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Abstract

In the pursuit of alternatives to fossil fuels, the experimental
reactor ITER aims at proving the scientific and technological feas-
ibility of fusion on a large scale. ITER will be followed by a
DEMOnstration Fusion Power Plant (DEMO) with the main goals
of producing electricity for the grid and demonstrating the commer-
cial viability of fusion energy. For the latter objective, minimising
the recirculating power consumed by the power plant, mainly by
the external heating and current drive (H&CD) systems, is funda-
mental. Hence, the industrial exploitation of fusion requires a high

wall-plug efficiency of the H&CD systems.

Negative-ion-based neutral beam injection (NNBI) is one of the
H&CD systems considered for the European DEMO. Improving the
NNBI wall-plug efficiency, which on ITER is only about 26 %, is the
objective of this work. As gas neutralisation of the negative ions
poses the major limitation to the ITER NBI wall-plug efficiency,
the main options for its improvement on DEMO are increasing
the neutralisation efficiency and/or reducing the electrical power

consumed by the injector.

If a plasma is produced and sustained within the neutraliser, the
collisions of the negative ions with plasma electrons and positive
ions rather than with gas molecules lead to a higher neutralisation

efficiency. To this end, the innovative concept of the beam-driven



plasma neutraliser (BDPN) is studied in detail: an external power
source is avoided as the plasma is generated by the negative ion
beam that ionises the background gas while passing through the
neutraliser chamber. The plasma is confined by a magnetic cusp
field around the neutraliser. A zero-dimensional analytical model
is built upon existing models to predict the BDPN performance
on an ITER-like NBI. In order to benchmark the analytical model
and to prove the BDPN feasibility, a suitable proof-of-principle
experiment is identified.

On ITER, the residual ions of the neutralisation process are re-
moved from the beam of neutral atoms and dumped at full energy.
Thus, by recovering their kinetic energy and recirculating the cor-
responding current, one can reduce the NBI power consumption. A
conceptual design of an energy recovery system (ERS) is proposed
for the DEMO NNBI: the positive and negative ions at the neut-
raliser exit are firstly magnetically separated and subsequently de-
celerated and collected. A particle tracking computer code is used
to evaluate the ERS efficiency. The role played by the background
gas pressure along the injector is highlighted. Finally, the impact
of the ERS in combination with both the gas neutraliser and the
BDPN on the NBI wall-plug efficiency is estimated.
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Chapter 1

Introduction

The energy problem is the biggest challenge humanity has to face in this cen-
tury. The world population growth, the increased urbanization and the rising
access to electricity in the emerging economies lead to a huge increase in the
energy demand. According to the International Energy Agency (IEA), the
energy demand will rise by 1.3 % each year to 2040 [1].

Over the last century, the energy production has been based on burning fossil
fuels such as coal, oil and gas which imply the emission of greenhouse gases
(GHGs). Due to higher and higher GHG concentrations in the atmosphere,
the global temperature is increasing: since pre-industrial times, human activity

has warmed the world by about 1°C.

At the 21st Conference of the Parties (COP21) in 2015, almost all the nations
around the world adopted the Paris Agreement with the aim of limiting the
global average temperature increase to 2°C above pre-industrial levels, em-
phasizing the importance of striving for a maximum increase of 1.5°C, half a
degree more than the present situation. The latter, more ambitious goal was
stressed by the Intergovernmental Panel on Climate Change (IPCC) Special
Report on Global Warming of 1.5°C (known as SR1.5) 2] which outlined the
higher risks for natural and human systems for a global average temperature

increase of 2°C above pre-industrial levels. At the current human-induced

1



Chapter 1. Introduction

warming rate, the 1.5°C-threshold would be reached around 2040. Hence,
urgent action is needed.

The principal GHG is CO,. Reducing its emissions to zero means that the
amount of COy injected into the atmosphere is equal to the amount that is

removed, a condition known as carbon neutrality.

Renewable sources such as solar, wind, hydro or biomass energy are the first
choice of governments in their strategy to reduce the GHG emissions. How-
ever, the electricity production of many renewable sources is intermittent as it
depends on the weather conditions. Hence, energy storage systems, e.g. bat-
teries, are fundamental to the grid stability, but they require high investment
costs. Furthermore, the electricity output is in general not sufficient to satisfy
the needs of the grid. Power plants based on fossil fuels would then be needed
as backup to make sure that the demand is always met.

The downsides of the renewables highlight the fact that the future energy sys-
tem is rather a mix of different technologies and resources. Many countries
included nuclear power in their Nationally Determined Contributions (NDCs)
under the Paris Agreement [3]. Nuclear fission energy is a steady and reli-
able source of low-carbon base-load electricity that could support the energy
production by renewables. It is, however, a very controversial zero-emission
energy source due to a low public acceptance, especially after the Fukushima
Daiichi accident in March 2011 which brought a few countries to phase nuclear
fission power out of their energy mix [4].

Although nuclear fusion is not expected to give any significant contribution to
the power generation before 2050, it is an additional valid option to consider
in the long term. The efforts in pursuing its commercial realization rely on

many advantages [54/6]:

e Fusion enerqy is abundant and sustainable. The energy released is about
four million times larger than that by chemical reactions such as the

burning of fossil fuels and four times larger than that by fission reactions.



Furthermore, the supply of fusion fuel is plentiful. With respect to the
deuterium-tritium (D-T) fusion reaction, deuterium is present in water,
while tritium, although it does not exist in nature due to its half-life of
about 12.3 years, can be bred from lithium which is widely available. This
means that fusion is potentially accessible to everyone from everywhere

in comparison to the uneven distribution of the fossil and fission fuels.

o Zero COy emissions. Fusion does not emit GHGs as, together with

energy, it produces helium, an inert and non-toxic gas.

e No long-lived radioactive waste. Fusion products are not radioactive.

Material activation by neutrons is comparatively low.

e Fusion is inherently safe. There is no risk of meltdowns and major explo-
sions. In case of accidents, the reaction stops immediately both because
the conditions necessary for fusion are lost and because the quantity of
fuel at any time in the reactor is sufficient only for a few seconds of power

production. Hence, a chain reaction cannot develop.

e No proliferation risk. In a fusion reactor there are no fissile or fissionable
materials that could be used to make nuclear weapons, not to mention
that the fusion reaction in magnetic confinement fusion reactors is so

difficult to initiate that no misuse is really feasible.

