross sections are often tabulated as a function of the CMS energy
M and the emission angle 0 relative to the relative velocity vi — v,. Therefore,
in the integral (3.9), it is necessary to transform the cross section o (v,4,Vj,u)
to o (M, 0). This is done by multiplying with the Jacobian dQcms /€2,

dQcms
Q

where the (relativistic) expression for the Jacobian can be written as [47]

G (Va,Vp,u) =0 (M, 0)

@3.11)

dQcms _ pi
0Q Lty (p —Eu-B)

. (3.12)

During the last couple of years, the ControlRoom code, briefly described
in [48], has been used to calculate neutron spectra for the TOFOR and MPR
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analysis, with good results [49, 50, 51]. It was also used for the calculations
in Papers III and I'V. The code was mainly developed to calculate the neutron
energy spectrum from a single point, by a Monte-Carlo calculation of equation
(3.9). The possibility to calculate the spectrum integrated over a 3-dimensional
model of the sightline of a given instrument has also been added, but this func-
tionality has some performance issues and does not take plasma rotation or the
full magnetic field geometry into proper account (a purely toroidal magnetic
field is assumed). Therefore, another code has recently been developed, with
the volume integrating capabilities in mind from the outset. This code is called
the Directional Relativistic Spectrum Simulator (DRESS) and is described de-
tail in in Paper I.

3.3 Thermal and beam-thermal spectra

In order to understand what a neutron spectrum might look like for different
fuel ion distributions it is instructive to consider two special cases. Throughout
this section the attention is restricted to fusion reactions producing one neutron
and one residual particle, such as the d-d and d-t reactions.

Consider first the case when both fuel ion species are in thermal equilib-
rium. The integral (3.9) can then be performed analytically [52]. The calcula-
tions simplify considerably in the limit where Eg,s > kgT'. This always holds
in typical fusion plasmas, where Ey is several MeV and kg7 is of the order
5 —30 keV. The resulting expression for the spectrum becomes [53]

(E ) niny <G > <m1—|—m2>1/2
n n) = v
" (1+812) /2mn (Eny '\ 27ksT

my +my (En - <En>)2
mny 4kBT <En>

X exp , (3.13)

i.e. a Gaussian centered at the mean neutron energy (E,) and with a standard
deviation given by

0 = (2kpT (En)mn/ (my +my))"/?. (3.14)

o is to a good approximation proportional to the square root of the tempera-
ture, with a small correction due to the temperature dependence of (E,) [54].
Hence, from a measured thermal neutron spectrum, it is possible to determine
the ion temperature of the plasma from the width of the spectrum. Thermal
neutron spectra corresponding to two different temperatures are shown in fig-
ure 3.1a.

The other important special case is when one ion species has a much higher
energy than the other. The fusion reaction between such an ion and an ion
from the thermal bulk plasma is called a beam-thermal reaction in this thesis.
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Figure 3.1. (a) Thermal neutron spectra from the d-d and d-t reaction for two different
temperatures. (b) Beam-thermal d-d spectra for mono energetic beams with energies
100 keV (black lines) and 1 MeV (blue lines). The pitch angles of the beam particles
are 90° (solid lines) and 20° (dashed lines). The spectrum is observed perpendicular
to the magnetic field and the plasma temperature is 10 keV.

In this case the total momentum p becomes simply p,, the momentum of the
fast ion. Consider a situation where the neutron spectrum is observed at an an-
gle perpendicular to the magnetic field. Due to the Larmor gyration, some fast
ions will be moving away from the detector and some will be moving towards
it. The energy of a fusion neutron emitted towards the detector depends on
where on the Larmor orbit the reaction occurs. If a reaction occurs when the
fast ion is moving towards the detector p, -u = p, = \/EZ —m2, which will
correspond to a maximum positive Doppler shift of E},. Similarly, in the oppo-
site phase of the Larmor gyration there will be a maximum negative Doppler
shift. The resulting spectra have a characteristic ”double humped” shape, as
shown in figure 3.1b for mono energetic beams with different energies and
pitch angles.

3.4 3-body final states — Paper 11

The framework for calculating neutron energy spectra outlined in this chap-
ter has been used in Paper II to calculate the shape of the neutron spectrum
from the T(t,2n)*He (t-t) reaction. These calculations were done in order to
investigate the potential for obtaining fast ion information from t-t neutrons in
a future d-t campaign at JET. One possible approach to a d-t campaign would
be to start from a pure tritium plasma (after a period of hydrogen operations in
order to clean out residual deuterium from the walls) and gradually increase
the deuterium fraction to a 50/50 mixture. This approach is the opposite to the
previous d-t campaign in 1997, when tritium was gradually added to a deu-
terium plasma. Therefore, this opposite approach would allow for the study of
isotope effects on how transport, confinement and plasma stability are influ-
enced by fast particles. It is therefore of interest to investigate to what extent
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Figure 3.2. Example of the Dalitz plot boundary, i.e. the kinematically allowed region
of phase space, for the t-t reaction. In this example the tritons are both at rest, i.e.
M = 2m, and the masses mp, my and mj refer to the neutron, the other neutron and the
“He, respectively.

neutron spectrometry could provide fast ion data when the t-t reaction is the
main source of neutrons.

The cross section of the t-t reaction is similar to the d-d reaction, as seen in
figure 1.1. However, since there are three reaction products rather than two,

t+t— n+n+*He+11.3MeV, (3.15)

the neutron spectrum calculations are a bit different compared to the d-d and
d-t case. The residual invariant mass MR in equation (3.4) can now take a
distribution of values, rather than just one value as in the two product case. The
possible values of Mg are determined from the kinematically allowed region
in phase space, which can be visualized with a Dalitz plot [55]. This is a plot
of M3, = (P, +P,)? versus M3 = (P +P;)?, i.e. the square of the invariant
masses of two sub-systems of the reaction products. Note that if one of the
neutrons is chosen to correspond to particle 1, then M»3 is equal to M. The
minimum value of M|> is m; + my (particles 1 and 2 at rest in the CMS) and
the maximum value is M — m3 (particle 3 at rest in the CMS). The range of M»3
for a given value of Mj; can be calculated from M, and the particle masses,
as described in [56]. An example of the boundaries of the Dalitz plot for the
t-t reaction is shown in figure 3.2 for the limiting case of cold reactants, i.e.
when both tritons are at rest (M = 2my;).

If there are no interactions between the particles in the final state, the distri-
bution of events inside the Dalitz boundaries will be uniform [56]. Thus, the
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Figure 3.3. Left: Calculated t-t neutron spectrum for cold reactants when there are no
final state interactions. Right: The case when one neutron and the “He interact to form
a short lived He resonance in the ground state. Also shown in part the right panel is
the peak that would be obtained if the SHe would be stable (red dashed line).

neutron spectrum in the absence of final state interactions can be calculated
by uniformly sampling the Dalitz plot for each Monte Carlo event, thereby
obtaining a value of M3 = MR that is used when solving equation (3.4) for the
neutron energy. Such a spectrum is shown in the left panel of figure 3.3, for
the limiting case of cold reactants.

