
 Eindhoven University of Technology

MASTER

Fast-Ion Deuterium-Alpha Spectroscopy at the JET-ILW Fusion Experiment

den Uijl, Luuk P.

Award date:
2021

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/36355260-3723-466e-9bf7-1667327028a8


Fast-Ion Deuterium-Alpha Spectroscopy

at the JET-ILW Fusion Experiment

L.P. den Uijl

1263757

June 2021

Master Applied Physics - Plasma Physics and Radiation Technology

Master Science and Technology of Nuclear Fusion

Supervisors:

prof. dr. R.J.E. Jaspers

Science and Technology of Nuclear Fusion

Department of Applied Physics

dr. R.A.H. Engeln

Plasma & Materials Processing

Department of Applied Physics

This Master’s Thesis is publicly available

This Master’s Thesis observes the TU/e Code of Scientific Conduct



Abstract

Energetic particles in fusion experiments are unavoidable and aid in heating

the plasma, yet their existence poses a serious threat to plasma stability.

Moving toward nuclear fusion of deuterium and tritium, confinement of en-

ergetic particles such as fast ions will become more important still. To

study fast ion behaviour, several diagnostic techniques exist. One of these

techniques is fast-ion deuterium-alpha (FIDA) spectroscopy, which is the

analysis of the component of the Balmer-alpha spectrum of hydrogen (deu-

terium) caused by the charge exchange reaction between a fast deuterium ion

and an injected fast deuterium neutral. The FIDA spectroscopy diagnostic

is presently implemented in several fusion experiments but the technique is

not yet used at JET.

For this thesis, I performed a feasibility study to discover if the fast ion

population generated at JET through neutral beam injection creates a FIDA

signal that is large enough to diagnose using charge exchange recombination

spectroscopy. This was done using three different methods. Firstly, the time

evolution of the intensity of part of the Balmer-alpha spectrum was analysed.

In this part of the spectrum, FIDA was expected to be the dominant light

source. The intensity did vary as expected for FIDA, but with a smaller

magnitude and also not consistently. Secondly, a scaling law was derived.

This scaling law relates plasma and neutral beam parameters with the FIDA

intensity normalised to the intensity of the beam emission component of the

spectrum. This scaling law was tested against all JET pulses performed

between July 2019 and March 2020, but suffered from large error margins

for most pulses. As a result, no conclusion was drawn from this method.

Thirdly, a spectrum simulation that did not contain a FIDA component was

subtracted from a measured spectrum. The result of the difference between

measurement and simulation is a curve that resembles a FIDA spectrum as

found in other fusion experiments.

From these methods, it was found that it is possible to see FIDA light

at JET using the main ion charge exchange recombination spectrometry

setup, but that the methods are not yet sufficiently adequate to use FIDA

for diagnostic purposes. Several recommendations for improvements of the

used methods are suggested in the discussion.
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1 Introduction

1.1 The Role of Nuclear Fusion

Global society will have to face certain serious issues in the 21st century

in order to improve or even maintain the current standards of life. One of

these issues is the demand and supply of energy. The global energy demand

is expected to grow by 25% between 2017 and 2040 [1, ch. 1], but moreover

there is also a necessity of supplanting the current dominant sources of

energy supply. In the future, these sources — coal, gas and oil — cannot be

used as profusely as in the present on account of their reserves being slowly

depleted, as well as their use having negative environmental impact [1, 2].

Nuclear fusion is viewed as a promising energy source for the future, as

it has the potential to provide a constant amount of energy, it has a high

power density and there is virtually unlimited fuel [2]. Still, there are several

difficulties that need to be addressed before nuclear fusion becomes a viable

energy source on a large scale. In order to resolve current issues in fusion

research, there are multiple experimental fusion reactors around the planet.

1.2 Fusion Reactors and Ignition

The main type of fusion reactor currently used in research is called the

tokamak1, and the largest operational tokamak in the world is the Joint

European Torus (JET), located in Culham, Oxfordshire, United Kingdom.

JET holds the record for largest fusion power output, having produced 17

MW in 1997. Between 2009 and 2011, the plasma-facing components of the

reactor were replaced by metallic (tungsten and beryllium) tiles, as those

materials are envisaged to be used in future fusion reactors. The research

1Acronym of the Russian toroidal’naya kamera s magnitnymi katushkami, meaning
toroidal chamber with magnetic coils.
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Figure 1.1: Drawing of the original 1980’s Joint European Torus machine.
This drawing by EUROfusion is licensed under CC BY 4.0 [3].

that has been performed at JET since then is known as the JET ITER-like

wall (JET-ILW) campaign. This campaign is partially in preparation for

ITER, the next advancement in the field of nuclear fusion. More generally,

most of the work done to prepare for the successful operation of ITER is

done at JET. Figure 1.1 shows a drawing of the JET machine.

ITER is planned to achieve first plasma in 2025 and will be the first fu-

sion experiment to produce net fusion power. Due to the highly complicated

design and enormous costs of ITER, there is little room to make changes

to the design after the construction is finished. Therefore, tests on ITER

hardware or ITER-like hardware need to be performed before the corre-

sponding hardware is installed in ITER, and tests on the operating regime

and the plasma performance are done to extrapolate to the performance of

ITER. This has been the main motivation behind the JET-ILW campaign

and similar initiatives at other fusion experiments.

In fact, ITER will aim to not only produce net fusion power, but will

even attempt to produce ten times more energy than it consumes. A fusion

reaction requires, among other things, a temperature of the order of 10

million Kelvin to be activated. This will be further elaborated in section
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2.1. Initially, the power delivered to achieve this temperature is provided

by auxiliary heating systems. In a burning plasma, i.e. a plasma in which

ignition is reached, the power produced by the fusion reaction is sufficient

to sustain the fusion reaction without the need of auxiliary heating systems.

For now and for ITER, ignition cannot be achieved, but ignition is ultimately

the goal for commercial fusion energy.

1.3 Fast Ions in Fusion Reactors

The JET C38 campaign, during which the work of this thesis was performed,

consisted mainly of experiments on deuterium-deuterium (DD) fusion. The

projected fusion reaction for commercial fusion is deuterium-tritium (DT)

fusion. One important difference between these reactions is that the number

of energetic particles (EPs) produced in DT fusion is an order of magnitude

larger than the number of particles produced in a DD fusion reaction. Ac-

cordingly, DT fusion produces a significant number of energetic particles, in

the form of 3.5-MeV alpha particles (4He2+-ions) and 14.1-MeV neutrons,

whereas DD fusion only produces energetic particles in negligible numbers.

It is however possible to study other types of energetic particles in DD fusion

pulses, such as particles injected by or affected by neutral beams. This is

done to infer behaviour of the reaction products of the DT fusion reaction.

Neutral beam injection (NBI) functions both as a fuelling and a heating

mechanism and as such produces a controllable collection of energetic par-

ticles.

Among the research subjects at JET-ILW is the behaviour and confine-

ment of energetic particles, which are predominantly fast ions. Fast ions

carry much more kinetic energy than the average ”thermal” ion and will

therefore provide the largest contribution to heating the fusion plasma in

ITER [4]. In particular, the heating in ITER will be executed by energetic

alpha particles generated by the DT fusion reaction.

Apart from benefiting the heating of fusion plasmas, fast ions are also

known to pose certain problems: they are sensitive to magnetic field ripple,

sawtooth instabilities and magnetohydrodynamic (MHD) modes [5, 6, 7].

This will be elaborated on further in section 2.4. Loss of confinement of

fast ions will mean their heating efficiency will decrease. Due to their high

energies, they can also potentially damage the vacuum vessel. Moreover,
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energetic particles have the ability to drive certain instabilities. In a burning

plasma, this may include instabilities that play a negligible role in current

campaigns [7]. Research on energetic particles on ITER-like configurations

may present these modes and can help to develop an understanding of them.

1.4 Diagnosing Fast Ions

A requirement for performing research of energetic particles is the implemen-

tation of proper diagnostics. Several diagnostic techniques exist for measur-

ing fast ion behaviour, each with their own merits and flaws [7, 8]. One of

these techniques is fast-ion deuterium-alpha (FIDA) spectroscopy, which has

a good spatial, temporal and energy resolution compared to other fast-ion

diagnostics, but tends to suffer from a low signal-to-noise ratio (SNR) [8].

A brief description of some other diagnostics for fast ions will be given in

section 2.4.

FIDA spectroscopy uses the principle of charge exchange recombination

spectroscopy (CXRS) on the Balmer-alpha line of deuterium (λ0 = 656.1 nm)

and as such it can be implemented in any fusion experiment that has an op-

erational charge exchange spectrometry setup, consisting of a neutral beam

injection system and a high resolution visible light spectrometer. Ultimately,

the goal is that the fast-ion distribution function of any fusion pulse can be

predicted. One method to check this is to see if the measurements of the

fast-ion diagnostic are matched by simulated measurement data. With this

aim, the FIDASIM modelling suite was developed [9].

FIDA studies are at different stages at different fusion experiments: At

NSTX, the measured FIDA data from a database were compared to pre-

dictions for the radial profile from FIDASIM, with systematic discrepancies

found between the two [10], whereas at ASDEX Upgrade, measurements

and simulated predictions showed comparable results for MHD-quiescent

plasmas [11]. Additionally, at ASDEX Upgrade observations were made of

fast ion redistribution during sawtooth crashes, showing good agreement to

theory [12]. FIDA research has advanced furthest at the DIII-D fusion ex-

periment, the machine where the first FIDA measurements were performed

in 2004 [13]. At DIII-D, predictions of the fast-ion distribution function from

FIDASIM are applied to help stabilise Alfvén eigenmodes [14, 15]. Previ-

ously, FIDA spectroscopy has also been attempted at JET by Delabie, but
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was found to be unfeasible due to a low signal-to-noise ratio [16]. Since

then, an upgraded CXRS setup has been implemented [17], which allows for

a larger wavelength range of the Balmer-α spectrum to be recorded. This

allows more accurate differentiation between signal and noise, and therefore

provides a possibility to compute the background radiation more precisely.

The etendue of the spectroscopy setup has decreased after the upgrade, so

the signal-to-noise ratio be lowered, but this can be compensated by inte-

grating over larger time intervals.

Should FIDA prove to be a feasible diagnostic at JET, its usage could

produce novel insights in the field on three fronts in future campaigns. How-

ever, it is important to note here that FIDA only measures fast deuterium

particles, whereas these are not necessarily the only energetic particles in a

fusion plasma. However, fast deuterium particles can be used as a simula-

tion for other energetic particles. Firstly, this can be the first time FIDA

is used in a fusion plasma with at least 5 seconds of 15 MW fusion power.

It will be interesting to see whether the large number of energetic particles

produced by the fusion reactions affects the fast ion behaviour, for instance

by inciting EP-driven modes. Secondly, it is expected that a large fraction

of the occurring fusion reactions will be beam-thermal fusion, i.e. the fu-

sion of a particle that was recently injected into the plasma using neutral

beam injection with an ion that has been in the plasma for a while and

has therefore been thermalised. With FIDA, the aim is to measure the fast

ion population, which helps in experimentally distinguishing beam-thermal

fusion from thermal-thermal fusion. This is important for interpreting the

fusion performance. Thirdly, JET can become the first machine to use a

FIDA diagnostic whilst running a DT campaign, rather than a DD cam-

paign. A major argument for researching FIDA is that it is expected that

the diagnosed fast hydrogen will behave similarly to fast helium nuclei (fast

alpha particles) released in DT fusion. Fast hydrogen and fast alpha dif-

fer in their charge and mass, which can be accounted for, but the alpha

particles released in DT fusion have a much larger velocity than what is

reasonably obtainable for deuterium. Because of this, there is no method of

simulating the fast helium behaviour. It will therefore be interesting to see

whether the research done on fast deuterium extrapolates to fast alphas by

researching the two types of fast ions in the same fusion experiment. This

front will require some extra work if quantitative data are desired, as the
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fast alpha particles cannot be diagnosed with FIDA, instead needing a fast

alpha charge exchange setup.

1.5 Goal and Hypotheses of this Project

Before research in any of these fronts can be pursued, an assessment of

the feasibility of the FIDA diagnostic at JET needs to be made. This is a

two-step process. The first step is to confirm that the measured light that

is presumed to be FIDA is indeed just that. If the presence of FIDA is

sufficiently proven, the second step is to inspect whether the signal obtained

from FIDA light can be used for diagnostic purposes. This is achieved when

the signal-to-noise ratio is sufficiently high and the FIDA signal is replicable

over similar pulses.

Combined, this motivates researching FIDA at JET. The research ques-

tion central to this thesis is: Is it possible to use neutral beam injection to

generate a fast ion population in JET-ILW that can be diagnosed using the

FIDA signal obtained from charge exchange recombination spectroscopy?

The research for this thesis was conducted at the Culham Centre for

Fusion Energy (CCFE), which houses the JET facility. Here, spectral data

from the new main ion charge exchange spectrometers KS5J (looking against

the direction of the neutral beam) and KS5K (looking along the direction

of the neutral beam), which were centred at the Balmer-α line, have been

investigated.

To help answer the research question, the project is divided into mul-

tiple parts. Three methods for the verification of the FIDA signal are im-

plemented. Firstly, the time evolution of the CXRS signal on the Balmer-α

line is evaluated qualitatively to see if it behaves similar to how a spectrum

containing FIDA is predicted to behave. Secondly, the measured intensity of

the presumed FIDA contribution is compared to the product of the neutral

beam power and the ion slowing-down time, which ought to be proportional

to each other according to theory. The expression for the ion slowing-down

time and the derivation of this proportionality will be presented in chapter

4. If there is a clear correlation, this will justify the assumption that FIDA is

present. Thirdly, the measurement data are compared to a simulation of the

spectrum that does not incorporate FIDA, using the Simulation of Spectra

(SOS) code developed by Von Hellerman et al. [18]. If there is a clear dis-
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crepancy between simulation and measurement at wavelengths where FIDA

is expected to have a large contribution, this can also substantiate the pres-

ence of FIDA in the recorded spectra.