Fusion research has made outstanding progress in the last decades and the mag-
netic confinement concept has been identified as the most promising and fast
way to achieve the commercial exploitation of fusion as energy source. In this
regard, the most ambitious project is ITER, the International Thermonuclear
Experimental Reactor currently under construction in southern France. The
collaboration between the European Union, the United States, Japan, South
Korea, India, China and Russia will result in the world’s largest fusion reactor.

ITER will prove the scientific and technological feasibility of fusion on a large
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scale, producing 500 MW of fusion power and maintaining the fusion reaction
for long periods of time, from 300s to 1h.

ITER will not deliver electricity to the grid, but it is designed to pave the way
to a DEMOnstration fusion power plant (DEMO) which, in the second half
of this century, is going to produce hundreds of MW of electricity, "although
in itself not fully technically or economically optimised" [7]. Finally, DEMO’s
features could be extrapolated to a commercial Fusion Power Plant (FPP).
Before the fusion reaction is able to sustain itself (an event called ignition), the
required plasma temperature has to be reached by means of external heating.
Neutral beam injection (NBI) has proved to be one of the most effective auxil-
iary heating systems: it has been used in most of the major fusion experiments
around the world. A beam of fast neutral particles is injected into the plasma.
Being neutral, the particles can penetrate the confining magnetic field. The
fast neutrals are ionised by colliding with the plasma ions and electrons and are
then confined inside the plasma by the magnetic field. The resulting fast ions
transfer their energy to the plasma particles through collisions. Also ITER
will rely on NBI heating and, although the heating mix of DEMO has not yet
been decided, NBI is under consideration as auxiliary heating system in the

European DEMO conceptual design [8].

Objective of the thesis

In order to facilitate the inclusion of fusion energy in the energy mix of the
future, it is fundamental to make fusion an economically viable option. In par-
ticular, the difficulty in estimating the cost of something that will be available
in more than 30 years calls for increasing efforts in making the fusion-based
electricity cost competitive. Estimations of the cost of the electricity gener-
ated by fusion are comparable to or even lower than those for the conventional
energy sources |9]. One of the major factors that severely affects the simulated

economic performance of future FPPs is the recirculating power, that is the
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power consumed by the power plant operation. Therefore, it needs to be min-
imised. As the recirculating power is mostly consumed by the external heating
systems, increasing their efficiency has become an important development goal
already in designing DEMO, despite the fact that DEMO does not aim at be-
ing as competitive as a commercial FPP. DEMO offers the possibility of testing
new technologies and improving existing systems in view of their application
to a mature fusion reactor design.

In this framework, the objective of this thesis is to explore innovative concepts
to increase the NBI wall-plug efficiency, defined as the ratio between the power
of the neutral beam injected into the tokamak and the electrical power con-
sumed by the system. The fast neutral beam is produced by initially extracting
a negative ion beam from a plasma source and electrostatically accelerating
the ions to the desired energy. Subsequently, the negative ions are neutral-
ised in a gas cell through collisions with the gas molecules. Residual ions at
the neutraliser exit are deflected onto an ion dump, while the fast neutrals
are launched into the tokamak. The NBIs of ITER and DEMO extract and
accelerate negative ions as the neutralisation efficiency of positive ions at the
required high energies is practically zero.

The gas neutraliser is the NBI component where the highest efficiency gain
is possible: the neutralisation efficiency of the ITER NBI beam of 1 MeV
D~ ions is only 55 % [10]. Among the alternatives to gas neutralisation, this
work focuses on plasma neutralisation which, providing a colliding target of
thermal ions and electrons, promises a neutralisation efficiency higher than
80% [11]. In particular, the concept of a beam-driven plasma neutraliser
(BDPN) [12,/13] is investigated in detail: the plasma is not generated by an
external power source but by the ion beam itself which ionises the background
gas while passing through the chamber. The plasma is confined by a magnetic
cusp field along the neutraliser walls. Building upon existing models, the
underlying phenomena of plasma generation via the beam-driven mechanism

are analytically described. The model results for an ITER-like NBI allow
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assessing whether it is worthwhile to invest in such a technology and, if so, the
model is used to identify a suitable proof-of-principle experiment that would
benchmark the analytical predictions and prove the feasibility of this innovative
neutraliser concept.

Energy recovery [97,99| is an additional option to increase the NBI wall-plug
efficiency by reducing the electrical power consumed by the injector: the resid-
ual ions of the neutralisation process are not simply removed from the neutral
beam and dumped at full energy like on ITER [14], but their kinetic energy is
recovered and the corresponding current is recirculated in the system. A con-
ceptual design of an energy recovery system (ERS) that magnetically separates
the non-neutralised negative ions and the positive ions generated by the beam—
gas reactions in the neutraliser and that subsequently decelerates and collects
them is presented. A particle tracking computer code is used to simulate the
residual ion trajectories, to assess the influence of the beam space charge and
to evaluate the suppression efficiency of the secondary electrons created by the
residual ions impacting with the collector walls. The role played by the back-
ground gas pressure along the injector is highlighted. In the end, the impact
of the ERS in combination with both the gas neutraliser and the BDPN on

the injector wall-plug efficiency is estimated.



Chapter 2

Nuclear fusion

2.1 Fusion on Earth

The energy of the stars in the universe is produced by fusion reactions. The
fusion of light nuclei results in heavier nuclei whose mass is smaller than that
of the initial reactants as the mass difference is converted into energy. The
attempt of exploiting this energy on Earth for electricity production has been
focusing on the reaction between two isotopes of hydrogen, deuterium (D) and
tritium (T):

D+ T — *He +n+ 17.6 MeV (2.1)

Together with a nucleus of helium, also called a-particle, and a neutron,
17.6 MeV of energy are released as kinetic energy of the products: 14.1 MeV are
carried off by the neutron and the remaining part, 3.5 MeV, by the a-particle.
Deuterium is an abundant resource: it can be found in natural water with
a fraction of 1 part in 6700 [15]. Tritium occurs in very small quantities in
nature as it is an unstable radioactive nuclide which decays by S~ emission
with a half-life of around 12.3 years. However, it is possible to use the neutron

produced by the fusion reaction to breed tritium from lithium through the
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following reactions:

n+ Li — “He + T + 4.8 MeV (2.2)

n+ Li — *He + T +n — 2.5 MeV (2.3)

Lithium is widely available in the Earth’s crust and even in the oceans, with
natural abundances of 7.5% for °Li and 92.5% for "Li. Despite the lower
abundance, °Li is going to be used to breed tritium in a fusion reactor as

reaction (2.2)) has a much higher cross section.