However, accelerator experiments [57, 58] and inertial confinement fusion
experiments [59, 60] indicate that there are indeed final state interactions,
which modify the shape of the neutron spectrum. The most significant change
was the formation of a peak in the neutron spectrum due to the interaction of
one of the neutrons with the *He, forming a short lived >He resonance in the
ground state. The branching ratio for this reaction channel was observed to
be about 5-20 percent. Modification of the neutron spectrum due to neutron-
neutron interaction, as well as due to the formation of the SHe resonance in
the 1st excited state, was also reported in [57] and [60], but the corresponding
spectral features were not very prominent and were not considered in Paper II.

The invariant mass distributions of particle resonances can be described by
the Breit-Wigner formula, derived e.g. in [61]. For a resonance with average
mass 72 and decay width I this distribution is given by

1 r
f(MR):ﬂ(MR—m)JrFZ/m (3.16)

Measured values of 7 and I for 'He are reported in [62]. The values are 4.67
GeV/c? and 648 keV, respectively. Using Mg-values from this distribution
when calculating the neutron energies gives the spectrum in the right panel
of figure 3.3, for cold reactants. For comparison it is also shown what the
spectrum would look like if the He would be a stable particle with mass equal
to /. This spectrum is simply a peak at E,, = 8.7 MeV and figure 3.3 clearly
illustrates the broadening introduced by the decay width of the resonance.
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Figure 3.4. Calculated neutron energy spectra from the t-t reaction from a thermal
plasma at 10 keV (black solid line), a NBI heated plasma (blue dashed line) and a
plasma heated with NBI and 3rd harmonic ICRH (red dash-dotted line). Left: No final
state interactions. Right: The peak that is obtained when a >He resonance is produced.

The spectra have been normalized to the same peak intensity and are shown on both
linear (top) and log scale (bottom).

Paper II presents calculations of these two contributions to the t-t neutron
spectrum for thermal plasmas at different temperatures, as well as for NBI
heated plasmas and the combination of NBI and 3rd harmonic ICRH. The fast
particle distributions were calculated from the 1-dimensional Fokker-Planck
equation (1.20). The results are shown in figure 3.4. These graphs indicate that
the three-body nature of the final state of the t-t reaction will complicate the
attempts to extract fast ion information from a measured spectrum. The shapes
of the spectra are not very sensitive to the underlying fuel ion distributions,
which is likely to make a separation of e.g. the thermal and beam-thermal
components more difficult than for the d-d or d-t reactions. This is particularly
evident for the branch with no final state interactions (left panel in figure 3.4)
where the only difference shows up on the high energy tail of the neutron
spectrum. The exception is the “He resonance spectrum from 3rd harmonic
ICRH and NBI, which has a distinctly different shape compared to the thermal
and NBI components.

The above framework is not limited to the two components discussed above,
it can be used to calculate the t-t spectrum given a Dalitz plot with arbitrary
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structure. The main problem associated with using the t-t reaction for neutron
spectrometry applications is that the Dalitz plot is not well known. The few ex-
isting references cited above do not give a complete picture of the branching
ratios between the different reaction channels and their energy dependence;
there are even some contradictions about which reaction channels that make
significant contributions to the spectrum. This fact will probably make it dif-
ficult to use neutron spectrometry for any quantitative fast ion diagnostics in
tritium dominated plasmas. On the other hand, neutron spectrometry data from
t-t experiments at JET would be still very interesting from a nuclear physics
point of view, since it would provide more data about the t-t reaction for a
wide range of reactant energies.
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4. Neutron spectrometry analysis

The methods presented in chapter 3 can be used to calculate the neutron spec-
trum from arbitrary fuel ion distributions, in an arbitrary sightline. The spec-
trum calculated in this way can be multiplied with the response function of e.g.
the TOFOR or MPR spectrometers, to see whether the fuel ion distributions
used in the calculations are compatible with experimental data. A common
situation is to have a model of the fuel ion distribution which depends on a
number of parameters. One then wants to determine the parameter set that
gives the best description of the experimental data.

In this work the Maximum Likelihood (ML) method is used for parame-
ter estimation. Detailed treatments of the ML method can be found in most
textbooks on statistical methods in physics. In short, the method proceeds as
follows. Consider a measuring instrument which measures values that can be
sorted into a range of bins. The result of a measurement is a series of values
x;, where i is the bin index. Next, assume that there is a model that predicts
the probability density function f;(x|6) for the value in each bin for certain
experimental conditions. The model depends on a set of parameters 8. The
probability of measuring exactly the values x; is then proportional to the like-
lihood function .Z, defined as the product of the f;’s,

Z(0)=]]/i(xi[6). (4.1)

For a given data set, .Z is seen to be a function of the parameters 6. The ML
estimate of 6 is then taken to be the parameter values that maximize .Z. In
practice, it is often more convenient to work with the natural logarithm of .#
rather than . itself, since the product of probability densities then turns into
a sum.

The statistical uncertainties in the estimated parameters can also be ob-
tained from the likelihood function. For the case with only one parameter, a
68.3 percent ("1-sigma") confidence interval is obtained by finding the points
where . has decreased to ¢~ of its maximum value, or equivalently, where
In.Z has decreased by 0.5. For the case with more than one parameter, a
one-dimensional likelihood function can be constructed for each parameter,
by maximizing .# with respect all the other parameters. The corresponding
uncertainty can then be extracted in the same way as in the one parameter case.
The maximization of . and the determination of the parameter uncertainties
is typically done numerically, using Monte-Carlo techniques, as exemplified
later in this chapter.

56



The probability distribution functions f; are assumed to be one of two kinds
in this work. If the measured values x; simply represent the "raw" number of
counts in each bin, the corresponding f; is taken to be the Poisson distribution

1
fr(x[0) = ;u)‘exp(—u)- 4.2)

Here, u is the expected value in the bin under consideration. This value is
obtained from the model calculations, after folding with the instrumental re-
sponse function, and is therefore a function of the parameters 6. The log-
likelihood function is obtained by substituting this distribution into equation
4.1,

In.g =Y (xjlnp; — ;) +k, 4.3)

where k is a constant that does not depend on 8. Maximizing this function is
equivalent to minimizing the Cash statistic C, introduced in [63].