Moreover, the aforementioned second method has more relevance than

just proving the presence of FIDA. If a fast-ion slowing-down time shorter

than the energy confinement time is to be measured, this would imply that

most of the energy from the fast ions is transferred to the bulk plasma.

Having knowledge of the slowing-down time will help understand the extent

to which fast ions heat the plasma.

The rest of this thesis will be structured as follows. Chapter 2 will

begin by describing the basic operation of the tokamak and follow with

more detailed sections focusing on neutral beam injection, charge exchange

recombination spectroscopy, fast ions and FIDA. Chapters 3, 4 and 5 will

each highlight one of the three aforementioned methods used for examining

the presence of FIDA. The theory of each method will be detailed and the

results of each method are also incorporated in their respective chapters.

This will be followed by the discussion of the results, assumptions and loose

ends in chapter 6, after which the research question will be answered in

chapter 7.

11



2 Background

This chapter collects and summarises theoretical information from literature.

The chapter is separated into 5 sections. Section 2.1 explains the basics

of nuclear fusion and the general principle of tokamak-style fusion devices.

This section is primarily aimed at readers that are not very familiar with the

subject of nuclear fusion. Section 2.2 serves to remind the reader of the basics

of neutral beam injection and section 2.3 details the principles of charge

exchange recombination spectroscopy. Section 2.4 introduces fast ions and

highlights their possible origins as well as the advantages and challenges they

bring in a fusion reactor. The diagnosis of fast ions through charge exchange

recombination spectroscopy is also described in this section. Section 2.5

combines the information of the previous sections to detail the principles

of Balmer-alpha spectroscopy, with special emphasis on fast-ion deuterium-

alpha spectroscopy. This will be used in chapter 4 to derive the theoretical

prediction of the dependence of FIDA intensity on other parameters.

2.1 Nuclear Fusion and the Tokamak

2.1.1 Fusion reactions

In a nuclear fusion reaction, two atomic nuclei fuse together in an exothermic

reaction. Energy is released due to the mass deficit between the reactants

and the products, and is carried at least partially as kinetic energy by the

products, but may also be released in the form of a gamma-ray photon.

The reaction rates of fusion reactions are very small (i.e. in the order of

10−21 m3 s−1 in the most favourable case), because the atomic nuclei need to

move very close (10−15 m) together before they fuse thanks to the attractive

strong nuclear force. In order to move so close, there is tremendous energy

required to overcome the repellent electromagnetic force two atomic nuclei
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Figure 2.1: Relation between the temperature and the reaction rate of the
three most favourable fusion reactions. This figure is licensed under CC BY
2.5 [20].

exert on each other. This can be achieved when the fusion fuel is heated to

extreme temperatures, as an increase in temperature will lead to an increase

of the kinetic energy of thermal particles.

The fusion reactions that are most favourable in terms of cross section,

required temperature and energy released per reaction are firstly the fusion

of a deuterium (hydrogen-2) nucleus and a tritium (hydrogen-3) nucleus,

secondly the fusion of two deuterium nuclei and thirdly the fusion of a deu-

terium nucleus with a helium-3 nucleus [19, ch. 1]. The respective reactions

are:

D + T→ 4He (3.5 MeV) + n (14.1 MeV)

D + D→ T (1.01 MeV) + p (3.02 MeV) (50%)
D + D→ 3He (0.82 MeV) + n (2.45 MeV) (50%)

D +3He→ 4He (3.6 MeV) + p (14.7 MeV)

The reaction rates of these reactions as a function of temperature are shown

in figure 2.1.

Although much energy is released in each reaction, this does not mean it

can be directly used for the commercial generation of energy. Commercial

fusion energy requires that the energy released from the fusion plasma must

be harnessed and converted to electric energy, and that the total electric

energy output is significantly larger than the total input energy required. It

is with this goal in mind that fusion reactors are designed.
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2.1.2 Fusion reactors

The ratio of output power and input power in a fusion reactor is known as

the fusion gain factor Q. The only energy released in a fusion reactor is that

due to the fusion reactions, whereas the energy is put in through multiple

auxiliary systems, such as heating:

Q =
Poutput
Pinput

=
Pfusion
Paux

(2.1)

A nuclear fusion reactor produces net power when Q > 1, which is the

minimum requirement for a commercial reactor. Ideally, a fusion reactor

produces enough heat such that the reaction can be sustained without the

help of auxiliary heating systems. In this case, Paux → 0 and Q→∞. This

can be achieved when the fusion plasma is heated exclusively by products

of the fusion reaction.

For the purpose of designing a fusion reactor, it is highly useful to know

how the requirement of Q > 1 translates to key plasma parameters. The

figure of merit that emerges from this requirement is known as the Lawson

criterion, which we will derive in a back-of-the-envelope manner here.

The power released in a fusion reactor, or the fusion power Pfusion for

short, is proportional to the square of the particle density n (as a fusion

reaction occurs between two particles) and to the volume V of the fuel,

simply because there are more particles in a larger volume. Experimentally,

it has been deduced that around fusion-relevant temperatures of the order

T = 10 keV1, the reaction rate — and therefore the fusion power — scales

with the square of the temperature.

Pfusion ∝ V · n2 · T 2 (2.2)

The power put into the reactor must be at least equal to the power lost

to the environment. The time scale at which energy is lost is called the

energy confinement time τE and it is defined as

τE =
W

Ploss
, (2.3)

1In plasma physics, (kilo)electronvolt is the typical unit of temperature, as the energy of
plasma particles is entirely composed of thermal energy. The relevant relation is E ∼ kBT ,
with kB the Boltzmann constant.
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with W the internal energy. The internal energy is proportional the tem-

perature (thermal energy per particle), density (number of particles per

volume) and volume. Rewriting, and using that the input power must be at

least equal to the power loss, we find that the input power must obey the

following relation:

Pinput ∝
V · n · T
τE

(2.4)

Since Q > 1 implies that Pfusion > Pinput must hold, the final Lawson

criterion reads:

nTτE > critical value (2.5)

With a more thorough computation, this critical value can be determined

to be 1.5 · 1021 keV s m−3 [19, ch. 1]. By extension, calculations show that

ignition is to occur for values larger than 8.1 · 1021 keV s m−3.

The basic requirement for fusion is thus known, but designing a reactor

that can satisfy this requirement is anything but straightforward. There are

many different designs for a nuclear fusion reactor — too many to explore

in this thesis — which broadly fall into two branches: magnetic confinement

and inertial confinement. In magnetic confinement fusion, magnetic fields

are implemented to ensure that the fuel stays confined to its size and makes

negligible contact with the walls. Inertial confinement fusion attempts to in-

duce fusion reactions by encapsulating the fuel in a small target and rapidly

heating and compressing this target using a laser.

In terms of the Lawson criterion, magnetic confinement has a much larger

energy confinement time than inertial confinement, and inertial confinement

uses higher densities. In terms of perspective as a potential commercial en-

ergy reactor, inertial confinement fusion has two major disadvantages com-

pared to magnetic confinement. Firstly, improvements in laser technology

are still required before inertial confinement is a feasible method for commer-

cial fusion, as the repetition frequency and the efficiency of state-of-the-art

lasers are still several orders of magnitude too small. The second drawback

is practical rather than technical: even if net electrical energy can be pro-

duced using inertial confinement, the costs per kWh of electrical energy are

much higher than for other viable energy sources [21].
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2.1.3 The Tokamak

Among the different reactor types that use magnetism to confinement the

reactor fuel, the type that is most common and most developed is the toka-

mak. Both JET and ITER are tokamak-type reactors. The tokamak makes

use of a toroidal (i.e. doughnut-shaped) vacuum vessel in which the fuel is

confined through magnetic fields that are produced by external coils as well

as a toroidal current.

A tokamak is one of the most complex engineering problems ever de-

signed. It is out of the scope of this work to identify all the separate com-

ponents that comprise a tokamak, but the components that form the basis

of every tokamak will be described. They are:

• Toroidal field coils

• Central solenoid

• Poloidal field coils

• Vertical field coils

• Divertor

• Blanket

On top of these tokamak components, there are two collections of systems

that are important elements of a fusion reactor and specifically relevant to

this thesis that will be described at the end of this subsection. They are the

diagnostics systems and the heating systems.

The toroidal field coils produce a strong magnetic field, of which the

primary aims are to confine the plasma particles and to provide stability

to the plasma. Preferably, the toroidal field Bφ is as large as possible,

but due to the current limits of superconducting coils, it is typically 5-10

T. The central solenoid acts as the primary coil of a transformer, with the

plasma functioning as the secondary coil. As such, the central solenoid drives

a current through the plasma that in itself generates a poloidal magnetic

field. The poloidal field
(
Bθ ∼ 10−1 T

)
is necessary to keep plasma particles

contained in the vacuum vessel; the toroidal field alone cannot keep charged

particles in a toroidal volume as, among other effects, the curvature of the

magnetic field will cause charged particles to drift away from the field lines.

Other effects that can cause particle drifts are a gradient in the magnetic field

and the presence of an electric field. The vertical field coils
(
Bv ∼ 10−2 T

)
16



Figure 2.2: Overview of the magnetic coils and corresponding fields of a
tokamak. The helical magnetic field is the addition of the toroidal field and
the poloidal field. This diagram by EUROfusion is licensed under CC BY
4.0 [22].

have a purpose similar to that of the poloidal field coils, as both help to

position and shape the fusion plasma, thereby adding stability. A schematic

overview of a tokamak with the key components can be seen in figure 2.2.

A diagram of JET is shown in figure 1.1.

Before descriptions of the divertor and the blanket are given, we look

at the magnetic topology of the plasma. The magnetic field lines lie on

nested toroidal surfaces. The temperature and pressure are constant on

these surfaces. It can be shown that an implication of these surfaces having a

constant pressure is that the (poloidal) magnetic flux through these surfaces

is equal to zero [23, ch. 11]. It is for this reason that these nested, isobaric

and isothermal, toroidal surfaces are called flux surfaces. Figure 2.3 shows

how flux surfaces can be visualised.

The closed flux surfaces occupy a certain volume, the boundary of which

is known as the separatrix. Outside the separatrix, the magnetic field lines

are open, i.e. they end up on material surfaces. This is known as the scrape-

off layer. The heat produced in the plasma slowly diffuses outward radially,

until it reaches the separatrix, where it is transported along the field lines

toward the spots where the open field lines intersect the wall. The heat
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Figure 2.3: Visualisation of flux surfaces in a tokamak. Also indicated are
the toroidal, poloidal and total magnetic fields, which are represented by
~Bφ, ~Bθ and ~B respectively. Reproduced from Barton et al., ©2015 IEEE
[24].

loads that are applied to the wall at these spots are immense, so a special

configuration is required to distribute the heat to bearable loads: this is the

divertor. The divertor is also used as the exhaust system of the tokamak: fu-

sion products that cannot easily partake in a fusion reaction themselves, e.g.

helium-4, and thus dilute the fuel are preferably removed from the plasma,

which is done by pumping the divertor.

Further, the blanket is the region outside the vacuum vessel and adjacent

to the first wall. The blanket contains cooling tubes that extract the energy

carried by the fusion-produced neutrons. The heat that is transported to the

coolant will ultimately be converted to electricity. Another crucial purpose

of the blanket is to breed tritium, one of the two fuel components. Because

tritium is a radioactive isotope with a half-life of 12.3 years, it does not

occur in nature and must be generated artificially. Furthermore, since the

reactions used to generate tritium require neutrons, the first layer of the

blanket must be capable of multiplying the number of neutrons that arrive

from the plasma.

Any fusion reactor will also contain a plethora of diagnostic systems.

Generally speaking, plasma diagnostics serve three purposes: to keep the

plasma stable and protect the machine; to optimise the plasma conditions

and enable more advanced control; and to measure fusion performance and

physics processes [19, ch. 4]. Fusion diagnostics are based on a variety of
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different physics principles. Passive diagnostics measure what comes out of

the plasma without probing or interfering with the plasma. Examples are

diagnostics that measure electric or magnetic fields, particles (often neu-

trons) that are not confined to the plasma, or (electromagnetic) radiation

produced by the plasma [25]. Active diagnostics rely on the introduction of

a particle beam or a photon beam into the plasma to see how it is affected by

the plasma. Some prevalent examples of active diagnostics and parameters

they diagnose are interferometry (density), Thomson scattering (tempera-

ture, density) and charge exchange recombination spectroscopy (tempera-

ture, concentration). The latter is vital to this thesis and will be described

in detail in section 2.3.

Finally, a fusion reactor possesses several heating systems. The heating

of a fusion plasma is firstly done by Ohmic dissipation of the plasma current,

but auxiliary heating systems are required since Ohmic dissipation cannot

bring the fusion plasma to a sufficiently high temperature. A common heat-

ing mechanism is cyclotron resonance heating of both electrons and ions.

For this, an electromagnetic wave with the same frequency of the cyclotron

frequency of either particle is injected into the plasma. The resonance be-

tween the cyclotron frequency of the particle and the wave frequency greatly

increases the chance that the wave is absorbed by the particle, thereby in-

creasing its energy. Heating is also done by the fusion reaction itself. The

alpha particles that are released in the DT fusion reaction are charged en-

ergetic particles that are confined by the magnetic fields. As such, they

can transfer some energy to fuel particles in the plasma through collisions,

thereby heating the plasma. A final common heating mechanism is neu-

tral beam injection, which is the injection of fast neutrals into the plasma

so that the fast neutrals can transfer part of their energy to the plasma.

As such, neutral beam injection (NBI) can simultaneously function as a fu-

elling mechanism. However, NBI is more versatile still. A more detailed

description of NBI and its uses will be given in the next section.