Other fusion reactions could be considered and some of them present clear
advantages, like a higher energy release (D—*He reaction) or neutron-free fusion
(prLi and p—''B reactions, where p denotes a proton), the latter allowing the
avoidance of radiation damage and material activation. However, the D-T
reaction is the most conveniently achievable as its cross section is the highest
and reaches the maximum at the lowest temperature, corresponding to an
energy of about 100keV. At low energies, the repulsive Coulomb force makes
it impossible to bring the two positive nuclei together and achieve the fusion
reaction. The fuel nuclei, therefore, have to be heated to high temperature
such that their kinetic energies are high enough to overcome the electrostatic

repulsion. Hence the name thermonuclear fusion.

A temperature of 100 keV is not necessary though. If a mixture of D-T nuclei
is heated to a temperature of around 10-20 keV and confined for a sufficiently
long time to allow particles to thermalise through many collisional processes,
some of them can overcome the Coulomb barrier via quantum mechanical
tunnelling and come sufficiently close to fuse. As the thermalisation results in
a Maxwellian kinetic energy distribution of the reactants, the fusion reactions

come mainly from the high-energy tail of the distribution.

A temperature of 10keV is equivalent to about 100 million °C: the fuel gas

mixture forms a fully ionised plasma.



2.2. Magnetic confinement

2.2 Magnetic confinement

The required energy confinement time 7, defined as the ratio between the total
energy in the plasma and the rate at which energy is lost, can be achieved by
confining the plasma particles by means of a magnetic field: hence, the ions and
electrons are restrained to move along the magnetic field lines. Closed magnetic
confinement systems, in which the magnetic field lines are constrained in a
specified volume, avoid the end losses of particles that would occur in an open
configuration. A torus-shaped chamber has proven to be the most successful
way to trap plasma particles. The toroidal magnetic field is generated by a set
of ring-like coils around the torus. However, a purely toroidal magnetic field is
not effective: the magnetic field in a torus is stronger on the inside, causing a
vertical drift of the plasma particles that depends on their charge. Hence, ions
and electrons drift in opposite directions and such charge separation produces
an electric field. The direction of the resulting E x B drift of the whole plasma
is outward, leading to a rapid loss of particles. In order to prevent the charge
separation, a poloidal component of the magnetic field is needed to helically
twist the magnetic field lines. On the basis of how the poloidal component
of the magnetic field is generated, one can distinguish the two most common

types of fusion machines: tokamaks and stellarators.

2.2.1 Tokamaks

In a tokamak, the poloidal magnetic field is produced by an electric current
flowing in the plasma along the toroidal direction. Toroidal and poloidal mag-
netic fields together force the plasma particles to follow helical orbits. The
plasma current is externally induced by transformer action: a solenoid at the
centre of the tokamak acts as the primary winding, while the plasma itself
is the secondary. Induction being a transient phenomenon, the plasma cur-
rent can be provided only for a finite period of time. Steady-state operation,

therefore, requires alternative non-inductive current drive methods. The main
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Figure 2.1: Schematic drawings of (a) a tokamak and (b) a stellarator. Pictures realised
by Dr. Christian Brandt and reproduced with permission of the rights holder, Max Planck
Institute for Plasma Physics.

advantage of the tokamak concept is the rotational symmetry, making a 2D
description, by means of the toroidal and poloidal coordinates, exhaustive.
The downsides are the pulsed operation and the loss of plasma confinement
due to the instabilities generated by the plasma current. A simple schematic

of a tokamak machine is shown in figure [2.1a

2.2.2 Stellarators

In a stellarator, there is no need to drive a plasma current as the twisting of
the magnetic field lines is provided by carefully designing the coils. Hence,
stellarators are inherently capable of continuous operation. In the stellarators
of the first generation, the toroidal magnetic field was generated by planar coils
as in the case of tokamaks, while helical coils wound around the torus twisted
the magnetic field lines, as schematically shown in figure In modern
stellarators, the magnetic field is shaped by a single coil system consisting
of toroidal non-planar coils with a complex geometry. This is the case of
Wendelstein 7-X, the world’s largest stellarator operated at IPP . The coil
shape of Wendelstein 7-X is the result of an optimisation of the magnetic field

to reduce the energy losses of the plasma.
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2.3 The gain factor )

While the neutrons produced by the D-T fusion reaction leave the plasma
with no interactions, the a-particles, being charged, are also confined by the
magnetic field. This means that their kinetic energy of 3.5 MeV is transferred
to the plasma through collisions, contributing to the plasma heating. If P, is
the power provided by the a-heating and P, is the plasma energy loss rate,
the external heating Py required to reach the conditions for the thermonuclear
fusion is such that [15]

Py+ P, =P (2.4)

When the a-particle heating alone counteracts the plasma losses and is able
to sustain the fusion reaction by keeping the plasma hot, the external heating

can be removed. This condition is called ignition.

The rate of energy loss from the plasma P, is characterised by an energy

confinement time 7 according to the relation

P=— 2.5
L TE’ ( )

where W is the total energy in the plasma.

A conventional figure of merit in describing the ignition condition is the product
of the plasma density n, the plasma temperature 7" and the energy confinement
time 7g, also known as triple product. In the temperature range 10-20keV,

the ignition condition reads [15]

nTrg > 5 x 10 m?keVs. (2.6)

In order to quantify how close to ignition the plasma is, another useful para-

meter is the ratio () between the power generated by the fusion reaction and

11
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the heating power that is externally supplied to the plasma:

P fus

Q= Py (2.7)

At ignition, Pg = 0, so ) — oo. The condition () = 1, for which the fusion
power is equal to the auxiliary power into the plasma, is called break-even.
Large values of () can be obtained without reaching ignition, but the presence
of external heating lowers the overall efficiency of the machine as part of the

produced power must be used to sustain the plasma.