If the x;’s cannot be expected to be described by pure counting statistics, e.g.
if a background subtraction has been applied to the data, it is not appropriate
to use the Poisson distribution. In this case, the normal distribution is used
instead,

. 2
(x]6) = G\}ﬁexp (_ (xzo;;) ) | wa)

where o, the standard deviation, is assumed to be a known quantity, which
must be estimated as part of the data analysis. The corresponding likelihood

function becomes 5

v (x—n)
In% = —5;?%. (4.5)

Maximizing this function is equivalent to minimizing the well known x? func-
tion, given by
2 (x— )’
X = Z ) (4.6)

2
; o

As an example of this kind of fitting procedure, consider JET discharge
82812, a discharge heated with about 18 MW of NBI and no ICRH. The NBI
slowing down distribution was modeled with TRANSP. The result was used
to calculate the shape of the beam-thermal (NB) component in the TOFOR
sightline. This component was then fitted to the data together with a thermal
(TH) component, calculated from equation (3.13). In this example, a fixed ion
temperature of 5 keV is assumed for simplicity, but in general the temperature
would typically also be a fitting parameter. A component describing neutrons
that scatter in the divertor back towards TOFOR also needs to be included in
the fit [64]. The fitting parameters are the intensities of the three components.
Since the TOFOR data is simply the number of counts in each time-of-flight
bin, the statistical fluctuations are expected to follow the Poisson distribution.
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Figure 4.1. Fit of thermonuclear (TH) and beam-thermal (NB) components to TOFOR

data (points with error bars) for JET discharge 82812. The fitted components are
shown both on time-of-flight scale and on neutron energy scale.

The appropriate likelihood function is therefore given by equation (4.3). The
result of the fit is shown in figure 4.1, both on time-of-flight scale, together
with the TOFOR data, and on neutron energy scale.

The statistical uncertainties of the fitted parameters is obtained by a Monte-
Carlo mapping of the likelihood function around its maximum value. This
procedure is illustrated in figure 4.2, where In.% has been calculated for 1000
pairs of the TH and NB intensity parameters, Nty and Nng, in the vicinity of
the optimum. The scatter component has been left out in order to facilitate
the plotting. The sampled points are shown in the (Nty, Nng )-plane, together
with a few contours of constant likelihood. From the contour where In.%
has decreased by 0.5 units from its maximum one obtains the 68.3 percent
unconstrained uncertainties of the fitted parameters, by drawing tangent lines
from this contour to the respective parameter axes. For more than two pa-
rameters this process becomes very difficult to visualize. However, it is seen
that the same uncertainties can be obtained by projecting In.# on to the Nty
and Nnp axes, and finding the the interval where the envelope of the sampled
likelihoods has decreased by 0.5. This method can be applied to an arbitrary
number of parameters.

It can also be noted from figure 4.2 that Nty and Nnp are negatively cor-
related, since the likelihood contours are tilted with a negative slope. This is
expected; if Nty is decreased Nyg would need to increase, in order to match
the total number of counts in the TOFOR data.

The fitting procedure outlined in this chapter is the standard procedure for
TOFOR and MPR analysis, and was used for the analysis in Papers III, IV, V
and VL.
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Figure 4.2. Monte-Carlo mapping of the log-likelihood function for Nty and Nnp for
the fit shown in figure 4.1. The gray dots are the Monte-Carlo sample. Contours of
constant likelihood are overlaid in the (N, Nng )-plane. The sampled likelihoods are
also projected on to the Nty and Nnp axes, where the statistical uncertainties of the
fitted parameters can be extracted by finding the point where In_Z has decreased by
0.5.
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Part I'V:
Data analysis

"Having gathered these facts, Watson, I smoked several pipes over them, trying
to separate those which were crucial from others which were merely inciden-

tal”
— Sherlock Holmes






5. Fuel ion density estimation

In section 1.3 it was shown that the total fuel ion density and the fuel ion ratio,
ni/ngq, are both key parameters for the development of an energy producing
fusion reactor. Consequently, reliable measurements of these quantities are
important in fusion research. This chapter is concerned with the estimation of
fuel ion densities from neutron measurements.

The basic principle of the methods is the fact that the fuel ion densities
are related to the intensities of the different components contributing to the
neutron emission. For NBI heated plasmas, the relevant contributions come
mainly from thermonuclear (TH) and beam-thermal (NB) reactions'. At a
given point r in the plasma, the rate w of neutrons emitted in the direction u is
given by

2
n

Wihdd (r,n) = 5‘1 th,ad (T, 1) (5.1)

Wih,d (1,10) Ndnirn g (T, W) (5.2)

Wnbdd (T,0) = nglnprop,dd (T, 1) (5.3)

Wibdt (T,0) = nifpbFp a; (T,10) (5.4)

Wib,id (I, 1) NdNnbTab,ed (T, 1) (5.5)

where the subscript "nb,ab” is used to denote a beam of particles a reacting
with a thermal population of particles b and nyy, is the corresponding beam ion
density. r is the “directional reactivity” for the different emission components,
calculated according to equation (1.3) but using the differential cross section
rather than the total cross section, i.e. considering only neutrons emitted along
u. In this work the code NUBEAM (see section 1.2.4) is used to model the
beam ion distributions as a function of velocity and position. The above ex-
pressions can then be integrated over the viewing cone of a given instrument,
in order to obtain the expected intensities of the different neutron emission
components, parameterized in terms of the fuel ion densities. By comparing
such calculations with neutron measurements it is therefore possible to esti-
mate the fuel ion densities that give the best description of the data.

I'The contribution from beam-beam reactions can be calculated by the TRANSP code and is
typically found to be less than a few percent in reactor relevant JET plasmas. This contribution
to the neutron emission is therefore neglected in this chapter
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5.1 The fuel ion ratio — Paper III

Paper III presents a method to derive the fuel ion ratio, n¢/nq, from neutron
spectrometry measurements, using neutron spectra collected with the MPR
spectrometer during the d-t campaign at JET in 1997. The MPR was set to
detect neutrons in the d-t energy range (E, ~ 12 — 16 MeV) and hence the
relevant contributions to the neutron emission come from TH and NB d-t re-
actions. No profile information is obtained, but rather a sightline averaged
value, weighted towards the plasma core where the neutron emission is high-
est.

It is assumed that the profiles of n; and nq are everywhere proportional to the
the electron density n.. Under this assumption, the intensities of the relevant
TH and NB components can be calculated as

ngng [ o _ ngm
Inae = P ne"th,dtgdr = *;Cth,dta (5.6)
e te € (&)
ne It
Lva = o NeNnpTth,de§2dr = o Cnbdiy (5.7
(&3 €
nq _h4
Livya = o NeNnpTth,1d€2dr = —cpp d, (5.8)
(S (S

where Q (r) is the solid angle of the MPR detector as seen from position r. The
integrals ci dt» Cab,de and cpp g can be evaluated from the calculated NUBEAM
distribution, LIDAR measurements of 7. and charge exchange recombination
spectroscopy measurements of the ion temperature profile (this is needed for
the thermonuclear reactivity). Once these integrals are calculated the relative
fuel ion densities nq/ne and n¢/n. can be obtained from MPR measurements
of Iy /Ip and fission chamber measurements of the total neutron rate R,,.