2.2 Neutral Beam Injection

As stated, neutral beam injection modules can serve several purposes in a

fusion reactor. NBI is primarily used to heat and fuel the plasma, but when

injected tangentially to the plasma rather than perpendicularly, it can also
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drive current and momentum in the plasma [23, ch. 15]. However, neutral

beams can also be used for diagnostic purposes, through the form of active

beam spectroscopy, which is what makes them relevant for this study [26].

The basic principle of NBI is as follows. From an ion source, charged

particles are released. Historically, a positive ion source is used, e.g. a Pen-

ning discharge, but recently interest in negative ion sources in the form of

low-temperature discharges has increased due to higher neutralisation effi-

ciencies at higher energies [23, ch. 15]. JET still makes use of positive ion

sources, but ITER will use negative-ion neutral beams. The released ions

pass through a high voltage, which accelerates the ions thus creating a di-

rected, nearly mono-energetic beam of ions. This ion beam then traverses a

gas cloud, which aims to neutralise the fast ions. Because the efficiency of

this process is not 100%, there is now a mixture of charged and neutral fast

particles, which are separated through the use of a magnetic field. The fast

neutrals are subsequently submitted into the fusion plasma, while the fast

ions are collected elsewhere. The neutralisation process is required, because

the magnetic field that surrounds the fusion plasma ensures that charged

particles cannot enter the plasma from the outside and would be deflected

instead.

JET has two neutral injector boxes (NIBs), which are located at octant

4 and octant 8 of the reactor, i.e. on opposite sides [27, 28]. Each NIB

contains eight positive ion neutral injectors (PINIs) that can be activated

and adjusted individually when required. Half of the PINIs inject perpen-

dicular to the plasma current, the other half inject tangentially. For both

NIBs, PINIs 1, 2, 7 and 8 inject neutrals tangentially and PINIs 3 to 6 inject

neutrals normally to the plasma. The particles that are injected into the

plasma by the NBI system are deuterium neutrals, which are always injected

at three different energies: full, half and third energy. The three different

energy components emerge from the presence of three different deuterium

ions during the acceleration phase, namely D+, D+
2 and D+

3 , which end up

at three different velocities due to their mass difference. A diagrammatic

view of the JET NBI system can be seen in figure 2.4.

There are several reaction mechanisms that occur due to neutral beam

injection. They are listed in table 2.1. The rate at which these reactions

take place can be computed using the following relation:
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Figure 2.4: Schematic overview of the neutral beam injection system of JET.
Reproduced from [29], with the permission of IAEA.

Charge exchange D0
b + D+ → D+

b + D0

Impurity charge exchange D0
b + Aq+ → D+

b + A(q−1)+

Electron impact ionisation D0
b + e− → D+

b + 2e−

Ion impact ionisation D0
b + D+ → D+

b + D+ + e−

Impurity impact ionisation D0
b + Aq+ → D+

b + Aq+ + e−

Table 2.1: Atomic processes upon injection of neutral beams into a fusion
plasma. Subscript b denotes a beam particle, D and A are deuterium and
arbitrary impurity species, respectively.
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N
[
m−3 · s−1

]
= nBnX 〈σv〉BX (2.6)

In this equation nB is the deuterium density due to beam injection, nX is the

density of any species X (i.e. electrons, thermal deuterium ions or impurity

ions) and 〈σv〉BX is the reaction rate between the two species. The reaction

rate is the short-hand notation of the following expression:

〈σv〉BX =
1

nBnX

∫
fB(vB) fX(vX)σ(v) v dvB dvX (2.7)

fX(vX) = nX

(mX

2πT

)3/2
exp

(
−
mXv

2
X

2T

)
(2.8)

The symbols fB and fX represent the distribution functions of the beam

neutrals and species X, respectively. Irrespective of what species X repre-

sents, it typically obeys the Maxwellian velocity distribution (Eq. 2.8), but

this does not apply to the beam neutrals. The relative velocity between two

particles is denoted with v, and the cross section σ is a function of that

relative velocity. The relation between the cross section and the relative

kinetic energy is shown in figure 2.5 for the different reaction mechanisms

from table 2.1. For processes involving ions, the relative kinetic energy is

almost equal to the beam energy, as the beam energy is 10 to 30 times the

thermal energy of the plasma.

From equation 2.6, an estimate can be made which of the different re-

actions involving beam neutrals occur, and where they occur radially. The

radial profiles of the electron density ne and the thermal deuterium density

nD have a maximum value in the core and decrease outwards. This is shown

in figure 2.6. As a result, the attenuation length2 due to charge exchange,

and electron and ion impact ionisation shortens as fast neutrals penetrate

the plasma further. The difference in attenuation length is similar for these

three processes, because the electron and thermal deuterium densities are

approximately equal to each other locally.

Another difference in attenuation length occurs due to the neutral beam

consisting of three different energy components, as mentioned before in this

section. The beam energy in JET has a full-energy component of 100-120

2The attenuation length is the distance over which the probability that a particle is
not absorbed is equal to 1/e.
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Figure 2.5: Dependence of the cross section on the deuterium beam en-
ergy for the different neutral beam reaction mechanisms as shown in table
2.1. The cross section for impurity charge exchange and impurity impact
ionisation are combined, using a C6+-ion as an example for this process.
Reproduced from Fusion Physics, ©IAEA [19, p. 538].

Figure 2.6: Example of the radial electron density profile of a JET pulse.
Data taken from pulse #95454 between t = 49.0 s and t = 51.0 s.
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keV and therefore a half-energy component of 50-60 keV and a third-energy

component of 30-40 keV. Figure 2.5 shows that the cross sections of all pro-

cesses (except ion impact ionisation) decrease with increasing energy. As a

result of this, the attenuation length decreases with decreasing energy. Com-

bined with the previous paragraph, this implies that the full-energy compo-

nent penetrates furthest into the plasma. Moreover, figure 2.5 shows that

the probability of a certain reaction is different for the various energy com-

ponents; for the third-energy and half-energy component, charge exchange

has a higher probability of occurring than either of the impact ionisation re-

actions, whereas for the full-energy component ion impact ionisation is the

dominant reaction mechanism with charge exchange and electron impact

ionisation being approximately equally likely. This is all disregarding the

reaction of a beam neutral with a impurity. Although the cross section of

these reactions is larger than the other reaction mechanisms, the concentra-

tion of impurities is typically two or three orders of magnitude lower than

the electron and ion densities. As a result, the reactions between a beam

neutral and an impurity ion are insignificant for the purposes of this thesis.

2.3 Charge Exchange Recombination Spectroscopy

An ideal fusion plasma is fully ionised and therefore does not emit any line

radiation from excited ions or neutrals. The previous section described how

neutrals are injected into the plasma by means of neutral beam injection.

The aim of this section will be to show how these neutral beams, and specif-

ically beam neutrals that partake in a charge exchange reaction, can be used

for diagnostic purposes. Charge exchange reactions can lead to excitations

in neutrals and partially ionised particles and can thus lead to the emission

of line radiation. Since the fusion plasma itself does not emit any line radia-

tion, these emission lines are often clearly visible. The diagnostic discipline

of charge exchange recombination spectroscopy is based on this principle.

The general charge exchange mechanism is based on the following type

of reaction:

X0(n) +Aq+ → X+ +A(q−1)+(m) (2.9)

Here, X and A can be any two elements. Initially, X is a neutral and A is in

some state of ionisation and therefore has a charge q. During the reaction,

an electron of X is transferred to A in a resonant interaction. The energy
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levels of the valence electrons in X0 and A(q−1)+ are denoted by principal

quantum numbers n and m.

The discipline of CXRS can be divided into active and passive CXRS.

Passive CXRS can occur at the edge of the fusion plasma, where the tem-

perature is lower than in the core. In this region, particles that are not fully

ionised can exist [8, 30, ch. 10]. Neutrals that enter the plasma from the

edge do not penetrate very far and are therefore not useful for diagnosing

the plasma core. However, passive CXRS is still used for diagnosing plasma

parameters in the scrape-off layer and the divertor.

Active CXRS happens upon the injection of neutrals into the plasma,

most commonly by means of NBI. In this case, the injected neutral has a

much higher energy than the plasma ion, as one of the objectives of NBI is

to heat the plasma. For this purpose, a higher beam neutral energy does

not necessarily lead to more heating, as the ionisation cross section decreases

drastically with higher energy, as was shown in section 2.2. The collision

between a beam neutral and a thermal plasma ion is the quintessential

charge exchange reaction, so when CXRS is mentioned, typically this is the

reaction that is involved. From here on, the term CXRS will only refer to

this type of reaction unless it is explicitly stated otherwise.

The primary functions of a CXRS diagnostic are to determine the main

ion temperature, rotation profiles of the plasma and the densities and tem-

peratures of impurities in the plasma [26]. The underlying principles are

detailed here briefly, as these functions are not of paramount importance for

this project. Any atomic (or molecular) emission line has a characteristic

central wavelength λ0 which is dependent on the set of quantum numbers of

the initial and final electron state [31, ch. 7]. For CXRS, only the principal

quantum number n pertains, as the contribution of other quantum num-

bers on the central wavelength is negligible. By making use of the Doppler

effect, the previously mentioned plasma parameters can be measured. For

reactions between a beam neutral and a main ion, i.e. deuterium or tri-

tium, the Doppler shift of the central wavelength due to the velocity of the

emitting particles is used to compute the rotation profiles. The rotation

profiles are radial profiles of the tangential velocity of the plasma around

the torus. The Doppler broadening of the peak is analysed to determine the

ion temperature. When particle A is an impurity in the plasma, the widths

and heights of their corresponding peaks are analysed to determine impurity
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temperatures and densities, respectively.

An advantage of CXRS is that is a good method to make local measure-

ments of the desired parameters. This is because active charge exchange

occurs primarily in the region where beam neutrals undergo reactions with

plasma particles. So even though a CXRS measurement is line-integrated,

local information can be obtained because the dominant contribution to the

measurement comes from the region where the line of sight of the spectrom-

eter intersects the neutral beam. An exception to this is the signal caused

by light emitted by edge neutrals. However, since edge neutrals are typically

cold compared to the rest of the plasma, they result in a sharp, narrow peak

around the central wavelength that can be easily filtered out during data

processing. This will be specified further in section 2.5.

Part of the reason edge neutrals contribute significantly to the charge

exchange spectrum, is because the charge exchange cross section decreases

with increasing energy, as shown in the previous section and specifically in

figure 2.5. This also has consequences for charge exchange in the plasma

core. As detailed in the previous section, beam neutrals are injected at

three different energy levels and as a result the different energy components

of the neutral beam experience different charge exchange cross sections. For

the typical neutral beam energies of JET (i.e. 100-120 keV), this means the

cross sections for the charge exchange reactions between a beam neutral

and a thermal deuterium ion are around 7-10 ·10−21 m2, 3-4 ·10−20 m2 and

5-6 ·10−20 m2 for the full-energy, half-energy and third-energy components

respectively. Consequently, beam neutrals that belong to a lower energy

component have a shorter attenuation length due to charge exchange reac-

tions.

At JET, the charge exchange spectrometers are located in octants 1

and 7, and are aligned on PINIs 6 and 7 of the NIB in octant 8. Each

octant has a few spectrometers set at different wavelengths. The relevant

spectrometers for this project are KS5J and KS5K, as they both look at

wavelengths around 656 nm, which is near the central wavelength of the

deuterium Balmer-α line, which will be further detailed in paragraph 2.5.

KS5J is located in octant 7 and therefore records a blueshifted version of the

spectrum, and KS5K is located in octant 1 and records a redshifted version

of the spectrum.

A schematic of the CXRS set-up with respect to the NBI system can be
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Figure 2.7: Charge exchange spectroscopy set-up at JET. Spectrometers in
octant 1 see a redshifted spectrum, spectrometers in octant 7 a blueshifted
spectrum. The blue bar shows the injection path of normally injecting PINIs
in octant 8, the red bar that of tangentially injecting PINIs. The latter also
includes PINIs 8.6 and 8.7, which the lines of sight of the spectrometers are
aligned with. Reprinted from [33], with the permission of AIP Publishing.

seen in figure 2.7. The upgrade that has been made to the charge exchange

spectroscopy set-up after the previous attempt to analyse FIDA by Delabie

in 2011, has increased the wavelength range from 7.5 nm to 18.5 nm. This

means that previously only one wing of the deuterium Balmer-α spectrum

just fitted in the spectrum, whereas now the entire spectrum is visible. Since

the number of pixels has not changed, the slit width has been decreased in

the upgrade in order to improve resolution. Table 2.2 shows how certain

parameters have changed since the upgrade [32]. From this it can be seen

that a bit of etendue has been sacrificed for an increase in the wavelength

range.

2.4 Fast ions

Fast ions, which are also known as energetic particles in literature, generally

originate in one of three manners: from fusion reactions, from the injection

of neutrals or from acceleration by means of radiofrequency waves [6, 7, 34].
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Parameter Before upgrade After upgrade

Spatial resolution 0.015 nm/pixel 0.036 nm/pixel

Number of lines of sight 12 12

Time resolution 10-50 ms 5 ms

Radial resolution 7 cm 7 cm

F-number 9.0 4.6

Etendue 0.076 mm2/sr 0.048 mm2/sr

Table 2.2: Overview of spectroscopy parameters in the previous attempt
and the current attempt [32].

The first of these sources is the main motivation for doing research on

energetic particles. The alpha particles released in a D-T fusion reaction

have a kinetic energy of 3.5 MeV, and are therefore capable of self-heating

the plasma. The ability of the fusion plasma to self-heat is beneficial to the

fusion energy gain factor, as less input power is required to sustain the high

plasma temperatures. Moreover, self-heating will be mandatory in burning

plasmas. The released alpha particles also pose a threat, however, as their

substantial energy means their radial density profile is easily altered, which

can lead to a highly reduced alpha heating efficiency and thus a reduced

fusion reactor performance [8]. As a result, it must be guaranteed that

these energetic particles can be confined, but not excessively, as an accumu-

lation of (thermalised) helium particles in the plasma would dilute the fuel.