2.4 Heating and current drive (H&CD) systems

In order to reach the required temperature of 10-20 keV and until the fusion
reaction does not need to be externally sustained any more, different heating

methods are used.

e Ohmic heating is the initial heating in a tokamak and comes from
the Joule dissipation due to the ion-electron collisions of the toroidal
current that is inductively driven in the plasma and mostly carried by
electrons. Ohmic heating is very strong at low temperatures, but then it
becomes less important as the plasma resistivity decreases with increas-
ing temperature as Te_?’/Q7 with 7T, being the plasma electron temperature.
Therefore, the ohmic heating is not enough to bring the tokamak plasma

to ignition and additional heating is needed.

e Neutral beam injection (NBI): a beam of fast neutral particles is
injected into the plasma where they are ionised through collisions. Hence,
the fast NBI ions are confined in the torus by the magnetic field and
collide with the plasma ions and electrons, transferring their energy to the
plasma particles. The need of using neutral beams comes from the fact
that charged particles would be reflected back by the confining magnetic
field.

12
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e Radiofrequency heating (RF): high power electromagnetic waves are
launched into the plasma and absorbed at resonant frequencies, produ-
cing strong heating. A magnetised and multi-species plasma, like the one
of fusion reactors has different resonant frequencies which correspond to
different RF heating mechanisms. The underlying principle, however, is
the same: a remote high power generator transmits the electromagnetic
energy to an antenna in the plasma chamber through a low-loss transmis-
sion line. According to the frequency regime, one can distinguish three

main RF heating schemes:

— Electron cyclotron resonance heating (ECRH): the electro-
magnetic waves propagate at frequencies of the order of the electron

cyclotron frequency (GHz range);

— Ton cyclotron resonance heating (ICRH): the RF heating is

applied in the ion cyclotron range of frequencies (MHz range);

— Lower-hybrid range of frequencies (LHRF): it operates in the
frequency range between ICRH and ECRH.

The main function of these auxiliary systems is to heat the plasma and ignite
the fusion reaction. The heating should also be sufficient to favour the trans-
ition to the H-mode confinement regime [17], a high-confinement state of the
plasma in which the energy confinement time increases by about a factor of

two with respect to the previous low confinement regime, called L-mode.

A power deposition near the plasma centre allows for the minimum power
input: NBI, ECRH and ICRH are able to provide a central plasma heating,
while LHRF has limited penetration. In a tokamak, however, these systems
may need to accomplish another fundamental task: to drive the toroidal cur-
rent generating the poloidal magnetic field. This is a vital requirement for

steady-state operation.

13
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2.5 ITER

The feasibility of a tokamak fusion machine for the production of energy is
going to be tested on a large scale for the first time by the International
Tokamak Experimental Reactor (ITER), the biggest and most ambitious ex-
periment about fusion which is being built in southern France. The ITER
project is the result of a scientific collaboration between the European Union,
the United States, Japan, South Korea, India, China and Russia with the aim
of demonstrating the physics and technology of the fusion energy exploitation
with the prospect of its commercial use through a full-developed fusion power
plant (FPP). ITER, indeed, will not produce electricity. However, it will be
the first fusion machine in which the a-particle heating dominates. Formally,
the main mission is to produce around 500 MW of fusion power from a D-T
plasma confined for 300-500s with a gain factor @) at least equal to 10, corres-
ponding to an external heating power of 50 MW. Hence, ITER will generate
more power than that externally supplied to heat the plasma. I'TER will also
investigate continuous operation of a tokamak by means of non-inductive cur-
rent drive for pulse durations of up to 1h and a @ value of 5. If these two
objectives are successfully achieved and the plasma confinement characterist-
ics are favourable, a third goal is scheduled: the so-called "controlled ignition"

corresponding to () ~ 30 [18].

Although the ITER design is based on the knowledge and expertise gained
through decades of experimental campaigns with the many smaller-scale toka-
maks built and operated around the world, it represents a big extrapolation
step: the linear size scale is bigger than that of the largest tokamak ever built
to date by about a factor of 2 and is bigger than that of the largest supercon-
ducting tokamak currently in operation by a factor of 3—4 [18|. The principal
parameters of the ITER tokamak are: the major and minor radius are 6.2m
and 2.0m, respectively, the inductively driven plasma current is 15 MA and

the nominal value of the toroidal magnetic field on the plasma axis is 5.3 T,

14
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requiring superconducting magnets to avoid the high resistive losses of normal
conductors.

It is then fundamental to demonstrate the advantages in terms of safety and
environment of a fusion machine in order to present nuclear fusion to the pub-
lic as a convincing and reliable alternative to the carbon-based energy sources.
ITER first plasma is currently planned for December 2025 [18]. The first oper-
ation scenario of ITER is going to be a non-activation phase in which hydrogen
and/or helium are the main ion species [38]. The non-activation phase is im-
portant for the commissioning and validation of all tokamak systems. It will
be followed by a low-activation D—D phase which provides the physics and
operational basis for the D-T operation, scheduled to start in 2035 [18].

2.6 The European DEMO

The European DEMOnstration fusion power plant (DEMO) is defined by
the European Roadmap to Fusion Electricity [7] as the intermediate machine
between ITER and the first commercial FPP. Every ITER member country
has its own strategy to reach the industrial and commercial exploitation of fu-
sion after the realisation of ITER and, therefore, they all presented a different
conceptual DEMO project [19-23]. In this work, however, reference is made
only to the DEMO design study and R&D activities in Europe carried out by
the EUROfusion Consortium [7}24].

One of the central requirements of the European DEMO is the production
of net electricity for the grid. DEMO will benefit from the technological and
engineering knowledge gained through the construction and operation of ITER.
Therefore, DEMO design is going to be carried out in parallel and modified
according to the ITER results. This dependency is schematically outlined in
figure It is planned that DEMO will start operations in the second half
of this century, around 20 years after ITER achieves a burning plasma with a

gain factor @ = 10 [7].
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Figure 2.2: Scheme of the European Roadmap to the realisation of fusion energy, showing
the main challenges and missions and their interrelations. It is well depicted how DEMO will
receive inputs from ITER construction and operation and from other present and planned
test facilities. Picture reprinted from |7]| with permission of the rights holder, EUROfusion.

The main goals of DEMO are [7,[24]:

e an electricity power output of 300-500 MW to the grid;

a closed fuel cycle or, in other words, tritium self-sufficiency through the

breeding of tritium by neutron-lithium reactions;

to validate materials that could withstand high neutron fluences;

to demonstrate safety and environmental sustainability;

to prove the feasibility of fusion relevant technologies;

to asses the economic viability of a commercial FPP.