As an example of the method, consider JET pulse 42840, which was a high
power d-t discharge heated with 10 MW of tritium beams. The neutron rate
peaked at 1.3-10'8 s~!, giving MPR data with high statistics. Time traces of
relevant plasma parameters are shown in figure 5.1. The MPR spectrum for
the time slice ¢t = 14.0 — 14.25 s is shown in figure 5.2.

The beam component resulting from the NUBEAM modeling has been fit-
ted to the data together with a thermal component, using the method described
in chapter 4. The MPR error bars are not simply given by counting statistics,
since a background subtraction is applied to the pulse height spectra in each
hodoscope channel [36]. Hence, the likelihood function is given by equation
(4.5). The free parameters for the fit are the intensities of the thermal and
beam components (N, gr and Npp 1a), the temperature of the thermal compo-
nent (7') and the energy shift due to plasma rotation (AE). The best fit values
for these parameters are given in table 5.1, along with their corresponding
unconstrained uncertainties.

The component intensities Ny, g¢ and Nyp g are not determined on an abso-
lute scale. Therefore, only the ratio I gt/ Inb.td (= Nih,dt/Nnb.a) can be deduced
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Figure 5.1. Time traces of the total neutron rate R;, the NBI heating power Pypr, the
ion temperature 7; and the electron density n. for JET pulse 42840.
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Figure 5.2. MPR data for JET pulse 42840 at t = 14.0 — 14.25 s (points with error
bars). Three components have been fitted to the data: a thermal component (solid
black line), a beam component (black dashed line) and a low energy component, tak-
ing scattered neutrons in the collimator into account (dotted line). There seemed to be
a problem with the background correction for some of the channels (red dots). These
channels were not included in the fit.
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Table 5.1. Values of the fitted parameters for the MPR data in figure 5.2.

Parameter Value

Nin,dt 0.254+0.005 a.u.
Nib,d 0.065£0.005 a.u.
T 14.7+£0.5 keV
AE 150+ 3 keV

from the fitted parameters. By combining this measured ratio with equations
(5.6) and (5.8) the relative tritium density can be obtained as

e _ Ith,dt Cnb,td (5.9

ne  Inbtd Cihde

However, yet another relation is needed for ng/n.. Such a relation can be
obtained by using the total neutron emission rate R, measured by the fission
chambers. Neglecting contributions from the d-d and t-t reactions — which are
small compared to the d-t contribution due to their much smaller cross sections
— R, can be written as

Ry =~ Rin dt + Rub uds (5.10)
where
ngn ngn
Rpg = —— [ nE{oV)gqdr==—"—Cpa (5.11)
Ne Ne Ne Ne
ng nq
Rnb,td = — [ Rehpp <6v>nb «d dr = 7Cnb,td' (5. 12)
Ne ? Ne

These equations are the same as (5.6) and (5.8), except that the directional
reactivities r have been replaced by the ordinary reactivities (ov) and the inte-
gration is performed over the entire plasma volume rather than just the viewing
cone of the spectrometer. Just as before, the integrals Cy, ¢ and Cyp g can be
evaluated by means of diagnostic data and the NUBEAM modeling. Solving
equation (5.10) for ng/n. gives

nd Rn Rn
],T = Cop g™ +C - It cnbd ' ©-13)
¢ th,dt 7, notd - G <Inb<[d Cth’dl) Cabd

Equations (5.9) and (5.13) give the relative fuel ion densities from measure-
ments of Iy, /Iy, Ry and ne (for the NUBEAM modeling). In the example
presented here one obtains n/ng = 10.1. Analogous calculations can be done
for deuterium beams or mixed beams.

Time traces of fuel ion ratios obtained in this way are presented in Paper III
for four JET d-t discharges, where the uncertainties in the estimated fuel ion
ratios are also discussed. The results are compared with results from Penning
trap measurements at the plasma edge. The trend in the derived fuel ion ratios

66



is consistent with the Penning trap measurements but the absolute values are
not the same. An absolute agreement is not necessarily expected though, since
the two measurements are made in different parts of the plasma. For instance,
the Penning trap measurement is likely to be more strongly influenced by the
recycling of deuterium and tritium that have been retained in the reactor walls
from previous discharges. This is discussed in more detail in the paper.

It would be desirable to further validate and benchmark the method pre-
sented here by applying it to more discharges and comparing it to other esti-
mates of the fuel ion ratio. An excellent opportunity to to this would be in a
possible future d-t campaign at JET. Since JET now has spectroscopic capa-
bilities for both the d-d reaction (using TOFOR) and the d-t reaction (using
the MPR) it would be possible to compare the method used in Paper III with
the traditionally proposed method of determining n;/ng from the ratio of the
thermal d-t and d-d neutron emission intensities [65]. This was not possible to
do in the d-t campaign in 1997, since TOFOR was not installed until 2005.

5.2 The spatial profile of deuterium — Paper IV

The method for estimating the core n;/nq used in Paper III could also be used
to obtain information about the spatial profile of n;/nq, if one would have
access to several spectrometers viewing different parts of the plasma. It is, in
principle, possible that the NE213 detectors in each channel of the JET neutron
camera could be used for this purpose. However, these detectors are currently
not set up for spectrometry measurements, since the response functions are not
known to the required accuracy. The method from Paper III can therefore not
be directly used to obtain n;/nq profile information at JET.

In Paper 1V it is investigated if it is still possible to get some density pro-
file information from the neutron diagnostics currently available at JET, by
combining the neutron camera measurements of the total neutron emissivity
profile (TH + NB emission) with TOFOR measurements of the TH to NB ratio.
As seen from figure 2.1 the TOFOR sightline is similar to the central vertical
camera channels. Hence, TOFOR essentially adds spectroscopic capabilities
to one of the camera channels (taken to be channel number 15 this work).

Only deuterium plasmas have been considered so far, since there have been
no d-t experiments since TOFOR was installed in 2005. The aim was therefore
to determine the spatial profile of the deuterium density, nq.

The philosophy behind the method is the same as before; calculate the ex-
pected neutron emission for a given ng-profile and then find the profile that
gives the best description of the neutron data. To this end, a framework
for calculating the neutron camera profile and the TOFOR spectrum, given a
TRANSP simulation of a JET discharge, has been set up. Just as for the MPR,
the calculations use detailed 3-dimensional models of the sightlines. An ex-
ample of the result of these calculations is shown in figure 5.3, for a simulation
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of discharge 82816. This figure shows the fast ion density and distribution as
given by TRANSP and the corresponding calculated neutron emission. The
ng-profile used in TRANSP is also indicated. The neutron emission corre-
sponding to a slightly different nq-profile can be obtained by simply rescaling
these results according to equations (5.1) and (5.3). Hence, the framework
presented here essentially serves as a model of the neutron emission, parame-
terized in terms of the density profile.