This would lower the reaction efficiency and could even quench the reaction

entirely.

Research on alpha particles has been difficult as there have been very

few fusion experiments that have accomplished an alpha production rate

large enough to study. Moreover, the production rate of alpha particles

in nuclear fusion is very difficult to control. For this reason, preliminary

research on the behaviour of energetic particles is instead often done by

investigating the fast ions caused by neutral beam injection. Fast ions are

produced by neutral beam injection when an injected fast neutral undergoes

any of the reactions mentioned in table 2.1, of which charge exchange and

electron impact ionisation are most common [6]. After ionisation of the

beam neutral, it will retain (most of) its kinetic energy, which is typically 1

to 1.5 orders of magnitude larger than the thermal energy of the plasma.

The number and energy of fast ions caused by NBI are directly propor-

tional to the beam injection rate and the beam voltage respectively, which
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are controllable parameters. A minor drawback to this method, is that the

energy of fast ions from NBI is an order of magnitude smaller than the initial

energy of fusion alpha particles.

An additional advantage of using neutral beam fast ions rather than

fusion alphas for diagnostic purposes, is that the former exist mostly around

the injection region of the neutral beam, whereas the angular distribution

of fusion alphas is fairly isotropic [6]. When the energetic particles are

somewhat localised in one region of the reactor, the signal caused by them

is also localised in the same region, thereby causing the signal-to-noise ratio

in that region to increase.

An exploration of the third generation method of fast ions, i.e. through

radiofrequency heating, is beyond the scope of this thesis. Briefly, the gen-

eral feature is that ions can be accelerated by means of ion cyclotron res-

onance heating or, less commonly, lower hybrid heating, which produces a

fast ion distribution that is energetically anisotropic [6].

While single-particle motion of fast ions is well understood, historically,

explanations of the collective effects of energetic particles have been more

difficult to find [7, 34, 35, 36]. Again, an in-depth exploration is beyond the

scope of this work, but the key concepts are highlighted here as they provide

the main rationale for research on energetic particles. The behaviour of fast

ions in fusion plasmas has been the topic of several review papers, most

noticeably by Heidbrink and Sadler, Gorelenkov et al., and in the ITER

Physics Basis [6, 7, 34, 37].

The effects that threaten the confinement of fusion plasmas are mainly

MHD modes, e.g. Alfvén eigenmodes, sawtooth crashes, kink modes, fish-

bone instabilities and energetic particle modes [8]. Low-frequency MHD

modes, which include kink modes and fishbone instabilities, originate in

a resonance of the mode frequency with the toroidal precession frequency,

while e.g. Alfvén eigenmodes exist because of a resonance between the mode

frequency and the poloidal transit and bounce frequencies [37]. Sawtooth

instabilities can be seen as a relaxation oscillation caused by reconnection of

the magnetic topology. Sawteeth affect fast ions much more strongly than

slow ions, because fast ions deviate from the flux surfaces more easily [38].

Finally, energetic particle modes (EPMs) comprise different types of MHD

modes that only exist in the presence of fast ions. There is disagreement

in the literature as to which MHD modes can be considered EPMs, but
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resonant toroidal Alfvén eigenmodes [7, 34, 36, 39] and kinetic ballooning

modes [7, 39] are most commonly used as examples. The collective motion

of energetic particles was not studied during this project, but the wish to

understand the effects of these modes provides motivation to research the

possibility of a fast ion diagnostic.

The fast ion diagnostic of fast-ion deuterium-alpha (FIDA) spectroscopy

was briefly described in the introduction, and will be explained extensively

in the next section, with it being the main technique studied in this thesis.

Other diagnostic techniques for measuring fast ion behaviour are neutron

emission spectroscopy (NES), gamma-ray spectroscopy (GRS), collective

Thomson scattering (CTS), neutral particle analysers (NPA) and fast-ion

loss detectors (FILD), which are all succinctly described in the next few

paragraphs.

Neutron emission spectroscopy and gamma-ray spectroscopy are both

well researched and especially NES is projected to have a good SNR in ITER

[8]. Their main disadvantage is that they gather information on fusion reac-

tion products from which behaviour of energetic particles must be inferred,

rather than directly diagnosing distribution parameters [40]. NES and GRS

are not useful in experiments that simulate fusion product behaviour using

fast ions from NBI, as they cannot see fast ions from NBI.

Collective Thomson scattering does directly diagnose energetic particles

and has a good spatial resolution. It is also easily installed in fusion reactors

that already have an electron cyclotron resonance heating (ECRH) system

implemented. Diagnosing the fast-ion velocity distribution using CTS is

difficult, due to the sensitivity of CTS to certain MHD modes. Another

downside to CTS is that it requires a long integration time to obtain a good

SNR, meaning that short-lived modes may not be seen by the system [8].

Like FIDA, neutral particle analysers also make use of charge exchange

reactions, by measuring the flux of neutralised hydrogen atoms that are lost

from the plasma at the location of the NPA diagnostic. NPAs can be used

for both passive and active measurements. Both approaches have a good

energy resolution and signal-to-noise ratio. Passive NPA does suffer from

a low spatial resolution. This is not a problem for active NPA, but active

NPA is typically difficult to implement due to its required size [8].

Fast-ion loss detectors take a different approach entirely, as they measure

energetic ions that escape confinement of the plasma. There are different
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types of fast-ion loss detectors with each clear advantages and disadvantages.

The main disadvantage from which all types suffer, especially in preparation

for ITER, is that they need to able to withstand the heat loads that energetic

ions provide, which is a challenge that has yet to be resolved [8].

Of these fast-ion diagnostics, GRS, NPA and FILD are installed at JET.

A FIDA diagnostic will be complementary to the already installed diagnos-

tics, because it can obtains information from fast deuterium ions that are

still confined to the plasma. For this reason, the added benefit of a FIDA

diagnostic is that it can potentially diagnose confined fast ions locally, rather

than along a line of sight. Furthermore, no extra equipment is required as

the FIDA light is a component of the Balmer-α spectrum as seen by the

main ion CXRS set-up.

2.5 The Balmer-α spectrum

As was mentioned in the introduction, FIDA spectroscopy is performed on

the Balmer-α line of deuterium. Balmer-α light is produced when a hydrogen

atom decays from the second excited state (n = 3) to the first excited state

(n = 2). The central wavelength λ0 of this emission is at 656.1 nm. In order

to get significant Balmer-α light, a large population of deuterium in n = 3

is thus required. Fusion particles can transition between principal quantum

states due to collisional processes and radiative processes. This section will

commence by introducing the collisional-radiative model before giving an

overview of the components of the Balmer-α spectrum.

Collisional-Radiative Model

In a fusion plasma, there are typically several different reaction mechanisms

that can lead to a state transition. They are listed in table 2.3. The popula-

tion and depopulation rates of the different energy states of fusion particles

constitutes the full collisional-radiative model of a fusion plasma.

With regard to radiation produced by hydrogen, impurity charge ex-

change and the impact ionisation reactions from table 2.3 do not apply,

as they do not produce neutral hydrogen. Then, the only processes that

are involved are main ion charge exchange, excitation reactions and radia-

tive processes. Of these, the contributions of ion and impurity excitation

reactions are negligible [26]. Electron excitation reactions contribute signifi-
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Collisional processes

Ion charge exchange Xq+ + D+ → X(q+1)+ + D0

Impurity charge exchange Xq+ + Az+ → X(q+1)+ + A(z−1)+

Electron impact ionisation Xq+ + e− → X(q+1)+ + 2e−

Ion impact ionisation Xq+ + D+ → X(q+1)+ + D+ + e−

Impurity impact ionisation Xq+ + Az+ → X(q+1)+ + Az+ + e−

Electron impact excitation Xq+ + e− → Xq+∗ + e−

Ion impact excitation Xq+ + D+ → Xq+∗ + D+

Impurity impact excitation Xq+ + Az+ → Xq+∗ + Az+

Radiative processes

Spontaneous emission Xq+∗ → Xq+ + hν

Absorption Xq+ + hν → Xq+∗

Stimulated emission Xq+∗ + hν → Xq+ + 2hν

Table 2.3: Collisional and radiative processes that can lead to the population
or depopulation of particles in a quantum state. Here X denotes any ion
or neutral (q can be equal to zero), D denotes a main (deuterium) ion, A
denotes a plasma impurity, e− is an electron and hν represents a photon.
An asterisk (*) denotes that a particle is in a higher energy state than the
corresponding particle on the other side of the equation.
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cantly in the population of high quantum number states, but are insignificant

compared to main ion charge exchange for lower energy levels [26].

Looking specifically at the second excited state of deuterium, it is as-

sumed that main ion charge exchange is the only collisional process through

which n = 3 is populated. For radiative processes, spontaneous emission

is the dominant process in fusion plasmas; the reaction rates of absorption

and stimulated emission are negligibly small because the radiation field is

far too small [41]. Population of n = 3 can occur upon the deexcitation of

higher energy states. For depopulation of n = 3, it is assumed that this only

occurs through spontaneous emission.

When speaking of the charge exchange reaction between a deuterium

beam neutral D0
b and a deuterium plasma ion D+

p , the ion charge exchange

reaction and the subsequent spontaneous emission reaction from table 2.3

can be specified:

D0
b (n = i) +D+

p → D+
b +D0

p(n = j)→ D+
b +D0

p(n = k) + hν (2.10)

The emission of a photon hν can only occur when j > 1 and under the

condition that j > k. Accordingly, the reaction that produces Balmer-α

light is the following:

D0
b (n = i) +D+

p → D+
b +D0

p(n = 3)→ D+
b +D0

p(n = 2) + 1.890 eV (2.11)

This information can be used to infer on which parameters the intensity

of deuterium Balmer-α depends. As was mentioned previously, the number

of Balmer-α photons emitted per second can be approximated using just

spontaneous emission.

ṄBalmer-α = A32N3 (2.12)

In this expression, A32 is the Einstein coefficient of spontaneous emission of

Balmer-α en N3 is the number of deuterium neutrals in the second excited

state. Since the Einstein coefficients for spontaneous emission only depend

on the quantum wave functions of the respective states involved, A32 is con-

stant. Therefore, the intensity of Balmer-α light directly depends on the

number of deuterium particles occupying n = 3. We can use the aforemen-

tioned information to approximate the rate at which n = 3 is populated

in a fusion plasma. As said, population of this state occurs by approxima-
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tion only through charge exchange reactions with deuterium neutrals and

radiative decay of higher energy states.

Ṅ3,pop. =

∫ ∑
i=1,2

nD0(n=i)nD+ 〈σv〉CX(i,3) dV +
∞∑
j=4

Aj3Nj . (2.13)

In this expression nD0(n=i) and nD+ are the densities of neutral deuterium

in quantum state n = i and ionised deuterium, respectively. 〈σv〉CX(i,3) is

the reaction rate of the charge exchange reaction with the initial deuterium

neutral in the quantum state n = i and the resulting deuterium neutral in

the second excited state. The second term represents radiative decay, with

Aj3 the spontaneous emission coefficient from n = j to n = 3 and Nj the

population of particles in n = j.

The probability of radiative decay from higher energy states decreases

for higher values of n [42]. Combined with the lower population of the higher

energy states, this implies that all radiative processes have a negligible con-

tribution to the population of the n = 3 state. The only possible exception

to this is the radiative decay from n = 4, because an n = 4 deuterium neu-

tral has a probability of the order 10−1% to decay to the second excited state

for typical JET densities [42]. Therefore, the focus will be on the population

of n = 3 through charge exchange from here.

The cross sections of charge exchange reactions between two energy levels

as a function of relative energy can be found in literature [43, 44]. The

relation between the relative energy and the cross section can be seen in

figure 2.8. This figure shows that the probability of the product of a charge

exchange reaction having its electron in the n = 3 principal quantum state is

an order of magnitude smaller than it having its electron in the ground state

for typical JET beam energies of 50-60 keV/amu. It should be noted here

that for small relative energies, the cross section of the charge exchange

reaction from n = 2 to n = 3 is much larger than the charge exchange

reaction from n = 1 to n = 3. This is shown in figure 2.9. For regular

relative energies the reaction from n = 2 plays a negligible role, as the

population of beam neutrals in the first excited state is approximately three

orders of magnitude smaller than that of beam neutrals in the ground state,

but for collisions with small relative energies, i.e. co-moving particles, charge

exchange from n = 2 to n = 3 can play a role [42].

The charge exchange cross sections, together with the subsequent decay
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Figure 2.8: Relation between the relative kinetic energy of a hydrogen atom
with a hydrogen nucleus and the cross section of a charge exchange collision
occurring between them. The different curves represent different energy
states that the produced hydrogen neutral can attain. Reproduced from [8],
available under public licence.

Figure 2.9: Relation between the relative kinetic energy of a hydrogen atom
with a hydrogen nucleus and the cross section of a charge exchange collision
occurring between them, with the resulting neutral entering the n = 3 state.
The blue curve shows the cross section for the collision with a neutral in the
1s state and the orange curve shows the cross section for the collision with a
neutral in the 2s state. Figure compiled from ADAS ADF01 data files [43].

35



Figure 2.10: Effective emission rate of Balmer-α decay plotted versus the
beam energy per atomic mass unit at Ti = 5 keV, ni = 2.5 · 1019 m−3,
Zeff = 2 and B = 3 T, compiled from ADAS ADF12 data files [43].

rates of spontaneous emission, allow the computation of the effective emis-

sion rate of Balmer-α decay as a function of beam energy through equations

2.12 and 2.13. The result of this can be seen in figure 2.10. This figure

shows the effective emission rate versus the beam energy for a specific ion

temperature, ion density, plasma Zeff and magnetic field, thereby assuming

quasi-neutrality and consistency between the ion density and Zeff, and the

electron density. The effective emission rate is, however, by approximation

invariant (<1%) under a change in ion temperature and Zeff [43]. The effec-

tive emission rate is also approximately constant for ion densities between

1019 and 1020 m−3, which is the range of densities in which the vast major-

ity of JET pulses can be found as will be seen in chapter 4. The maximal

difference for an energy of 40 keV for densities in this range is 1%, with 40

keV chosen as a reference as it is the only energy for which data is available

for multiple densities and temperatures.