Relying on ITER experience, however, does not give sufficient answers to ad-
dress the innovation level required in some critical areas. Hence, while at the
beginning DEMO will use sufficiently well established solutions that have been
tested on ITER and extrapolated to the DEMO-scale, research will continue

in parallel to explore alternatives either as back-up options should criticalities
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arise or as economically more attractive solutions to be considered in design-
ing an FPP. In this context, the stellarator concept is explored as long-term
alternative to tokamaks for a power plant, after bringing the stellarator con-
figuration to maturity by exploiting present devices, in particular Wendelstein
7-X |7).

Due to a lower power production and shorter pulse lengths, neutron irradiation
will not be a major problem for ITER, but it will be for DEMO. Low-activation
materials that are able to guarantee the required thermal and mechanical prop-
erties over long periods need to be used.

Unlike ITER, DEMO will have a complete Balance of Plant (BoP), i.e. all
the systems that convert the thermal power produced by the ignited plasma
into electricity to deliver to the external grid. The conventional BoP com-
ponents need to be compatible with the innovative technologies and materials
developed for fusion and combined into an integrated design. KEngineering
material data coming from fission neutron irradiation experiments are not suf-
ficient due to very different neutron spectra and temperature conditions. In
order to study and characterise materials under irradiation of neutrons with
fusion-spectra, the construction of an International Fusion Materials Irradi-
ation Facility (IFMIF) in Japan and of a smaller facility, IFMIF-DONES in
Europe, is planned [25,26].

Furthermore, also the economical aspects of the energy production are going
to be taken into consideration in designing DEMO. This is not a primary
objective as DEMO is not planned to be a competitive power plant. However,

cost minimisation is one of the main drivers in selecting and optimising the

DEMO design.

2.6.1 DEMUO design strategy

Designing DEMO is a three-phase-process [7]:

e Pre-conceptual design: the system requirements are identified and a
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reference configuration, with fixed geometry and operational paramet-
ers, is assumed and referred to as baseline. Alternative reactor concepts
are defined and compared against the baseline such that, at the end of
the pre-conceptual design phase, it is possible to select either the most
suitable as back-up options in case the baseline showed some critical
problems or the most promising in terms of technologies that have not
yet been developed but that could be available in a near future. This

phase terminated in 2020.

e Conceptual design: the baseline and the selected configurations from
the previous phase are studied and developed in detail. The aim of
the conceptual design phase is to select the final DEMO design concept
through a review gate in 2027.

e Engineering design: the chosen solutions for the final DEMO config-
uration are characterised from the engineering and technological point of
view and prototypes are built and tested. This phase includes also the

beginning of construction, around 2040.

2.6.2 DEMO options

As the conceptual design phase has just started, no official DEMO design exists
and the operational requirements are not yet well defined.

At present, the focus is on two concepts [24,27,28], called DEMO-1 and flexi-
DEMO. The baseline DEMO-1 is a pulsed fusion power plant that requires
little extrapolation from the ITER experience, with a consequent minimisa-
tion of the development risks, while flexi-DEMO, even though operating in
a pulsed mode too, is able to move to a steady-state regime of operation if
a high confinement enhancement factor H can be achieved. The steady-state
configuration demands a huge technological improvement with respect to what
will be achieved by ITER, especially in providing reliable and efficient current-

drive. The main design parameters of the two DEMO concepts are listed in
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Table 2.1: Main design parameters of ITER [18] and of the DEMO concepts under con-
sideration [24].

Parameter Symbol ITER DEMO-1 flexi-DEMO
Pulsed Steady-state
Major radius [m)] Ry 6.2 9.0 8.4
Minor radius [m] a 2.0 2.9 2.7
Toroidal magnetic field [T] By 5.3 5.9 5.8
Plasma current [MA] I 15 18 17 14
Confinement factor H 1.0 1.1 1.1 1.5
Burn time thurn 300-500s 2h 1h 00
Fusion power [MW] Prys 500 2000 2000
Electricity output [MW] Py - 500 400
table .11

DEMO-1 is a conservative technology option and is currently favoured by the
fact that it offers higher probabilities of success and a realistic schedule for
a near-term production of electricity. Consequently, although also DEMO-1
requires a certain degree of advancement in order to fulfil the DEMO missions,
the more ambitious innovations could be developed in parallel in the framework
of a long-term R&D programme for the FPPs of the future [29]. On the
other hand, it is also argued that such physics and technological improvements
are not credible if not tested in the DEMO environment, advocating a small
development step from DEMO to an FPP |30]. This "stepladder approach"
considers DEMO a technology demonstrator, rather than a plasma physics

experiment.
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Neutral beam injection

3.1 The NBI beamline structure

Neutral beam injection (NBI) is the heating and current drive system that is
currently used and foreseen for most of the major fusion experiments around

the world, including ITER.

The plasma is heated through the collisions between the plasma particles and
the highly energetic ions generated by the ionisation of the fast neutrals injec-
ted into the tokamak. It is not possible to directly inject fast charged particles
as these would be deflected by the confining magnetic field. Once ionised, the
fast particles are confined to move around the torus and they transfer their

energy to the plasma through Coulomb collisions.

Two types of neutral beam injectors exist: positive-ion-based NBI (PNBI) and
negative-ion-based NBI (NNBI) which accelerate and neutralise positive and
negative ion beams, respectively. The main components of an NBI beamline
are similar for both positive and negative configurations and they are schem-
atically drawn in figure 3.1} as the acceleration of particles requires them to
be charged, a beam of ions is produced by an ion source and electrostatically
accelerated to the desired energy. Then, the beam enters a chamber filled with

gas which is called neutraliser: the neutralisation of the beam ions is achieved
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Figure 3.1: Sketch of the NBI beamline structure showing the main components for the
production and transmission of a fast neutral beam up to the tokamak plasma.

through their collisions with the gas molecules. As not all the ions are neut-
ralised, the remaining charged particles are dumped in the residual ion dump
(RID) to avoid their deflection by the magnetic field against the other system
components, while the fast neutrals are launched into the tokamak.

The big fusion machines under development, like ITER and DEMO, require
high energy neutral beams. As the neutralisation efficiency of positive ions
at high energies is vanishingly small, negative ions are the only possibility to
deliver several tens of MW of power to the tokamak plasma. From here on

out, therefore, only negative ions are considered.