The best-fit density profile is determined as follows. The calculated spectral
shapes in the TOFOR sightline are used to determine the TH/NB ratio and the
associated statistical uncertainty. This value, together with the results from the
19 camera sightlines, is compared with the corresponding calculated values.
The best fit ng-profile is taken to be the one that maximizes the likelihood
function, assuming normal statistics (equation (4.5)).

The method has been tested by generating synthetic data according to a
known ngq-profile and finding the best-fit profile and the corresponding statis-
tical uncertainties. It is found that it is possible to recover the correct profile,
with a relative statistical error that is comparable to the relative errors on the
data points. Unsurprisingly, the result is more accurate if the true density pro-
file is very similar to the profile used in the TRANSP simulations. However,
even if the true ng-profile is significantly different from the profile used to set
up the parametric model, the result typically captures the main features of the
correct profile, even though systematic errors are inevitably introduced. This
is exemplified in figure 5.4, where the ngy-profile is varied by changing the Z.g-
profile in TRANSP, which essentially means that the ion densities (fuel ions
and impurities) are changed while the electron density is held constant.

Four fitted profiles are shown in figure 5.4. The corresponding fits to the
synthetic data are shown in figure 5.5. All cases use the same parametric model
for the fit, based on a TRANSP simulation with Z.¢ = 2 throughout the plasma.
Panel (a) shows the fitted nq-profile when the exact same TRANSP simulation
is used to generate the synthetic data. The fitted and true profiles are in good
agreement in this case. Panel (b) shows the result when the synthetic data is
generated from a TRANSP simulation with Z.;r = 1.4. The agreement is still
acceptable, but some systematic deviations are seen. In panel (c) Zg is 1.6 in
the plasma core and 2.4 at the edge, which gives a distinct step-like shape of
the ng-profile. Again some systematic deviations between the fitted and true
results are seen, but the fitted result does capture the qualitative features of the
density profile quite well. Finally, panel (d) shows the result when Zeg = 1.2,
and this case exhibits the same qualitative features as the other results.

It can be seen from figure 5.4 that the results are typically more accurate in
the plasma core (p < 0.5) than further out towards the edge. This is probably
due to both the higher neutron rate in the core as well as the spectroscopic
information provided by TOFOR for this region. Additional spectroscopic
information for a couple of the edge channels could probably improve the
results for the outer part of the plasma.
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Figure 5.3. () Fast ion density ny, (R,Z) and (b) volume integrated distribution func-
tion fyp (E VY / v), calculated by TRANSP for JET discharge 82816. The nq-profile
used in the calculations is also shown in (a). (¢) Calculated neutron rate in each of the
camera channels (black), separated into TH (red) and NB (blue) emission. The red bar
is the calculated TOFOR TH fraction, normalized to the neutron rate in channel 15.
The corresponding calculated TH and NB neutron spectra in the TOFOR sightline is
shown in (d).
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So far the above method has been applied to real data from one JET dis-
charge, as reported in Paper IV. The next step in this work is to make a sys-
tematic evaluation of the method, by applying it to data from a large number
of JET discharges. However, it has not yet been possible to do this, since there
are some calibration and correction factors for the neutron camera that are not
yet in place after the recent hardware upgrade. Work is ongoing to determine
these factors and once they are in place this work will continue.
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6. Fast 1on measurements

6.1 Finite Larmor radii effects — Paper V

In practice, modeled ion distributions, f, and f;, for use in equation (3.9) are
typically not available as a function of all 6 dimensions of phase space. Even
with sophisticated modeling codes 4-dimensional distributions are the typical
output, as described in section 1.2.4. The gyro angle and the toroidal angle
are the two most common coordinates to leave out, since the Larmor radius is
typically small compared to the plasma phenomena of interest and the tokamak
plasma is toroidally symmetric. Hence, an assumption on the gyro angle must
be done when calculating the neutron spectrum. The most natural assumption
is that the distributions are isotropic in the gyro phase, thus sampling this
angle uniformly between 0 and 27 in the Monte Carlo calculation. Although
this assumption works very well for almost all the experiments studied with
TOFOR and the MPR, there are situations when it is not valid. This happens
when the following two conditions are met:

1. There is a gradient in the spatial part of one of the ion distributions, with a
scale length L, that is comparable to — or smaller than — the width of the
field of view I'j,q of the measuring instrument. L, is the component of the
gradient that is perpendicular to both the magnetic field and the sightline.

2. L, is comparable to — or smaller than — the typical Larmor radii r. of the
ions.

As reported in Paper V, this finite Larmor radius (FLR) effect was observed
to affect TOFOR measurements of the neutron emission from plasmas heated
with deuterium NBI and ICRH tuned to the 3rd harmonic of the deuterium
cyclotron frequency, during a JET experiment in the autumn of 2008. This
heating scheme created a non-Maxwellian distribution of deuterium ion ener-
gies extending into the MeV range, with spatial distributions that were strongly
peaked close to the ICRH resonance position Ry, which was located close to
the outboard side of the TOFOR sightline. In combination with a relatively
low magnetic field of 2.25 T, this meant that L, , I, and r were all of the
order of a decimeter and hence both conditions (1) and (2) above were ful-
filled.

The peaked spatial distribution of the fast ions was caused by the fact that
the turning points of the ICRH accelerated ions are driven towards Rs. Hence,
the fast particles will spend most of their time close to this position. In Paper V
it was therefore assumed that the gyro centers of the fast ions were distributed
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Figure 6.1. (a) An example of a typical fast ion orbit in the JET experiment studied
in Paper V. The ICRH resonance position Ry is indicated with the black dash-dotted
line and the field of view of TOFOR is shown as red dashed lines. The shaded area
indicates the fast particle region (see text). (b) Neutron spectra calculated taking FLR
effects into account (red solid line) and without taking FLR effects into account (blue
dashed line). The spectra have been folded with the response function of TOFOR and
are compared with experimental data (points with error bars).

only inside a limited region, called the “fast particle region”, close to Ryes, as
illustrated by the shaded region in figure 6.1a. Inside the fast particle region
the energy distribution is assumed to be given by the solution to the Fokker-
Planck equation (1.20). The spectrum calculation is carried out by uniformly
sampling the position of the gyro centers inside the fast particle region. The
actual positions of the particles are then taken to be one Larmor radius away
from their gyro center positions, in the direction given by randomly sampled
gyro angles. Once this is done, the spectrum seen by TOFOR is calculated,
including only reactions involving fast ions inside the field of view (indicated
by the red dashed lines in figure 6.1a) in the calculations.