Components of the Balmer-α spectrum

The Balmer-α spectrum as seen at JET, or any other tokamak for that

matter, comprises different components and is therefore rather convoluted.

A schematic overview of the components of the Balmer-α spectrum is shown

in figure 2.11. There are typically seven components involved in a Balmer-α

spectrum, these are edge Dα, bremsstrahlung, impurity lines, direct charge

exchange, halo emission, beam emission and FIDA.
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Figure 2.11: Schematic overview of the different components of the Balmer-
α spectrum, as seen from a spectrometer that ”sees” the plasma moving
away from it, therefore seeing a redshift in some of the components. The
overview was produced for ASDEX Upgrade, so the values on the axes are
not representative of JET. The different curves are not to scale. Adapted
from [11], with the permission of IOP Publishing.

The first three of these components are passive contributions to the

spectrum, meaning they can also be seen when there is no NBI. At the central

wavelength there is a sharp and narrow peak caused by “cold” particles.

This component of the spectrum is caused by passive CXRS at the edge of

the plasma, as well as by excitation of neutrals and recombination of cold

ions through collisions with electrons [11, 45]. Excited neutral hydrogen is

a product of both reactions, so both these processes contribute to the edge

Dα peak. The edge Dα peak has a much higher intensity than the rest of

the Balmer-α spectrum and has to be filtered from the spectrum in order to

not saturate the measurement.

Bremsstrahlung is continuum radiation caused by the deceleration of

electrons due to collisions with charged particles. The spectral intensity of

bremsstrahlung obeys that of a blackbody spectrum, but is approximately

linear for wavelengths around the Balmer-α spectrum [30, ch. 10]:

dN

dλ
= CB

Zeff n
2
e geff

λ
√
Te

m−3 s−1 nm−1 (2.14)

In this expression Zeff is the effective ion charge, which is equal to 1 in

an ideal hydrogen plasma. The electron temperature Te is in keV. geff is
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the temperature-averaged Gaunt factor and CB is a constant derived from

numerical values and natural constants involved in this expression and has

a value of 3 × 10−21. In the wavelength band of the Balmer-α line, the

radiation intensity due to bremsstrahlung can be considered constant [45].

The impurity lines are emission lines from atomic or molecular impurities

that are present in the plasma. The excitations that lead to these emissions

are often caused by charge exchange reactions with the impurity ions. Com-

mon known impurity lines in a JET Balmer-α spectrum are carbon II (C+)

lines at 657.8 and 658.3 nm and an oxygen V (O4+) line at 650.0 nm.

The active contributions to the spectrum are only visible when neutral

beam injection is active. They are direct charge exchange, halo emission,

beam emission and FIDA. Direct charge exchange is the light emitted by a

charge exchange reaction between a beam neutral and a thermal ion. This

component of the spectrum is recognised by a broad, Gaussian peak that

is slightly shifted away from the central wavelength due to the rotation of

the plasma. The width of the peak can be used as a measure for the ion

temperature, because the Doppler broadening that occurs due to the ion

temperature is the main line broadening mechanism for this reaction. The

intensity of the direct charge exchange peak obeys the following expression:

IDCX =
1

4π

∫
l.o.s.

∑
m

nmb ni q
m
CX dz (2.15)

In this expression, nmb represents the beam neutral density in principal quan-

tum state n = m, ni represents the thermal ion density and qmCX the reaction

rate between beam neutrals in quantum state n = m and thermal ions. In

the previous expression as well as in the rest of this section the reaction rate

is denoted using q as a short-hand notation of 〈σv〉 from equation 2.7.

The halo emission peak is a broad peak close to the central wavelength

caused by the charge exchange reactions of thermal ions with halo neutrals.

Halo neutrals are particles that have been neutralised in a previous charge

exchange reaction. They are thermally distributed which ensures that their

contribution to the spectrum is approximately Gaussian [11]. As a result,

the direct charge exchange peak and halo peak are therefore often very

similar in shape and size. The peak wavelength slightly deviates from the

central wavelength of the emission line, owing to a Doppler shift caused by

the rotation of the plasma. The expression of the intensity due to the halo
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effect is also very similar to that of charge exchange:

IHalo =
1

4π

∫
l.o.s.

∑
m

nmh ni q
m
CX dz (2.16)

The quantity nmh represents the density of halo neutrals in quantum state

n = m.

Further away from the central wavelength are a set of peaks caused by

the emission from beam neutrals that were excited through collisions with

electrons, and to a lesser extent with ions, in the plasma. These peaks can

be divided into three groups, as beam neutrals are injected at three different

energies (full, half, third) as described in section 2.2. The intensity of the

beam emission spectrum of beam energy component E recorded along a line

of sight (l.o.s.) of the spectrometer is given by the following relation:

IEBES =
1

4π

∫
l.o.s.

∑
m

nE,mb ne q
E,m
BES dz (2.17)

Here, nE,mb is the beam neutral density in quantum state m at energy E,

ne is the electron density and qEBES is the reaction rate of the excitation of

beam neutrals at energy E.

The three beam emission peaks are additionally split by the Stark effect.

The Stark effect is a line splitting effect that is caused by the application

of an external electric field, which in fusion devices is predominantly due

to the Lorentz electric field, E = v × B, induced on atoms moving with a

velocity v through a magnetic field B [46, 47]. For each energy component,

the emission lines are therefore split into three peaks, a central σ-peak, and

two π-peaks to either side of the σ-peak. The σ-peak is caused by light that

is linearly polarised perpendicular to the electric field and the π-peaks by

light that is linearly polarised parallel to the electric field. As a result, the

beam emission components of the JET Balmer-α spectrum comprises nine

different peaks of varying intensities at close proximity to each other. In fact,

most of the peaks are so close together that they overlap. The wavelengths

of the σ-peaks can be computed by means of the relativistic Doppler effect

when the beam energy and the geometry of the NBI and CXRS systems are

known, as their wavelengths are not shifted by the Stark effect.

λ = λ0 (1− β cos θ) (2.18)
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Here, λ is the Doppler shifted wavelength of an emission line with central

wavelength λ0. The ratio of the particle velocity to the light velocity β can

be determined from the beam energy, and θ is the angle between the line

of sight of the spectrometer and the trajectory of the neutral, the latter of

which is approximated by the direction of the neutral beam. An angle of

θ = 0° means the spectrometer looks directly into the neutral beam. The

wavelengths of the π-peaks are more difficult to compute exactly, as they

also depend on the pitch angle of the magnetic field and the radial electric

field [46]. In practice, the reverse is often done, so the wavelength shift due

to the Stark effect is measured to determine the magnetic pitch angle and

the radial electric field instead.

Finally, the last component of the Balmer-α spectrum is the FIDA com-

ponent. FIDA light is generated in charge exchange reactions between fast

ions and beam neutrals. As mentioned in section 2.4, the fast ions are for-

mer beam neutrals that have been ionised in a previous reaction, but have

not yet slowed down to the thermal energy of the plasma. The fast neu-

trals produced in the reaction between a fast ion and a beam neutral can

be responsible for the subsequent emission of the Balmer-α photon. These

fast neutrals have a high kinetic energy, as a result of which a large Doppler

broadening occurs. Since fast ions do not obey a Maxwellian distribution,

the FIDA component of the spectrum does not have a Gaussian shape [11].

Furthermore, the intensity of the FIDA component, which scales with the

product of the fast ion density nf , the beam neutral density nmb and the

charge exchange reaction rate qmCX , is typically much lower than that of the

other active contributions. To be precise, the total intensity of FIDA as seen

by a spectrometer obeys the following equation:

IFIDA =
1

4π

∫ ∫
l.o.s.

∑
m

nmb nf (v) σmCX (v) dz dv (2.19)

In this equation, the reaction rate qmCX is replaced by the cross section σmCX
as this parameter is placed inside a velocity integral. The fast ion density

and the charge exchange cross section are functions of the relative velocity

v between a beam neutral and a fast ion, due to the presumed anisotropy

of the fast ion velocity distribution. The relative velocity between a beam

neutral and a fast ion can attain many different values. There are several

reasons for this. Firstly, the fast ion can be in a trapped particle orbit.

40



This occurs for ions with a small ratio of v‖/v⊥, meaning that the velocity

component parallel to the magnetic field is small compared to the velocity

component perpendicular to the magnetic field. Especially beam neutrals

that are injected perpendicularly to the plasma often end up in a trapped

particle orbit. In a trapped particle orbit, particles alternate between moving

with and against the movement of the plasma, meaning their parallel velocity

v‖ alternates between positive and negative values. Secondly, the ions gyrate

around the magnetic field lines, so the perpendicular velocity is continually

changing direction. Thirdly, as mentioned in section 2.2, the beam neutrals

are broadly speaking injected into the plasma with two different angles. This

means the trajectory of the beam neutrals and the fast ions having different

angles which leads to different relative velocities. The large range of possible

relative velocities is also the cause of the breadth of the FIDA spectrum as

indicated in figure 2.11.

The expressions for the intensities of the active components of the spectra

(equations 2.15-2.17, 2.19) can be compared to each other to estimate how

the total intensities scale with each other. The intensities of the DCX and

Halo components only differ in their dependence on nb and nh respectively,

but these values are of comparable size [45]. The reaction rates of direct and

halo charge exchange also differ as the relative velocities of colliding parti-

cles in DCX is much larger than in halo collisions, but this approximately

balanced due to a larger proportion of halo neutrals occupying an excited

state [45].

The total intensity of FIDA is much lower than the DCX and halo com-

ponents, because the fast ion density nf is 1-2 orders of magnitude lower

than the thermal ion density ni, whereas the reaction rates of FIDA and

DCX have comparable values. Moreover, the spectral intensity of FIDA is

lower still due to FIDA covering a larger wavelength interval.

The intensity of the beam emission component is similar to that of the

DCX and halo components. Due to quasi-neutrality the electron density and

thermal ion density are of the same order of magnitude. Their reaction rates

do differ, but figure 2.12 shows they are also of the same order of magnitude.

However, the spectral intensity of BES is smaller than the DCX/halo peak as

a result of the beam emission peaks being spread out over a larger wavelength

interval.

A comparison between the FIDA component and the beam emission
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Figure 2.12: Effective emission rate of the Balmer-α component of beam
emission versus the relative kinetic energy per atomic mass unit at typical
JET densities at T = 2 keV, together with the effective emission rate of
Balmer-α decay due to charge exchange as seen in figure 2.10, compiled
from ADAS ADF22 and ADF12 data files [43].

component is slightly more involved. However, due to the beam emission

peaks being very distinctive, a thorough comparison is useful and will form

the basis of the FIDA analysis method presented in chapter 4.

When computing the ratio of intensity due to beam emission and FIDA,

the following relation is found:

IFIDA
IBES

=

∫ ∫
l.o.s.

∑
m n

m
b nf (v) σmCX (v) dz dv∫

l.o.s.

∑
m n

m
b ne q

E
BES dz

(2.20)

Here, it is important to note that, although the effective emission rate of the

beam emission light decreases with increased electron density, the product

of the electron density and the effective emission rate does increase with

increasing electron density.

From this relation, it can be seen that at wavelengths where these emis-

sion spectra overlap, the signal due to FIDA is lower than that due to beam

emission because the fast ion density is significantly smaller than the electron

density. Figure 2.12 shows that at typical JET deuterium beam energies of

50-60 keV/amu, the beam emission rate is slightly higher than the charge

exchange rate, but this ought not greatly influence the intensity ratio. Fig-

ure 2.12 shows only one curve for qCX , as this curve changes negligibly for

different densities [43]. Consequently, FIDA light is only distinguishable at

wavelengths at which no other active contributions of the spectrum emit
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light.

For the JET geometry, this is at wavelengths which the other active

contributions to the spectrum do not reach. For the spectrometer in octant

1 this is approximately between 660 and 664 nm, depending on beam energy

and spectrometer track. For the spectrometer in octant 1, FIDA is best

visible approximately between 649 and 653 nm.

Balmer-α spectra at JET

Examples of a Balmer-α spectrum at JET are given in figures 2.13 and 2.14.

These figures show the average Balmer-α spectrum of JET pulse #95454

between t = 51.5 s and t = 52.5 s. This specific pulse is chosen because

it showed significant FIDA intensity. The time frame was selected because

beam power was constant during this period. Figure 2.13 shows a redshifted

spectrum as recorded by spectrometer KS5K and figure 2.14 a blueshifted

spectrum as recorded by spectrometer KS5J. Both spectrometers look di-

rectly at the trajectory of particles injected by PINI 8.7. For pulse #95454,

PINI 8.7 had a beam energy of 57 keV/amu. In the redshifted spectrum,

computation of the wavelengths of the σ-peaks of the full, half and third

energy component show that the full and half energy components are dis-

tinguishable in the spectrum, whereas the third energy component is largely

obscured by the half energy component. For the blueshifted spectrum, it is

found that the half energy component is the dominant contribution to the

beam emission spectrum, thereby obscuring the third energy component as

well as part of the full energy component. There are known impurity lines

from oxygen at 650.0 nm and from carbon at 657.8 and 658.3 nm. The other

impurity lines witnessed in either spectrum have an undetermined origin, as

no plausible candidate is present in the Atomic Spectra Database of the

National Institute of Standards and Technology [48].

In the JET Balmer-α spectra, the FIDA component is best seen at wave-

lengths far away from the central wavelength, at which no halo or beam

emission can be seen. Measurements of FIDA intensity are more reliable

at redshifted wavelengths for KS5K and blueshifted wavelengths for KS5J,

because the peak intensity of the FIDA component is also shifted in this

direction, thereby increasing the FIDA intensity and decreasing the signal-

to-noise ratio [45].