3.1.1 Ion source

The ion source is the fundamental component of an NBI beamline. The
simplest description of an ion source is that of a box filled with gas in which
a dense and uniform plasma is generated. According to how the plasma is

produced, one can distinguish two ion source concepts:

e Arc sources: the plasma is generated by the electrons emitted by hot
tungsten filaments. The electrons strike an arc discharge in the filling

gas between the filaments and the box walls which represent the anode.
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One of the walls constitutes the first grid of the accelerator, known as
plasma grid (PG). The ions are extracted through the PG apertures and
subsequently accelerated. If the anode walls are covered with permanent
magnets of alternating polarity to produce a cusp magnetic field, the
plasma losses decrease due to the reduction of the effective anode loss
area. Furthermore, the gas ionisation rate of the energetic electrons
emitted by the cathode filaments increases as the electrons undergo many
more collisions before being lost at the chamber walls. This configuration

is called multicusp or bucket source [31].

¢ Radiofrequency (RF) sources: a coil is wound around a cylinder,
called driver, placed on the back of the source chamber. RF power at
about 1 MHz is applied to the coil and, hence, inductively coupled to the
filling gas which becomes ionised, forming the plasma. The absence of
filaments makes the design and operation of RF sources simpler as the

filaments require frequent replacements and many electrical connections.

RF sources are foreseen for the NBIs of ITER and future FPPs.

From the ion source the gas flows into the accelerator and then along the
beamline. Due to collisions with the gas molecules, the negative ions are neut-
ralised while being accelerated. As the neutralisation happens before the ions
go through the whole accelerator, these neutrals have a lower energy than that
of a neutral particle exiting the neutraliser. When the neutralisation takes
place in the accelerator, it is called stripping and it represents a loss of ex-
tracted ions. Stripping produces also electrons and, if the negative ions are
stripped twice, positive ions: the electrons are accelerated through the remain-
ing part of the accelerator, causing high power loads on the component they
hit, while the positive ions are accelerated backwards and deposit their power
on the former acceleration grids and on the source chamber walls. Therefore,
the electrons and positive ions coming from the stripping of negative ions in

the accelerator represent additional losses. A low source pressure as well as
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3.1. The NBI beamline structure

very high pumping speeds in the beamline vacuum vessel are fundamental to
minimise the stripping losses (the gas throughput in the ion beam source of

the ITER NBI is 3.6 Pam®s™! for the deuterium pulse operation) [32,57].

3.1.2 Accelerator

After being created at the plasma grid surface, the negative ions are extracted
and accelerated through a multi-aperture multi-grid system [14]. The second
grid is called Extraction Grid (EG). The application of a positive potential
difference between the EG and the PG allows the extraction of the negat-
ive ions and, unavoidably, of the source plasma electrons. The co-extracted
electrons represent one of the major issues in the operation of negative ion
sources: if they are not stopped, they would be accelerated to full energy and
deposit their power on the beamline components, causing melting damage.
This is avoided by embedding permanent magnets in the EG such that the co-
extracted electrons are deflected and forced to impinge on the EG before they
start to accelerate. Having a much larger mass, the deflection of the negative
ions is very small and is compensated by means of other permanent magnets
and/or beamlet steering techniques [14].

PG and EG form the so-called extraction system which is followed by the actual
acceleration system. During the ITER NBI design, two different accelerator

concepts were proposed, schematically shown in figure [331(34].

¢ MAMuG (Multi Aperture Multi Grid) accelerator: the acceleration oc-
curs through intermediate steps. This implies many acceleration grids
(AGs) with the same aperture pattern of the PG and EG and with in-
creasing potentials. In the case of ITER, for example, with a required
ion energy of 1 MeV and a PG biased at -1 MV, five acceleration stages
of 200keV are used such that the last AG results grounded. Hence the
name grounded grid (GG). A potential difference of 200kV instead of
1000kV greatly simplifies the problem of voltage holding, reducing the
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Figure 3.2: Schematic of the two electrostatic accelerators initially proposed for the ITER
NBI to accelerate the negative ions to an energy of 1 MeV: (a) MAMuG concept, with five
AGs corresponding to five acceleration stages of 200keV; (b) SINGAP concept, with only
two AGs as the acceleration mainly occurs in one step.

risk of high-voltage breakdowns. Furthermore, it is likely that the co-
extracted electrons strike against the intermediate grids without being

accelerated up to the GG to full energy.

e SINGAP (SINGle APerture — SINgle GAP): after a pre-acceleration
stage, the main acceleration is achieved in one step, corresponding to
a potential difference of 945kV in the ITER NBI concept. The great
advantage of the SINGAP accelerator is its simplicity, especially in the
design of the high voltage transmission line as intermediate potentials are
not needed. The stripping losses are smaller than those in the MAMuG
accelerator thanks to the large gap between the two AGs that allows
a better pumping access. However, the co-extracted electrons cannot
be stopped and are fully accelerated, resulting in higher power loss and

deposition than in MAMuG.

The MAMuG concept is a conventional and conservative design as it was suc-
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cessfully applied in many experimental facilities. Considering also the advant-
ages in terms of better voltage holding and lower co-extracted electron power
losses and heat loads, the MAMuG accelerator was chosen as the reference
design for the ITER NBI. An exhaustive comparison between the MAMuG and
SINGAP concepts, with additional pros and cons, can be found in Ref. [35].

3.1.3 Neutraliser

The beam emerging from the accelerator is made of negative ions that have
the energy required to heat the tokamak plasma and drive the toroidal cur-
rent generating the poloidal magnetic field. If these fast ions were directly
injected into the tokamak, they would be deflected by the confining magnetic
field. Therefore, they need to be neutralised. The neutralisation process is
achieved by letting the beam pass through a gas cell, not by chance known
as gas neutraliser. The negative ions are stripped by colliding with the gas
molecules (here the stripping is called neutralisation), but the resulting neut-
rals could undergo a subsequent collision and be converted into positive ions
(a process called re-ionisation). The competition between neutralisation and
re-ionisation implies the existence of an optimum neutral fraction. The beam
composition output depends on the gas target thickness, defined as the line
integral of the gas density along the neutraliser length. At the optimum gas
target thickness, the maximum value of the beam neutral fraction, i.e. the

maximum neutralisation efficiency, is achieved.