An example of a neutron spectrum calculated with and without taking FLR
effects into account is shown in figure 6.1b. It is clear that the calculated spec-
trum describes the data better when FLR effects are included in the modeling.
The low energy (long time-of-flight) side of the spectrum is overestimated by
almost an order of magnitude if FLR effects are not taken into account. Simi-
lar results were seen for several time slices from all the discharges in the JET
experiment under consideration. The agreement between experimental data
and calculations were not always as good as in the example shown in figure
6.1b, probably due to limitations in the ICRH model, but for most of the inves-
tigated time slices the TOFOR data can be understood in terms of the model
presented above. Therefore, it is concluded that FLR effects can have great
impact on fast ion measurements, provided that conditions 1 and 2 above are
fulfilled. It is important to be aware of these effects, not only for the case of
neutron spectrometry but also for other fast ion diagnostic techniques with a
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collimated field of view, such as gamma-ray spectroscopy and neutral particle
analysis.

As a side note, it can also be mentioned that a short investigation of these
FLR effects have been made also for the gamma-ray camera at JET [66]. This
investigation was done as a part of the work presented in [67], where the re-
distribution of fast ions due to toroidal Alfvén eigenmodes was studied by
comparing fast ion measurements (from the same JET experiment as in Paper
V) against simulations with the HAGIS code [68]. The camera response was
simulated for several trial ion distributions, given as functions of the constants
of motion (E yDos I\, G). The orbit code described in section 1.2.2 was used
to calculate orbits from the distribution and the resulting camera response was
calculated with a Monte Carlo simulation. Overall, the FLR effects were not
very important for the camera measurements. The only appreciable effects
could be seen in one of the vertical sightlines, which saw less counts when
including the FLR effects. This sightline is very similar to the TOFOR one,
and consequently views the same part of the plasma, with a lot of fast ions and
a large spatial gradient. Several other camera channels also see the fast ions
but the gradient is parallel to the field-of-view. This illustrates that both points
1 and 2 above need to be fulfilled in order for the FLR effects to come into

play.

6.2 Fast ion distribution functions — Paper VI

The FLR effects were observed for TOFOR during experiments with 3rd har-
monic ICRH in 2008. Another experiment using the same heating scheme was
performed in 2014 and the methods from section 6.1 could then be exploited
in the TOFOR analysis.

Several new fast ion diagnostics have been installed at JET since the ex-
periment in 2008. This includes the upgraded neutron camera and the com-
pact spectrometers, described in chapter 2. One of the reasons for conducting
another experiment with 3rd harmonic ICRH was to provide an opportunity
to test the enhanced capabilities for fast ion measurements by creating fast
deuterons in the MeV range.

To this end, data from TOFOR, the NE213 spectrometer and a high purity
germanium (HpGe) gamma-ray spectrometer [69, 70] were analyzed in Paper
VI. The data are interpreted by modeling the fast deuterium distribution with
a 1-dimensional Fokker-Planck equation, given by

aF 19 12 I of
= |—av f+ 29v, (Bvif)"i‘z}/f‘i‘DRFVLE

E - I&vl
+SWw)+L(.). (6.1)

This equation is similar, but not identical, to equation (1.20). In particular,
the above equation is a function of v, rather than v and includes the third
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Figure 6.2. Comparison of fast deuteron energy distributions calculated from two 1-
dimensional Fokker-Planck equations representing isotropic and strongly anisotropic
pitch angle distributions.

Spitzer coefficient y. The differences arise since equation (1.20) represent
the limit when the distribution in the pitch angle cosine (cos 6p) is assumed
isotropic. The equation given here, on the other hand, is the result in the limit
of a strongly anisotropic pitch angle distribution, 6, — 90°. However, the dif-
ferences in the calculated energy distributions for the 3rd harmonic ICRH sce-
narios under consideration are small, as illustrated in figure 6.2, which shows a
comparison of the solution to the two equations for identical input parameters.
The particular choice of equation is therefore of little importance for neutron
spectrometry analysis.

It should be stressed in this context that although the assumption about the
pitch angle distribution is only of minor importance when calculating the en-
ergy distribution of the deuterons, it can still significantly affect the corre-
sponding calculated energy spectrum of the neutrons. This is because regard-
less of which Fokker-Planck equation that is used to calculate the deuteron
energy distribution (c.f. figure 6.2) it is necessary to make an independent
assumption about the pitch angles for the neutron spectrum calculations, as
described in section 1.2.4. In Paper VI, the spectra calculated for the semi-
tangential sightline of the NE213 spectrometer were seen to be sensitive to
this assumption. The effect can be seen from figure 6.3, which compares the
deuterium energy distributions estimated from the TOFOR and NE213 anal-
ysis for the three JET discharges studied in the paper. The distributions are
estimated by iteratively adjusting two of the parameters in the Fokker-Planck
equation, k| and Crr, until the parameter set that results in the best descrip-
tion of the experimental data is found. Two cases are shown, corresponding
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Figure 6.3. Fast deuterium distributions from the TOFOR (blue) and NE213 (red)
analysis. The dashed lines are the estimated uncertainty. The left panel is the result
when assuming pitch angles 6, in the range 80 — 100 degrees and the right panel is for
70 — 110 degrees.

to different assumptions about the range of pitch angles that are considered in
the calculations of the neutron spectra. The NE213 distribution is seen to be
sensitive to the pitch angle range. This is mainly manifested through a change
in the high energy cut-off in the deuterium distribution. The TOFOR results,
on the other hand, change only slightly as the pitch angle range is varied.

The agreement between the TOFOR and the NE213 results is significantly
better for the wider pitch angle range, 70 — 110 degrees. However, this does
not necessarily mean that the corresponding deuterium distribution gives a
more accurate description of the fast deuterons in the plasma, since spatial
variations of the distribution, which are not taken into account in the present
analysis, can also be expected to affect the result. A qualitative picture of
one such spatial effect is given in figure 6.4. Here, the poloidal projections of
the TOFOR and NE213 sightlines are shown together with a trapped 2 MeV
deuteron, i.e. the kind of orbit expected to be created by the ICRH. The two
spectrometers clearly view different parts of the orbit. In the TOFOR sightline
only the turning points are visible, where the pitch angle is very close to 90
degrees. The sightline of the NE213, on the other hand, crosses the legs of the
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Figure 6.4. Poloidal projections of the TOFOR (blue) and NE213 (red) sightlines

together with the orbit of a trapped 2 MeV deuteron. The arrows indicate the direction

towards the respective detectors. It is seen that the two instruments view different

parts of the orbit.