43



Figure 2.13: Redshifted Balmer-α spectrum of JET pulse #95454 as mea-
sured by track D8 of spectrometer KS5K. The average spectrum between
t = 51.5 s and t = 52.5 s is given. The red dashed line represents the central
wavelength of Dα emission, the black dashed lines represent the maximum
Doppler shift possible with the used beam energy of 114 keV. The wave-
lengths of the σ-peaks of the beam emission contributions are indicated; the
third energy component is largely obscured by the half energy component.
The inset shows the high energy tail in more detail, with the dashed black
lines indicating the wavelengths between which FIDA is considered.

Figure 2.14: Blueshifted Balmer-α spectrum of JET pulse #95454 as mea-
sured by track L9 of spectrometer KS5J. The average spectrum between
t = 51.5 s and t = 52.5 s is given. The red dashed line represents the central
wavelength of Dα emission, the black dashed lines represent the maximum
Doppler shift possible with the used beam energy of 114 keV. The wave-
lengths of the σ-peaks of the full and half energy component of the beam
emission contribution are indicated; the full and third energy component
are, respectively, partially and fully obscured by the half energy component.
The inset shows the high energy tail in more detail, with the dashed black
lines indicating the wavelengths between which FIDA is considered.
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3 Time evolution of the intensity

of the FIDA signal

This chapter will describe the analysis of the time evolution of the JET

main ion charge exchange signal to determine the visibility of FIDA in JET

spectra. The method used to analyse the signal will be detailed in section

3.1, the results will be presented in section 3.2 and discussed in section 3.3.

3.1 Method

The goal of this method is to evaluate the time evolution of the intensity of

the Balmer-α spectrum at wavelengths at which FIDA is expected to be the

dominant contribution. An example of the wavelength intervals for which

this applies are indicated in the insets of figures 2.13 and 2.14; these are

the wavelengths at which FIDA light is the only active component of the

spectrum as FIDA.

The hypothesis is that the intensity decreases when the neutral beam

power is turned off. This is hypothesised because the intensity of FIDA as

described by equation 2.19 scales with the beam neutral density. The lines

of sight of the spectrometers look directly at the injection trajectory of PINI

8.7, so PINI 8.7 is the dominant source of beam neutrals along the lines of

sight of the spectrometers. It is assumed that the effect of this PINI turning

on or off is much larger than the effect of other PINIs turning on or off, and

as a result the FIDA intensity is compared with the power of PINI 8.7 only.

The code that was written to determine the intensity of FIDA light

integrated over a wavelength range has several noteworthy features. The

starting point of this code is an existing piece of software, which extracts the

spectrometer data and returns the spectrometer settings and the intensity

data as a three-dimensional array for time, line of sight and pixel. The
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purpose of the written code is to determine a two-dimensional array of the

wavelength-integrated FIDA intensity over time for each spectrometer track.

The interval over which the intensity is integrated can be set separately for

each pulse, so that for every pulse the most accurate approximation of the

wavelength interval where FIDA is the dominant contribution can be used.

The main body of the code contains little actual physics. From the spec-

trometer data and the wavelength range over which FIDA is integrated, the

wavelength interval between which the bremsstrahlung will be measured

is determined. This wavelength interval is the interval at which neither

FIDA nor beam emission light can exist, given the neutral beam energy.

For the spectrometer in octant 1, this is for wavelengths larger than the

maximum possible wavelength (λ & 663.5 nm) and for the spectrometer in

octant 7 it is for wavelengths shorter than the minimum possible wavelength

(λ . 649.0 nm). The measured intensity is averaged over this interval to ar-

rive at a value for the intensity of the bremsstrahlung. The FIDA intensity

is then approximated by subtracting the bremsstrahlung intensity from the

data and subsequently averaging the resulting FIDA signal over the wave-

length interval that is given as input. The FIDA intensity was also averaged

over five time frames to reduce the effect of possible random errors.

The written code works for all lines of sight of both the co-current-

looking spectrometer KS5K and the counter-current-looking spectrometer

KS5J. Regardless of the indicated wavelength interval, the wavelengths at

which impurity lines are visible, as seen in figures 2.13 and 2.14, are cut from

the array. For KS5K, this means the data between 660.9 nm and 661.5 nm

(unknown impurity line) is cut, and for KS5J, the data between 649.7 nm

and 650.3 nm (oxygen V line) and between 650.8 nm and 651.4 nm (unknown

impurity line) are cut. These wavelength intervals are approximations and

differ per spectrometer track, as some small deviations (< 0.1 nm) had to

be made to maintain consistent dimensions of the data array.

3.2 Results

The code was run for several different JET pulses. The results presented here

are from pulse #95454. This pulse is used as its plasma parameters achieved

values that were above average for measuring FIDA light and it provides a

clear example of the difference between both spectrometers. Other pulses
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Figure 3.1: Average light intensity between 660.6 nm and 663.6 nm from
JET pulse 95454 as measured by tracks 4-9 (D10-D5) of spectrometer KS5K,
as well as the beam power of PINI 8.7 versus time.

Figure 3.2: Average light intensity between 648.8 nm and 652 nm from JET
pulse 95454 as measured by tracks 4-9 (L11-L9,L7-L6,L4) of spectrometer
KS5J, as well as the beam power of PINI 8.7 versus time.

had results that were either comparable to or less demonstrative than those

presented here.

Figures 3.1 and 3.2 show the time evolution of the FIDA signal of pulse

95454 as measured by KS5K and KS5J respectively. The signals of tracks 4

to 9, which look at the core of the plasma, are shown for both spectrometers,

as well as the time evolution of the beam power of PINI 8.7. Not all tracks

are shown as to avoid cluttering the figure; the tracks that are shown have

been chosen as their lines of sight coincide with the region of interest of the

plasma.

For KS5K, the measured intensity is at similar levels for each spectrom-

eter track. The time when notches in beam power occur can be identified
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in the intensity of the signal, which is an indication that at least part of

the signal is due to an active spectrum component, presumably FIDA. The

signal for KS5J shows less promising results. There is a large difference in

intensity going from track 6 to track 7 and the intensities are much higher

than those recorded by KS5K. Furthermore, patterns in beam power are

hardly reflected in the intensity of the signal, with the exception of the

beam notches around t = 49.4 s and t = 50.7 s. The periods of heightened

intensity in either figure when there is no power in PINI 8.7, i.e. mainly

from t = 52.6 s, can be explained by the power deposition of other PINIs.

3.3 Discussion

From the results as shown in figures 3.1 and 3.2, it can be said that it seems

probable that the JET Balmer-α spectrum contains a FIDA component. In

the figures, it is apparent that at instances when the diagnostic neutral beam

is turned off, the measured signal regularly decreases as well. This means

that there would be an active contribution to the spectrum present at these

wavelengths. Since FIDA is expected to be the only active contribution

to the spectrum at the recorded wavelengths, this indicates that FIDA is

indeed present in these pulses and contributes to the measurement data

significantly. However, the data also show that there are also instances

when PINI 8.7 is turned off at which the measured intensity does not visibly

change. These instances are more frequent for the measurements done by

the KS5J spectrometer. It is important to note here that figures 3.1 and 3.2

only provide the example of one pulse, but the statements made above do

hold in general for the pulses of the last JET campaign.

A point of interest in figure 3.2 is that the measured averaged intensity of

tracks 7 to 9 of KS5J is much higher than that of tracks 4 to 6. This difference

in intensity between different spectrometer tracks is seen in some pulses, but

is not a common feature. When a sudden increase occurs, however, it has

only been witnessed between tracks 6 and 7, as is seen here, or between tracks

8 and 9. The sudden increase means that is improbable that this is due to

a residue of the beam emission spectrum. If this were the case, it would be

expected that this would result in a more gradual increase, since more beam

emission light is visible at shorter wavelengths for higher-numbered tracks.

Analysis of the measured spectrum has substantiated the expectation that
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the increased intensity is indeed not due to beam emission. An explanation

for this effect could be that there is an extra emission source at the limiter

in octant 1, which is in the line of sight of track 7 and upwards. Analysis

of a sample of different types of pulses, which is not shown here, shows

that significant differences in intensity between tracks occurs in in KS5J in

multiple pulses, but never for KS5K.

The discussion of the results presented in this chapter has been quali-

tative only. Of course, if FIDA spectroscopy were to become a diagnostic

for the fast ion distribution at JET, this is not sufficient. From the results

of this chapter, it can be concluded that it is plausible that the presence of

FIDA light has been diagnosed. This notion will be further explored in the

next chapters.

There are improvements that could be made to the method of this chap-

ter that might allow for quantitative measurements of FIDA, and therefore

of beam neutral density, using the time evolution of the integrated FIDA

signal. Primarily, the feature of the spectrum that has not been investigated

for this project, is how the intensity depends on the beam power of other

PINIs beside PINI 8.7. The focus has been on PINI 8.7 because this PINI

is the main source of beam neutrals along the lines of sight of the spec-

trometer. The next step in this could be to determine how much each PINI

contributes to the beam neutral density along each line of sight. With this,

an analysis of the differences in FIDA intensity due to beam notches in each

PINI could be the first step in diagnosing local fast ion densities in JET.

Another analysis method that could potentially lead to interesting in-

sights is to integrate the FIDA intensity over several smaller wavelength

intervals. That way, an estimate can be made of the spectral intensities of

FIDA, which is the first step in determining a fast-ion velocity distribution.

However, a requirement for this method is that the signal-to-noise ratio of

the FIDA signal is improved.
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4 Dependence of FIDA intensity

on neutral beam and plasma

parameters

In this chapter, the measured FIDA data of a large set of JET pulses are

evaluated to see whether there is a correlation with a scaling law derived

from theory. The hypothesis of how this scaling law should look, will be the

starting point of the derivation in section 4.1. Section 4.2 will elaborate on

how this scaling law and the measurement data are compared to each other

and which assumptions were involved in this process. The results of this

comparison are displayed in section 4.3 and discussed in 4.4.

4.1 Derivation of a FIDA scaling law

As was stated in section 2.5, the intensity of FIDA light is expected to obey

eq. 2.19, which is repeated here for the reader’s convenience:

IFIDA =
1

4π

∫ ∫
l.o.s.

∑
m

nmb nf (v) σmCX (v) dz dv (4.1)

Although none of the quantities in this relation are constant, there is

little variation in the effective emission rate as a function of relative velocity

qCX (v) over different pulses, as was shown in figure 2.12. As a result,

a difference in FIDA intensity between different pulses is expected to be

mainly due to a difference in beam neutral density and fast ion density.

Nonetheless, the effective emission rate is kept in the equation.

The beam neutral density is an unknown parameter in JET pulses. In

order to eliminate the beam neutral density from the expression, the ratio

between the FIDA intensity and the beam emission intensity is taken since
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the beam emission intensity scales with the beam neutral density as well,

as shown in equation 2.17. The resulting expression of this ratio is given by

eq. 2.20. In the resulting approximation, the quantities of IFIDA and IBES

are replaced by SFIDA and SBES respectively, to indicate that quantities

described by the expression are not the full intensities. The expression then

reads:

SFIDA
SBES

∼
∫
nf (v)σCX (v) dv

ne qEBES
(4.2)

The assumption is made that the distinguishable FIDA light, i.e. at

wavelengths where FIDA is the dominant contribution to the spectrum, is

mainly due to fast ions that originated from the full energy component of

the neutral beam. The notion behind this assumption is that the FIDA

light emitted by fast ions that originated from the half or third energy

component have a smaller Doppler shift and are therefore obscured by the

beam emission component. This assumption is not completely correct with

regard to the half energy component, but it can be corrected by also using

only the full energy component of the beam emission spectrum, as will be

discussed further in the next section.

Another unknown parameter in expression 4.2 is the fast ion density.

In order to approximate the theoretical FIDA intensity, an estimate of the

fast ion density must be made. During the last JET campaign, fast ions

were predominantly generated by means of neutral beam injection, as a

result of which the fast ion density depends linearly on the NBI power. The

thermalisation of fast ions is known to take place over a period of time known

as the ion slowing-down time, or Spitzer time, τs [49]. After this time, the

ions have slowed down due to collisions and have velocities comparable to

those of thermal ions. It is assumed that the product of the beam power

and the ion slowing-down time can be used as an estimate of the fast ion

density. This means the FIDA intensity is expected to obey the following

proportionality:

SFIDA
SBES

∼ PNBI τs qCX(Erel)

ne qBES
(4.3)

Here, qCX(Erel) is the reaction rate at a given relative energy between beam

neutral and fast ion. The ion slowing-down time τs obeys:
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τs = 2.00× 1019 · A

Z2 ln Λe
· (Te (keV))3/2

ne (m−3)
s (4.4)

In this equation, A and Z are the mass number and atomic number of

the fast ion and ln Λe is the electron Coulomb logarithm [50]. For typical

JET plasma temperatures of a few keV, the Coulomb expression obeys the

following expression:

ln Λe = 24− ln
(
n1/2
e T−1

e

)
(4.5)

The results of this expression lie between 15 and 17 for typical JET pulses.

For deuterium in the last JET campaign, this means the typical ion

slowing-down time is of the order of a few tenths of a second. As the vast

majority of fast ions in the previous JET campaign were deuterium nuclei

and the Coulomb logarithm varies very little between different pulses, the

slowing-down time is mainly influenced by the electron temperature and

electron density. Therefore, the predicted FIDA intensity can be rewritten

in the following way:

SFIDA
SBES

∼ PNBI T
3/2
e qCX(Erel)

n2
e qBES

(4.6)

The derivation presented above is based on intuition on how the fast

ion density and the intensity of FIDA light ought to scale. By investigating

the correlation between the terms on either side of eq. 4.6, it can be tested

whether these assumptions hold. If the results show that there is little or no

correlation between the expressions on both side of the equation, that would

indicate that the data is not suitable to be used for diagnostic purposes.