In the case of positive ions, the neutralisation occurs through charge exchange
with the gas molecules. However, the neutralisation efficiency becomes negli-
gible for energies > 200keV /amu, with amu being the atomic mass unit, as
shown in figure With negative ions, instead, the neutralisation yield re-
mains almost constant at high energies, with a value around 55%. For this
reason, ITER, DEMO and future FPPs need to rely on negative-ion-based
NBIs.
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Figure 3.3: Neutralisation efficiency as function of the beam energy per atomic mass unit
(amu) for both positive and negative ions.

3.1.4 Residual ion dump (RID)

Even for an optimum value of the gas target thickness, not all the negative
ions entering the neutraliser are converted into neutrals. Furthermore, positive
ions are produced by the processes of re-ionisation and double-stripping. The
result is that the beam at the exit of neutraliser is made of fast neutral, positive
and negative particles. The charged fractions, however, need to be removed
from the beam as, if they were deflected by the tokamak magnetic field, they
would impact against and damage the beamline structures. The function of
the RID is indeed to get rid of the ions in a controlled way: through a magnetic
or electric field, they are deflected towards water-cooled collector systems that
are designed to withstand high power densities. The beam neutral particles are
not affected by the magnetic/electric field and they can continue undisturbed

towards the tokamak plasma through the drift duct [36).
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3.2 ITER NBI

The main goal of ITER is a gain factor () = 10 for a pulse duration of around
400s. The auxiliary heating power envisaged for such an achievement is equal

to 73MW which will be delivered by three different systems [37]:
e 20MW at 170 GHz from ECRH,;
e 20 MW in the 40-55 MHz range from ICRH;
e 33MW from NBL

As far as NBI is concerned, two heating NB (HNB) lines are initially installed,
each of them delivering a power of 16.7 MW [40]. A third injector could be
installed at a later stage if required, for example in order to test longer pulse
operations. A diagnostic NB (DNB) line is also foreseen to measure the ion
temperature and the He ash content in the plasma.

The main requirements for the HNB and DNB injectors are given in table
As the initial operation scenario of ITER is going to be a non-activation phase
with hydrogen and/or helium [38], ITER HNBs are expected to work both in
hydrogen and deuterium.

The energy requirement of the ITER heating NBIs comes from their two main
functions, i.e. plasma heating and current drive. Concerning the former func-
tion, the neutral beam can penetrate the plasma up to the desired position and
deposit its power only if the energy is sufficiently high. As the ionisation cross
sections decrease with increasing energy, only high energies allow obtaining
the required mean-free path of the neutral particles in the plasma that, as a
rule of thumb, should be of the order of the tokamak minor radius in order to
achieve central plasma heating [39]. In the case of the ITER plasma, energies
> 200keV in deuterium are required.

The HNBs must also drive current: after the energetic neutrals are ionised, the
fast ion velocity component parallel to the tokamak magnetic field generates

a toroidal current which replaces part of the current that is driven by the
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Table 3.1: Main parameters of the ITER HNB (heating) and DNB (diagnostic) injectors.
The heating NBI is going to operate both in hydrogen (H) and deuterium (D) [40}41].

Parameter HNB DNB

H D H
Beam power [MW] 16.7/beamline 2
Beam energy [MeV] 0.87 1 0.1
Accelerated current density [A/m?| 230 200 300
Accelerated current [A] 46 40 60
Pulse length |s] 3600 3 s ON, 20 s OFF

induced electric field. However, the slowing down of the fast ions through
collisions with the plasma electrons produces a toroidal drift of the electrons
resulting in an electron current in the opposite direction to the fast ion current
which is, therefore, partly cancelled. Furthermore, fast ions are lost due to their
interaction with the magnetic field and due to different plasma instabilities [15].
The consequence is a net driven current Icp that is lower than the initial fast

ion current. The current drive efficiency ecp is defined as [42]

Icp

ECcD — (31)

)
PHCDcoup

where Icp is the non-inductive driven current and Pycpeoup 1S the external
power coupled to the plasma. However, as ecp decreases with the tokamak
major radius Ry and the averaged plasma density n, it is convenient to define

the current drive figure of merit vy [42]:

n Ryl
_nholon g [102° AW m™?, (3.2)
PHCDcoup

which is best suited for comparisons.

The current drive efficiency increases with increasing beam energy [43]. How-
ever, high beam energies imply the development of high voltage power supplies
which is very challenging from the technological point of view. Hence, the

choice of 1 MeV as reference energy of the deuterium neutrals is a compromise
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Figure 3.4: Cutaway view of the ITER HNB injector outlining the main beamline com-
ponents. Picture reprinted from under the terms of the Creative Commons Attribution
3.0 licence.

between the previous considerations about central heating and current drive
and the need of getting the required beam power from a source of feasible size
with achievable current density.

During the commissioning phase, hydrogen is going to be used to avoid ma-
terial activation: the same accelerated power of 40 MW is obtained with an
acceleration voltage of 870kV and an accelerated beam current of 46 A. These
parameters allow the optimisation of the beam optics, i.e. a low divergence and
a good transmission of the beamlets which would otherwise hit the beamline
structures, depositing high power loads and producing melting damages [39)].
The main components of the ITER HNB injector are shown in the cutaway

view of figure

3.3 DEMO NBI

As an official DEMO design has not yet been chosen, the composition of the

external heating mix is still an unknown.
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While DEMO-1 foresees an auxiliary heating power in the range 50-100 MW [24],
the operation scenarios of flexi-DEMO in continuous or quasi-continuous (pulses
of the order of 1h) mode need a higher H&CD power due to the high fraction
of non-inductive plasma current that has to be externally provided. Among

the H&CD systems, the NBI is the most efficient in driving current.

However, NBI could be excluded from the heating mix of DEMO [8] as, despite
a high efficiency, an HNB injector is a complicated machine to construct and
operate, especially if compared to the radiofrequency systems. It was decided
that ECRH is the current heating baseline, while ICRH and NBI "will be
developed in the frame of a risk mitigation approach" [8]. Hence, none of the

H&CD systems can be ruled out at the moment.

Although the DEMO operative requirements have not yet been definitely iden-
tified, some considerations can be made on the basis of another design driver:
the cost of electricity. Being the precursor of an FPP, DEMO needs to imple-
ment physics and technological solutions to increase the overall efficiency and
make the produced electricity cheap. Demonstrating the commercial viability
of fusion is one of the missions of DEMO. In the case of the heating and current

drive systems, this translates into the minimisation of the recirculated power.