banana orbit approximately at the plasma mid-plane, where the pitch angle is
less than at the turning points (at the outer leg of the particular orbit in figure
6.4 the pitch angle is about 65 degrees). Hence, it is not evident that the pitch
angle range should be the same for TOFOR and the NE213. The differences
between the two sets of results in figure 6.3 should rather be seen as an indica-
tion of the systematic uncertainty introduced by the simple ICRH model. The
uncertainty can be reduced by using a more sophisticated model of the distri-
bution function, e.g. from one of the ICRH modeling codes listed in section
1.2.4, or with the recently developed SELFO-light [71] or RFOF/SPOT [72]
codes. Hence, the framework presented in Paper VI can be used to benchmark
such codes against the full set of fast ion diagnostics at JET. The combina-
tion of several different sightlines is valuable in this context, since this adds
more constraints when investigating whether a given distribution function is
consistent with experimental data.
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Part V:
Future work

"But still try, for who knows what is possible..."
— Michael Faraday






7. Conclusions and outlook

The performance of a fusion reactor is ultimately determined by the densities
and distributions of the fuel ions deuterium and tritium present in the fusion
plasma. Knowledge about these quantities is therefore valuable for a fusion
experiment and will become increasingly important as the experimental sce-
narios gradually move towards more and more reactor relevant plasmas. The
next big milestone for the JET tokamak experiment is a new d-t campaign,
which is currently scheduled to take place in 2017. Many features of JET have
changed considerably since the previous d-t campaign in 1997, the most no-
table development being the installation of the ITER-like wall (ILW) in 2011.
The diagnostic capabilities have also been greatly improved since 1997; exam-
ples from the neutron side include the installation of TOFOR and the compact
spectrometers, as well as the upgrade of the neutron camera data acquisition
system. Furthermore, since computers are much more powerful today than in
1997, it is now possible to model various aspects of different plasma phenom-
ena in greater detail. All in all, this opens up many interesting opportunities
for future d-t experiments, some of which relate to the work presented in this
thesis. The natural focus for neutron diagnosticians working at JET for the
next couple of years is therefore to make sure that all hardware is fully func-
tional and that the analysis methods are ready to be applied to data when the
d-t experiments begin.

7.1 Future fuel ion ratio measurements

One of the most interesting opportunities for neutron spectrometry in a future
d-t campaign is the possibility to refine the method for estimating the fuel
ion ratio n/nq, presented in Paper III. In order to make maximum use of this
method, there are some aspects that could be improved during the preparation
for d-t.

The analysis procedure is currently very time consuming. A TRANSP sim-
ulation is required for each discharge that is to be analyzed, which typically
takes at least one or two days to set up and run. If this procedure could be
sped up it would make the method much more useful. There are several ways
to approach this problem. One possibility is to try to make a table of precalcu-
lated beam-thermal reactivities that can be used in the analysis. This would in
principle require to set up a data base with a large number of TRANSP runs,
where the relevant plasma parameters are varied within the region of interest.
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Which plasma parameters that would have to be varied in this process needs to
be investigated, but temperatures and densities for both electrons and ions, as
well as the NBI injection energy, are likely candidates. This problem quickly
becomes unmanageable though; even if it were sufficient to change only three
plasma parameters between 10 values each, one would need 1000 TRANSP
runs in order to represent all parameter combinations, which is of course not
feasible. However, it might be possible to identify a much smaller number of
reference plasma scenarios — represented by, say, different confinement modes
and/or different alignment of the NBI — and use simpler models, such as the
Fokker-Planck equation (1.20), to scale the reactivity to the desired densities
and temperatures.

Another option for speeding up the analysis would be to run the stand-
alone version of NUBEAM, rather than the version coupled to TRANSP. For
purely NBI heated discharges, the main part of the execution time of TRANSP
is spent performing the NUBEAM calculations. However, NUBEAM needs
to be run at each TRANSP time step, and not all of these simulations are
ultimately needed for the estimation of n/ngq. If NUBEAM could be run only
for the time-slices of interest, possibly on multiple processors, the analysis
could probably be sped up considerably.

Yet another possibility is to use less sophisticated, but faster, codes to cal-
culate the beam-thermal reactivity. One such code is PENCIL [73], which is
routinely used at JET and can be set up to run automatically after a plasma
discharge. Whether or not reactivities extracted from PENCIL simulations are
sufficiently accurate for the n;/ng determination would need to be investigated,
by comparing with NUBEAM results for various plasma scenarios.

The above possibilities will be investigated in the coming years before the
d-t campaign. While the ultimate goal of n;/nq measurements is to be able to
provide results in real time, for plasma control, a more realistic goal for the
coming d-t campaign could probably be to reduce the analysis time to about
30 — 45 minutes. This would mean that n/nq results could be provided on a
discharge-by-discharge basis.

In view of the core n¢/ng estimates in Paper III and the estimate of the
ne-profile in Paper IV it is natural to ask whether the two methods can be com-
bined to give n/ng-profile information in a future d-t campaign. As described
in chapter 5 the two methods are essentially based on the same basic idea, so
it would indeed be straightforward to extend the n4-profile analysis to allow
for both deuterium and tritium in the plasma. This framework can then be
tested with synthetic data just as for the d-d case. Since the presence of both d
and t introduces an additional degree of freedom in the fit, it will probably be
more challenging to obtain the n;/nq-profile than the ny-profile, but by includ-
ing spectrometers both with tangential (MPR, NE213) and vertical (TOFOR)
sightlines it might still be possible to obtain an accurate estimate of the profile.
Another option is to reduce the spatial resolution, possibly estimating n/nq in
just two regions, the center and the edge of the plasma.
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7.2 Future fast ion measurements

As stated in the beginning of this chapter, the numerical plasma modeling tools
are improving rapidly. In particular, several codes exist that can model the fast
ion distribution in quite some detail. In order to compare the output of such
codes with the measurements from various fast ion diagnostics, it is crucial to
have access to synthetic diagnostics codes, which can compute the expected
signal recorded by a given measuring instrument. For neutron measurements,
such synthetic diagnostic codes are available, allowing for the calculation of
neutron fluxes and energy spectra in an arbitrary sightline, from arbitrary fuel
ion distributions (c.f. the calculations in Papers III and IV). The work pre-
sented in this thesis has added to the capabilities of this synthetic diagnostics
framework, through the development of the DRESS code (Paper I), the ability
to calculate energy spectra from 3-body reactions (Paper II) and by including
finite Larmor radii effects (Paper V).