4.2 Method

In order to evaluate whether the relation of eq. 4.6 holds, each of the param-

eters in this relation is approximated or determined for every JET pulse that

occurred between 16 July 2019 (#94409) and 23 March 2020 (#97137). The

method used to find a value of the FIDA intensity is identical to the method

used in the previous chapter, as described in section 3.1. As was mentioned

in the previous section, it is assumed that the FIDA light incorporated in

the wavelength intervals only originates from the full energy component of
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the neutral beam.

For the intensity of the beam emission peak, the central wavelength of the

σ-peak of the full energy component is calculated. For this calculation, the

velocity of beam neutrals, which is computed from the neutral beam energy,

and the angle due to the geometry of the CXRS setup are entered into

the equation for the Doppler shift (eq. 2.18). The beam emission intensity

is then calculated by averaging over an interval of 30 pixels around this

peak, as this is roughly the breadth of the wavelength range where the full

energy component is the dominant contribution to the spectrum. In other

words, this is the part of the spectrum where the half and third energy

components are non-existent or negligible. As mentioned before, the half

and third energy components are disregarded to stay consistent with the

intensity of the FIDA signal, which was assumed to be only due to the full

energy component as well. Altogether, this means that the ratio of FIDA

intensity to BES intensity which is computed, is the ratio of their respective

intensity values due to the full energy component of the beam.

There are a few approximations and assumptions in the computation of

the intensity ratio that are noteworthy. The code used to compute the FIDA

intensity as described in section 3.1 is run for track 6 of each spectrometer.

This is track D8 for KS5K and L9 for KS5J. These tracks were chosen be-

cause they show a clear signal from the core of the plasma, yet the impurity

radiation they measure from the limiter is little to none. The wavelength

interval is selected to be that at which FIDA is the dominant contribution

to the spectrum for pulses with a beam power of 120 keV, which is approx-

imately the maximum beam energy reached in the considered campaign.

This ascertains that no beam emission light is incorporated in the extracted

signal. The corresponding wavelength intervals are 660.6 nm to 663.6 nm

for KS5K or 648.8 nm to 652.0 nm for KS5J.

As was described in section 3.1, the code computes the average drop in

FIDA intensity at notches in beam power of PINI 8.7, as this PINI best

serves the purpose of a diagnostic neutral beam. Therefore, the difference

in FIDA intensity with this PINI turned on or off is more relevant than the

total intensity. For the intensity of the beam emission component of the

spectrum, the same method is applied. That is to say, in the wavelength

interval where the full energy component of the beam emission spectrum

is the dominant contribution, the intensity difference around a notch in
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beam power of PINI 8.7 is measured for every beam notch. Therefore, the

quantity that is computed to represent the ratio of FIDA and BES emission

intensities is actually the ratio of intensity differences of FIDA and BES

emission around a beam notch.

For the plasma and neutral beam parameters from eq. 4.6, data is ex-

tracted from the JET data system. The neutral beam power is published

by the neutral beam power data system. The electron density and electron

temperature are taken from the high-resolution Thomson scattering diag-

nostic, at the location where the injection trajectory of PINI 8.7 crosses the

used line of sight of the spectrometer (i.e. D8 for spectrometer KS5K or L9

for spectrometer KS5J).

The values for the beam emission reaction rate is taken from an ADAS

data file. From the data file, the reaction rate coefficient of which the corre-

sponding plasma parameters are closest to the measured plasma parameters

is used, so no interpolation takes place here. This is done for computa-

tion speed, as the reaction rate coefficients only vary around 10% between

consecutive data points.

For the reaction rate of a charge exchange reaction between a beam neu-

tral and a fast ion, justifying the choice for a certain value is not as obvious.

Due to the trajectories of the fast ions, the relative kinetic energy between

the two reacting particles varies greatly even within a pulse. The minimal

relative kinetic energy is trivially 0 keV/amu, which occurs in the case of

exactly co-moving particles. The maximum relative kinetic energy that is

measurable in the wavelength interval used for SFIDA, depends on the beam

energy for that pulse. For the pulses investigated in this chapter, the beam

energy of PINI 8.7 varied between 77 keV and 117 keV. As a result, the max-

imum relative kinetic energy varies between 35 keV/amu and 49 keV/amu as

recorded by spectrometer KS5K, and between 38 keV/amu and 55 keV/amu

as recorded by spectrometer KS5J. Looking back at figure 2.10 (logarithmic

scale) or the QCX line in figure 2.12 (linear scale), it can be seen that the

maximum reaction rate is achievable for every JET pulse. It is important to

emphasise that the relative kinetic energy of the collision between a beam

neutral and a fast ion can have many different values within a pulse due to

the possible trajectories of fast ions. Due to the large number of collisions,

it can be assumed that all the possible relative kinetic energies occur in a

pulse. As a result, the effective charge exchange emission rate differs neg-
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ligibly between different pulses and can be assumed constant for all pulses.

Therefore, it is not incorporated in the computation. As a consequence, the

relation which will be tested is ultimately the following:

SFIDA
SBES

∼ PNBI T
3/2
e

n2
e qBES

(4.7)

Finally, the code collects all the information describe above for all JET

pulses and plots the measured intensity ratio versus the quantity given by

the right-hand side of eq. 4.7 for all JET pulses. Due to the structure of

the code, only pulses that have modulation of PINI 8.7 have their FIDA

intensity computed. As a result, pulses without modulation of PINI 8.7 are

discarded. The plot also discards pulses that have an error margin that is

at least an order of magnitude larger than its computed value. This is done

to maintain clarity in the resulting figure.

4.3 Results

The results of the comparison are shown in figure 4.1. The hypothesis was

that the data points would lie around a straight line through the origin but it

is immediately obvious that this is not the case. Additionally, the majority

of data points has one or two very large error bars, which further moderates

the possibility to draw any conclusions from the data.

When comparing the two individual figures to each other, it can be

seen that the intensity ratio as measured by spectrometer KS5J is generally

larger than that measured by spectrometer KS5K. Also, the data points

from KS5K seem to be grouped closer together

4.4 Discussion

The results of the relation between the measured FIDA intensity and its

derived scaling law as shown in figure 4.1 do not obey the hypothesis pos-

tulated for this figure. For the majority of the data points, however, either

or both of the error bars are too large for the data to have statistical sig-

nificance. This argument is corroborated by the fact that when a simplified

scaling for FIDA is implemented, a correlation in the resulting scatter plot

becomes apparent. This can be seen in figure 4.2. With regard to theory,
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Figure 4.1: Average ratio of the difference in FIDA intensity around beam
notches of PINI 8.7 and the intensity of the full energy component of the
beam emission peak versus the expected scaling of FIDA intensity. FIDA
intensity and beam emission intensity are taken from tracks D8 and L9 of
spectrometers KS5K (top) and KS5J (bottom), respectively, by integrating
the spectrum over the wavelength where FIDA is presumably the main active
contribution to the spectrum. PNBI is the total neutral beam power, Te and
ne are the electron temperature and electron density at the line of sight
of the spectrometer obtained using the high-resolution Thomson scattering
diagnostic and qBES are the effective reaction rates obtained from ADAS
ADF22 data files.
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Figure 4.2: Average difference in FIDA intensity around beam notches of
PINI 8.7 versus the expected scaling of FIDA intensity for pulses that have
at least two beam notches. FIDA intensity is taken from track 6 (D8) of
spectrometer KS5K by integrating the spectrum over the wavelengths where
FIDA is the only active contribution to the spectrum. PNBI is the total
neutral beam power, Te is the maximum electron temperature obtained using
the high-resolution Thomson scattering diagnostic and ne the line-integrated
electron density obtained from the far-infrared interferometry diagnostic.

this scaling is less thorough than that resulting in figure 4.1, as this scaling

looks only at the value of just the FIDA intensity, rather than normalising

it to the beam emission intensity. Hence, it does not account for differences

in beam neutral density between different pulses.

To summarise, the data from the scaling law as seen in figure 4.1 suggest

that the hypothesised relation between FIDA intensity and plasma param-

eters is incorrect, but due to large error margins, this statement cannot be

made with much certainty. Moreover, it would be interesting to see if the

beam neutral density can be approximated or eliminated using a different

method, as the data looks promising when the beam neutral density is as-

sumed to be equal for all pulses. This assumption is however known to be

false, meaning the data from figure 4.2 has no use in its current form.

A possible method for rewriting the beam neutral density is to approxi-

mate it from the information of the neutral beam power data system. Knowl-

edge of which PINIs eject neutrals into the plasma at which times and ener-

gies could allow an approximation of the beam neutral density as a function

of space and time. Nevertheless, this method has a major disadvantage in

that it is very time-consuming to generate such an array.

In the computation of the results of this chapter, several assumptions
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have been made, which will be evaluated here. The principal assumption

is that — with the exception of impurity lines — FIDA and bremsstrah-

lung are the only contributions to the spectrum at the wavelengths between

which the spectral intensity is integrated. If there are other contributions

to the spectrum, the computation of the FIDA intensity does not hold up,

meaning the results hold for the addition of FIDA and the other unknown

contribution to the spectrum instead.

Similarly, with regards to bremsstrahlung, it was assumed that this is

the only contribution to the spectrum at wavelengths further away from the

central wavelength than possible achievable with the given beam energy. If

there are other contributions to the spectrum in this wavelength interval,

the subtraction of bremsstrahlung was done incorrectly which would also

influence the data.

To verify the validity of the bremsstrahlung subtraction, an analysis was

made of how the computed average bremsstrahlung of every pulse related

to its expected proportionality, i.e. n2
e · T

1/2
e [23, ch. 3]. The result of this

is shown in figure 4.3, where it can be seen that the bremsstrahlung largely

obeys the expected proportionality. Figure 4.3 also shows, however, that

there are some peculiar outliers in the bremsstrahlung as measured by spec-

trometer KS5J.

For the comparison of the FIDA intensity to its expected scaling, it was

assumed that the difference in intensity around beam notches is proportional

to the total FIDA intensity at that moment. This was used as a best es-

timate of the FIDA intensity, but there is no evidence to suggest that this

assumption is true.

Another discussion point regarding the significance of the data in figure

4.1 is how the parameters used to determine the theoretical value of FIDA

intensity are distributed. The results from this method do not prove that

the used scaling law is an accurate representation of the normalised FIDA

intensity, but if this were the case, this would only be significant if there

is little or no correlation between the parameters of the scaling law. An

overview of the parameter space is shown in figure 4.4. The values used

for the electron density and electron temperature are taken from the high-

resolution Thomson scattering diagnostic at the radial location at which

track D8 of spectrometer KS5K looks into the plasma. From the figure, it

can be seen that little to no correlation exists between the electron density
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Figure 4.3: Averaged bremsstrahlung intensity of all pulses that were anal-
ysed for FIDA as seen by track D8 and L9 of spectrometers KS5K (top) and
KS5J (bottom), respectively. ne and Te represent the electron density and
electron temperature obtained using the high-resolution Thomson scattering
diagnostic.
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Figure 4.4: Overview of the distribution of the electron density ne, electron
temperature Te and neutral beam power PNBI for the pulses analysed for
their FIDA intensity. The values for ne and Te are taken at the radial
location where track D8 of spectrometer KS5K looks into the plasma.

and the electron temperature, but that there is a correlation between the

total neutral beam power and the electron temperature. In practice, this is

difficult to avoid, as NBI is used as one of the primary heating mechanisms

at JET.

There is one assumption made in this chapter that needs to be properly

discussed, which regards the wavelength intervals over which was integrated

to arrive at values for the FIDA intensity and the beam emission inten-

sity. For the computation of the FIDA intensity, the presumed FIDA light

was integrated over a fixed wavelength interval, as specified in section 4.2.

Contrarily, the wavelength interval used to calculate the beam emission in-

tensity differed between pulses; the central wavelength of the σ-peak of the

full-energy component is computed for each pulse and used as the centre

of a 30-pixel interval. A consequence of this approach is that the FIDA

intensity — and therefore the value of the intensity ratio SFIDA/SBES —

is consistently underestimated for pulses with low beam energy. The rea-

son for this is is that the Doppler broadening of the FIDA peak decreases

with decreasing beam energy and as such a smaller portion of the FIDA

component is integrated over.

The effect of this discrepancy is difficult to estimate. As seen in figure

4.4, pulses with low beam power typically have a lower electron temperature

as well, meaning that the FIDA intensity is expected to decrease significantly

as well. Therefore, a mitigating factor here is that the pulses with low beam
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energy are expected to have very low FIDA intensity anyway, meaning these

pulses are not of high interest for this analysis. Nonetheless, this would need

to be improved if this method is to be used to diagnose the ion slowing-down

time in a JET pulse, which can be done by making the wavelength interval

of FIDA dependent on the beam energy as well.

In addition, the light used for the computation of the intensity ratio was

mostly due to reaction with full-energy beam neutrals. This approach was

taken as a method to eliminate the dependence on the beam neutral den-

sity. Therefore, the wavelength intervals used for this calculation should be

dominated by light originating from collisions with full-energy beam neu-

trals. If a significant portion of light caused by collisions with half-energy

beam neutrals is incorporated in the integration interval, or inversely, if a

part of the spectrum that is caused by collisions with full-energy neutrals

is excluded for one of the spectra, this would imply the approximation of

the beam neutral density is done incorrectly. This is difficult to account

for and is part of the reason that the vertical error margins of figure 4.1

are as large as they are. An alternative for this method would again be to

use a different manner to approximate the beam neutral density, but as was

mentioned before, there is is no obvious solution to this.

In summary, this method has little prospect in diagnosing a fast-ion

distribution at JET in its current form, due to a low correlation between

measurement and theory and large error margins. However, figures 4.2 and

4.3 do show the potential of FIDA as a diagnostic for fast ions: from fig-

ure 4.2 it can be seen that the relative error margin of FIDA is small, as

the vertical error bars in the figure are minute, and figure 4.3 shows that

the measured bremsstrahlung is at least consistent with theory, increasing

credibility of the existence of FIDA and its measurements of total intensity.