Neutron measurements are therefore in a good position to contribute to fu-
ture fast ion experiments, both in d-d and d-t plasmas. An example of how
different fast ion diagnostics, with different sightlines, can be combined in a
consistent way to study various features of the fast ion distribution is given
in Paper VI. So far a fairly simple model of the fast ion distribution has been
used, but it would be straightforward to do a similar analysis with a more
sophisticated model, by using the result from self consistent calculations of
the wave propagation and the wave-particle interaction in a realistic geometry.
This work is already ongoing, and will be reported in future publications.
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Summary in Swedish

Energi fran solen &r en av grundforutsittningarna for allt liv pa jorden. Denna
energi frigors nér vitejoner reagerar och bildar helium i solens inre. Dessa
typer av kdrnreaktioner — nir tva atomkérnor slas ihop och bildar en eller flera
tyngre kérnor — kallas for fusionsreaktioner. For létta atomkérnor, som vite
och helium, dr det vanligt att fusionsprodukterna #r nagot ldttare 4n summan
av massan hos reaktanterna. Skillnaden i massa frigdrs som energi, enligt det
vilkinda sambandet E = mc?.

Det pagar mycket forskning som ér inriktad pa att utnyttja fusionsreaktioner
for energiutvinning hir pa jorden. Brénslet i en framtida fusionsreaktor dr
tiankt att besta av viteisotoperna deuterium (D) och tritium (T), som kan fu-
sionera och bilda en heliumkidrna samt en neutron. For att detta ska kunna
ske 1 tillrdckligt stor utstrickning krdvs dock att brénslet upphettas till my-
cket hoga temperaturer, nirmare bestimt ca 100 miljoner Kelvin. Vid sa hoga
temperaturer joniseras atomkérnorna, vilket innebér att brénslet blir en gas av
joner och elektroner. En sadan joniserad gas kallas for ett plasma, det fjarde
aggregationstillstandet.

Fusionsreaktorer skulle kunna utgora ett vardefullt tillskott till virldens en-
ergiproduktion. Brénsletillgangen dr god och fusionsprodukterna ir varken ra-
dioaktiva eller bidrar till vaxthuseffekten. Det hoga flodet av energetiska neu-
troner fran en fusionsreaktor kommer dock att aktivera materialet som reaktorn
ar konstruerad av. De radioaktiva @mnen som bildas av neutronaktivering &r
dock forhallandevis kortlivade; efter att en fusionsreaktor har tagits ur bruk
kommer byggnadsmaterialet att behdva tas om hand och férvaras i ungefir
100 ar. Det ir alltsa inte nodvindigt med nagot langsiktigt slutforvar av den
typ som diskuteras for konventionell kidrnkraft baserad pa kédrnklyvning.

Att skapa och uppritthélla ett fusionsplasma #r en stor utmaning. Ett sitt att
astadkomma detta #r att anvinda sig av ett magnetiskt filt. De laddade partik-
larna i plasmat foljer magnetfiltlinjerna och man kan dérfor innesluta plasmat
genom att skapa ett toroidalt (bilringsformat) magnetfilt inuti reaktorn. Denna
princip anvinds i ett reaktorkoncept som kallas for”’tokamak”, utvecklat i Sov-
jetunionen pa 1960-talet. Virldens for tillfdllet storsta tokamakexperiment
heter JET (Joint European Torus) och ligger i England. Experimenten som
studerats i den hir avhandlingen ér alla utférda pa JET.

Endast elektriskt laddade partiklar halls kvar i reaktorn av tokamakens mag-
netfilt. Neutronerna som bildas i fusionsreaktionerna kan korsa filtlinjerna
obehindrat. Den hir avhandlingen handlar om hur man kan fa information
om brénslejonerna deuterium och tritium genom att méita energispektrumet
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hos neutronerna som limnar reaktorn. Flera olika neutronspektrometrar finns
installerade pa JET for detta dandamal, bland annat flygtidsspektrometern TO-
FOR och den magnetiska protonrekylspektrometern MPRu.

Avhandlingen fokuserar pa att vidareutveckla och testa olika metoder for att
tolka neutronspektrometridata och koppla det till olika aspekter av bréinslejon-
fordelningen i fusionsplasmat. En viktig del i denna typ av analys ir att kunna
berikna det forvintade neutronspektrumet givet en viss brinslejonfordelning.
Ett antal delarbeten i avhandlingen har bidragit till utvecklandet av ny pro-
gramvara for spektrumberidkningar. Det handlar dels om berdkningar for DT-
reaktionen, men dven for reaktionerna D + D och T + T. Den sistndmnda skiljer
sig fran de tva Gvriga genom att slutresultatet dr tre partiklar istéllet for tva,
vilket gor att berdkningarna maste goras pa ett lite annorlunda sitt. Vidare har
en metod utvecklats for att ta hiansyn till en effekt som kan uppsta vid mitning
av neutronspektrumet fran ett plasma som innehaller brianslejoner med sa hog
energi att en del av deras gyrobana runt magnetfiltet hamnar utanfor siktlin-
jen for en given spektrometer. Denna effekt har konstaterats vara betydande
for TOFOR under vissa experiment och det &r viktigt att inkludera effekten i
spektrumberdkningarna for att dataanalysen ska bli korrekt.

Ett antal olika JET-experiment analyseras i avhandlingen. Stort fokus ligger
vid att anvdnda neutrondata for att fa information om brinslejonernas den-
sitet. Detta dr en viktig parameter att kunna mita, i och med att den har
stor inverkan pa hur hog fusionseffekten blir. T ett delarbete anvéinds data
fran MPR-spektrometern for att uppskatta forhallandet mellan densiteten av
D- och T-joner i centrum av plasmat. I ett annat delarbete utforskas det om det
ir mojligt att kombinera métningar av neutronspektrumet med métningar av
neutronemissionsprofilen for att fa information om brinslejonernas densitet-
sprofil.

Forutom att uppskatta brinsledensiteten sa dr det d@ven mojligt att anvinda
neutronspektrometri till att fa information om sa kallade “’snabba joner” i plas-
mat. Med detta avses joner som har mycket hogre kinetisk energi @n plas-
mats termiska energi, och de bildas dels i sjédlva fusionsreaktionerna och dels
av reaktorns uppvarmningssystem. Eftersom snabba joner kan paverka reak-
torinneslutningen och plasmats stabilitet dr det viktigt att ha kunskap om hur
dessa joner beter sig under olika forhallanden. I det sista delarbetet i avhan-
dlingen anvinds data fran tva neutronspektrometrar i kombination med en
gammastralnings-spektrometer for att uppskatta formen pa de snabba joner-
nas energiférdelning under ett speciellt uppvarmningsscenario pa JET.

Av praktiska skil genomfors merparten av dagens fusionsexperiment med
endast deuterium som brénsle. Senast en fullskalig DT-kampanj genomfordes
pa JET var 1997. En ny DT-kampanj dr dock planerad till 2017. Detta kommer
innebéra att det genomfors ett stort antal experiment med hog fusionseffekt,
det vill sdga hoga neutronfloden, vilket innebir god statistik for neutronmit-
ningar. Metoderna och resultaten som presenterats i denna avhandling kan
forvintas ge virdefulla bidrag till tolkningen av dessa experiment.
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