Some possibilities on how FIDA can be used as a diagnostic will be explored

in chapter 6.

61



5 Comparison of a measured

JET spectrum and a simulated

spectrum

This chapter will describe the comparison of a Balmer-α spectrum from JET

with a spectrum simulation of the same pulse without a FIDA component.

The method of this comparison will be explained in section 5.1. The results

are shown in section 5.2 and discussed in section 5.3.

5.1 Method

With the results of the previous two chapters showing the presence of FIDA

in JET Balmer-α spectra is plausible, the goal of this chapter is to attempt

to show that FIDA is unequivocally present in the spectrum. To do this,

the measured data from the KS5 spectroscopy setup were compared to a

simulation from the ”Simulation of Spectra” (SOS) tool developed by Von

Hellermann et al. A simulation from SOS can show what is the intensity of

the most common contributions to the spectrum, such as direct charge ex-

change or beam emission, but does not account for FIDA. As such, a rough

estimate of the FIDA spectrum can be made by subtracting the simulation

from the measurement. This estimate is much too rough to use as a quantita-

tive result, but can show whether there is some contribution to the spectrum

that is unaccounted for. Furthermore, it can show the approximate spectral

intensity due to FIDA.

The hypothesis is that if FIDA is indeed present, the subtraction of

the measurement data and the simulation will have a shape that is roughly

identical to the curve for FIDA as shown in figure 2.11, at the very least at

wavelengths away from the central wavelength. The argument here is that
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Figure 5.1: Qualitative estimate of the presence of FIDA determined by tak-
ing the difference (green) of measurement data from the KS5K spectrometer
(blue) and a simulation from SOS (yellow) that does not incorporate a FIDA
contribution. The pulse in question is pulse 95454. The measurement data
used is that of track 6 (D8) between t = 51.5 s and t = 52.5 s.

the ratio of the different components of the spectrum may not be completely

correct in the simulation, but the difference at wavelengths where the DCX

and halo contributions are imperceptible should provide a clearer compari-

son. Phrased differently, at wavelengths where BES and FIDA are the only

active contributions, the difference between measurement and simulation

should be a solid indication of the presence of FIDA light.

5.2 Results

Figure 5.1 shows the comparison between the measurement data taken by

spectrometer KS5K and the simulation from the SOS software. Due to many

parameters in the simulation having an error margin, the used simulation

is not optimal, but is sufficient to verify qualitatively the existence of FIDA

as a contribution to the JET Balmer-α spectra. The figure shows that the

ratio of the peak values in the beam emission component of the spectrum,

which is dominant in the simulation between 657.3 nm and 660.2 nm, shows

a serious discrepancy with the measurements.
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5.3 Discussion

Serving as a verification of the presence of FIDA in JET Balmer-α spectra,

figure 5.1 is to be seen as a rough estimate. The wavelengths of the beam

emission peaks of the simulation do not correspond perfectly with those

from the measurement, which is partly due to numerical reasons. It should

be possible to adapt the wavelengths of the beam emission peaks of the

simulation slightly to better correspond to the measurements. However,

due to the large number of parameters, this would have been a decidedly

time-consuming task with very little merit. More importantly, the intensities

of the beam emission component would change negligibly from this. As it

is, the figure clearly shows the existence of an additional component in the

wavelength band of the beam emission spectrum.

This statement can be consolidated by subtracting another peak from

the spectrum. In the wavelength band of the direct charge exchange and

halo components, a Gaussian-looking peak emerges approximately between

656.5 nm and 657.5 nm. This peak is probably due to halo emission that is

not properly accounted for by the simulation software. Fitting this Gaus-

sian and subtracting it from the measurement as well should give a more

accurate estimate of the part of the spectrum that is not accounted for by

the simulation. The fitted Gaussian has a central wavelength at 656.5 nm.

The result of this subtraction is shown in figure 5.2.

Apart from a narrow peak around the central wavelength, this figure

shows that the component between 657.6 nm and 660.3 nm is not explained

by this peak. The intensities in this wavelength interval are significant be-

cause they are approximately an order of magnitude larger than the brems-

strahlung intensity. The narrow peak around the central wavelength cannot

be removed numerically by subtracting another Gaussian fit due to the low

number of data points.
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Figure 5.2: Difference curve (red) of JET pulse 95454 after an additional
fitted halo peak (green) is removed from the spectrum. The blue and yellow
lines are identical to figure 5.1.
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6 General discussion

6.1 Discussion of the results

The goal of this section is to compare the results of chapters 3, 4 and 5 and

see which extra insights can be obtained from combining the information

from these chapters. It is with this intention, that the most important

conclusions from the previous three chapters are summarised here.

In chapter 3, it was shown that there are regular occurrences in the time

evolution that correspond to what is hypothesised for an active spectrum

component. Given that the known active contributions of direct charge

exchange, halo emission and beam emission cannot occur at the regarded

wavelengths, this makes the presence of FIDA plausible. However, the dips

in intensity do not occur for every dip in beam power, which is in contradic-

tion to the hypothesis. Also, the measurements were suffering from serious

amounts of noise.

Chapter 4 examined the ratio of FIDA and beam emission intensity and

their predicted dependence on plasma and neutral beam parameters. The

results showed little correlation between measurement and theory in combi-

nation with very large error bars. It was discussed that there were several

assumptions made in the production of the figure, some of which might have

negatively impacted the data. The largest hindrance was the method used

to approximate the beam neutral density, as the hypothetical assumption of

a constant beam neutral density across every pulse showed more promising

results and smaller error margins. Another important result of chapter 4

was that the bremsstrahlung component of the spectrum behaved mostly as

predicted by theory. This implies that at least the subtraction of brems-

strahlung used in chapters 3 and 4 has been done correctly.

The goal of chapter 5 was not so much to answer the research question
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central to this thesis, but to see whether there is a spectrum component re-

sembling a FIDA spectrum and to see whether the shape of this component

could explain why the results of chapter 3 and 4 were poor. Although the

results from chapter 5 have plenty of room of improvement, they showed at

least qualitatively the presence of an extra component with a shape remi-

niscent of that of FIDA.

Interestingly, the results from chapter 5 as shown in figure 5.1 also pro-

vide a possible explanation why FIDA light has been difficult to diagnose

using the methods of chapters 3 and 4. Assuming that the difference curve is

qualitatively accurate for wavelengths of 657.5 nm and higher, i.e. for wave-

lengths where the DCX and halo contributions are insignificant, it emerges

that most of the FIDA component is present at the same wavelengths as the

beam emission spectrum. As a result, the part of the FIDA spectrum that

has been used for the measurement data in the two previous chapters has

been at most a few percent of the total FIDA intensity.

The unused part of the FIDA spectrum was discarded because it is ob-

scured by the peaks of the beam emission spectrum. However, if a method

could be devised that would allow differentiation between the FIDA spec-

trum and beam emission peaks, this would allow a much larger portion of

the FIDA spectrum to be used for measurements. As a result, this would

elicit more robust results for the FIDA intensity due to Poisson statistics

having less influence on the averaged data, thereby decreasing the size of

the error margins.

Furthermore, the shape of the FIDA curve in the wavelength band of

the beam emission spectrum as shown in chapter 5 elicits some interesting

remarks regarding the assumptions made in chapter 4 regarding the intensity

ratio of FIDA and beam emission. On the one hand, figure 5.2 shows that the

difference curve has a maximum around 658 nm. In the wavelength band

used to compute the beam emission intensity, the assumption was made

that the intensities of other components (apart from bremsstrahlung) were

negligible compared to the beam emission intensity at these wavelengths.

However, figure 5.2 shows that the intensity of the difference curve — which

is hypothesised to resemble the FIDA spectrum — is a significant fraction

of the total measured intensity. So, what has been used as the signal due to

beam emission in chapter 4, actually contained some light which originated

from FIDA. Separating the FIDA and beam emission light that occur in the
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same wavelength interval could help to improve the scaling law data in the

future.

Figure 5.2 does present a new argument to only use the full-energy com-

ponent of the beam emission spectrum for the computation: The full-energy

component is furthest away from the central wavelength and the FIDA in-

tensity is lowest at these wavelengths.

6.2 Outlook

Although the results presented above are not very promising, several steps

can be taken to continue research on FIDA at JET. As mentioned in the

previous section, one possibility for further study is to see if there is another

way to estimate the beam neutral density, rather than eliminate it by using

the ratio of FIDA intensity and beam emission intensity. As shown in figure

4.2, there appears to be some correlation between the measurements and the

scaling used for the values on the horizontal axis, which deteriorates when

using the theoretically superior scaling as in figure 4.1, possibly due to the

size of the error margins in the latter. If the beam neutral density, which

is the feature missing in the computation of figure 4.2, can be implemented

by some other means, perhaps this presumed correlation will emerge in

a more pronounced manner. It may be possible to determine the beam

neutral density using the FIDASIM modelling suite, which was developed

at the DIII-D tokamak in San Diego, USA, to simulate and predict Balmer-

α spectra, particularly including FIDA contributions. What has been done

but has proven to be unsuccessful was to implement extra parameters in

the scaling used for figure 4.2, that might influence the FIDA intensity.

Parameters that were implemented in an attempt to improve the correlation

are the ion cyclotron resonance heating power and the gas injection rate.

Another angle that might be pursued is to perform a thorough analysis

of outliers in the data of figure 4.1. Some of these pulses have been inspected

superficially to no avail, but it may be worthwhile to see if a pattern emerges

in the plasma or machine parameters of outlying data points.

A different approach of determining the FIDA signal could be to see if a

complete FIDA spectrum can be retrieved by decomposing measurements.

Chapter 5 has shown qualitatively that an extra component emerges when

the other active components are removed from the spectrum. By fitting
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the different components of the spectrum instead of subtracting a spectrum

simulation, this method could be implemented more accurately and possibly

result in useful quantitative results. Fitting algorithms for direct charge

exchange, halo emission and beam emission already exist at JET, and most

impurity lines are also known. If these fits can be subtracted from the

total signal, from which the edge Dα signal is already removed, all that

should be left is the sum of the FIDA signal and the bremsstrahlung. From

this, the FIDA signal can be retrieved by using that the bremsstrahlung is

constant for all wavelengths. A major disadvantage of this method, is that

the subtraction of the various fits from the measured signal lead to large

error margins of the resulting FIDA signal.

Finally, further implementation of FIDASIM might help gain new in-

sights regarding the intensity and spectral shape of FIDA at JET. FIDASIM

should be able to theoretically determine the intensity of all active contri-

butions to the spectrum as well as visible bremsstrahlung. As a result, it

should be able to predict a JET Balmer-α spectrum in which it can differ-

entiate how much each source contributes to the spectrum. A first attempt

was made to use FIDASIM to reproduce spectra, but the results seemed un-

promising. In retrospect, this was probably done too early in the project, as

not all checks regarding FIDA had been done at that stage. Moreover, con-

tinuing FIDASIM as part of this thesis was difficult due to multiple people

needing to be involved for whom this was not a priority.
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7 Conclusion

In this thesis, the presence of fast ion deuterium-alpha light at JET has been

investigated to study whether JET produces fast ion populations that can be

diagnosed using the upgraded charge exchange recombination spectroscopy

set-up. The new spectroscopy set-up has a lower etendue than the previous

setup (0.048 mm sr−1 vs 0.076 mm sr−1), but has a much larger wavelength

band which crucially allows proper background subtraction.

At the start of the project, several hypotheses were postulated describing

how a Balmer-α spectrum at JET would behave if a FIDA component would

be a significant contribution to the spectrum. Firstly, the total intensity at

wavelengths where no other active spectrum contribution can exist, was

expected change with changing beam power. Secondly, the ratio of the

presumed FIDA intensity to the beam emission intensity would have to

scale with a relation involving the beam power, electron temperature and

electron density as derived in section 4.1.

For the first method, it was found that the total intensity regularly but

not consistently shows behaviour corresponding to the beam power. As a

result, the presence of FIDA at JET was deemed plausible, but the intensity

was considered too low to use this method for diagnostic.

The second method produced inconclusive results regarding the hypoth-

esised scaling law of FIDA. Although not computed, the correlation between

measurement and theory produced by this method is obviously low. How-

ever, due to the large error bars that arose in this method, the hypothesis

could be neither proved nor disproved.

With the wish to determine more certainly whether the active contribu-

tion found in the time evolution of the signal was indeed FIDA, an extra

method was added to the project. By subtracting a simulated, FIDA-free

spectrum from a measurement spectrum, it emerged that the extra contribu-

tion to the spectrum did resemble FIDA as seen at other fusion experiments.
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Moreover, the shape of the presumed FIDA spectrum showed why several

assumptions made earlier in the project were not as accurate as was ini-

tially thought. This has helped to explain why the results of both the time

evolution and the comparison to the scaling law were poor.

Altogether, this means the central research question can be answered

positively: It is possible to use neutral beam injection to generate a fast

ion population in JET-ILW that can be diagnosed using the FIDA signal

obtained from charge exchange recombination spectroscopy. However, the

methods used in this thesis are in their current form inadequate to use

FIDA as a diagnostic for the fast ion velocity distribution or other fast ion

parameters. Multiple recommendations were presented in chapter 6 as to

how the methods used in this thesis can be improved. The most important

recommendations are to find a different manner to approximate the beam

neutral density, to use simulations or fitting algorithms to predict the FIDA

spectrum and to investigate the influence of PINIs other than PINI 8.7 on

the FIDA intensity.

In conclusion, FIDA light is distinguishable at JET, but has yet to prove

its utility as a diagnostic. In order for FIDA to be implemented as a diag-

nostic for the fast ion slowing down time at JET, more work needs to be

done as detailed in section 6.2. Should this not be done, advancement of the

field of energetic particle research will rely on the use of other diagnostics,

such as neutral particle analysers or collective Thomson scattering, or the

research of FIDA at other fusion experiments.
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