The recirculated power is the fraction of the electrical power produced by the
fusion reactor that is used to operate all the sub-systems of the plant. The
major part of the recirculated power is consumed by the H&CD systems [42].
A quantitative description is given by the so-called wall-plug efficiency which
is defined as the ratio between the power Pycp injected into the tokamak and

the electrical power P.gcp used to operate the system:

Pyucp
Nwp =

. 3.3
PeHCD ( )

Investigating how to maximise the wall-plug efficiency for the NBI system is
the goal of this work. Given the complexity of an injector beamline and the

interdependence of its components, it is not straightforward to identify the
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Table 3.2: Main parameters and efficiencies of the major sub-systems of the ITER HNB
injector [32]. The wall-plug efficiency is derived accordingly.

Symbol ITER NBI

Species D
Acceleration voltage [MV] Vb 1
Accelerated current [A] Loce 40
Accelerator power loss [MW] P, 10
Accelerator power supply efficiency 1ps 0.875
Electrical power to the auxiliary systems [MW] P,ux 10
Beamline transmission efficiency BT 0.79
Neutralisation efficiency Nneut 0.55
Wall-plug efficiency Thwp 0.26

most convenient strategy to increase the wall-plug efficiency.

As the current DEMO baseline is a modest extrapolation from ITER, a good
starting point is to analyse the wall-plug efficiency of the ITER NBI. Table
shows the main parameters and the efficiencies of the major sub-systems of
the ITER HNB injector [32].

The power lost in the accelerator P,.. is mainly due to the stripping losses
of the extracted negative ions colliding with the background gas molecules.
The beam-gas collisions are responsible also for the re-ionisation losses of the
neutral particles, especially in the duct, which reduce the neutral beam power
injected into the reactor. The obvious solution is to decrease the gas through-
put into the beamline but this would have serious consequences for the op-
eration of the ion source and of the neutraliser, the two major gas sources
along the injector: a lower gas inflow would make the production of a suffi-
cient plasma density in the source chamber very difficult and it would make
it necessary to use a much longer neutraliser to achieve the same optimum
gas target thickness. The re-ionisation losses are taken into account by the
beamline transmission efficiency ngt which also depends on the beam optics,
the injector geometry and the background gas density. The electrical power to
the auxiliary systems P, is mainly used to operate the cryopumps and the

RF ion source.
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The NBI wall-plug efficiency is equal to the ratio between the neutral beam
power injected into the tokamak Pygr and the electrical power consumed by

the injector P,. Using the data in table
PNBI = ]aCCVb TIBT "heut ~ 17.4 MW. (34)

In addition to the power spent to accelerate the negative ion beam, one has
to consider also the power lost in the accelerator, the power supply efficiency
and the power consumption of the NBI auxiliary systems in order to compute

Peli
o [aCC‘/i) _'_ Pacc

s

Py + Poux = 67.1 MW (3.5)
Therefore, the ITER NBI wall-plug efficiency is estimated as

n _ PNBI
P P, el

~ 26 %. (3.6)

Table clearly shows that gas neutralisation is the main reason why the
wall-plug efficiency of the ITER NBI is limited to 26 %. The neutraliser is the
injector component where the biggest improvement is possible as the neutral-
isation efficiency of a conventional gas neutraliser for a 1 MeV D~ ion beam is

only 55 %.

Over the past years, different neutralisation processes have been investigated.
With the primary objective of eliminating the neutraliser gas throughput, as
the Dy injected into the neutraliser is the main gas source in the NBI beamline,
alternative targets for the negative ion stripping have been proposed: carbon
foils, heavy gases and metal vapours [44,/45]. In general, using heavy targets
reduces the beamline gas pressure, but the corresponding neutralisation effi-
ciencies are significantly lower. However, a lithium vapour jet neutraliser could
offer a higher neutralisation efficiency with respect to a deuterium target: a
neutral fraction of 62.5 % was experimentally measured in the case of a 400 keV

D~ ion beam [44]. A similar efficiency is expected also for higher beam ener-
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gies as it is usually the case for negative ions. A supersonic lithium vapour
jet is injected across the ion beam perpendicularly to the beam path in the
middle of the neutraliser. The jet would deposit and freeze onto a collection
plate from which the lithium is recovered, heated to a temperature > 180°C
to melt it and injected again. A well-directed supersonic jet avoids spreading
along the injector and keeps the size of the collector small [45]46].

Photoneutralisation, in which the extra electron is removed from the negative
ion by using photons, and plasma neutralisation, in which the conventional
gas target is ionised and the negative ion stripping occurs through collisions
with the plasma electrons and ions, could achieve very high neutralisation
efficiencies. Therefore, they have received a lot of attention. More details about
photoneutralisation are given in the next section, while plasma neutralisation

is the topic of the next chapter.

3.3.1 Photoneutralisation

The removal of the electron from the negative ion occurs through the photo-

detachment process by a photon of energy huv:
D™ +hy — D" +e (3.7)

The photon energy must be higher than the electron affinity of the species
(equal to 0.75eV for deuterium) but lower than the ionisation potential of the
atom (equal to 13.6eV). As no other competing process is present, the neut-
ralisation of the negative ions by photodetachment has a theoretical efficiency
of 100 %. Except for a small isotope shift, the electron affinity and the pho-
todetachment cross section are practically equal for hydrogen and deuterium,
making it possible to carry out experiments in hydrogen and directly transfer
the results to deuterium operation.

The cross section of reaction , however, is very small: the maximum

value of 4 x 102! m? is obtained for a photon energy between 1.4 and 1.5¢V,
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Figure 3.5: Sketch of a negative ion beam illuminated by a laser beam. Both beams have
a transverse dimension w.

corresponding to a wavelength A\ between 885 and 825 nm . Due to the low
cross section value and due to the very short time that 1 MeV D~ ions reside
in the photon-illuminated region, a high photon flux is needed: assuming a
beam with a 1cm width, a photodetachment rate of 50% requires a laser
power of 3MW for A\ = 1064 nm [48,[49]. Higher efficiencies can be achieved

for increasing powers.

The probability p that a negative ion is photodetached while it crosses in a
finite time ¢ the region illuminated by a spatially and temporally uniform laser
beam of flux density ® is

p=1—e 0% (3.8)

where opp is the photodetachment cross section. The transit time of the ion
through the interaction region is t = [/Upeam With [ being the laser beam
dimension along the beam path and vpean the negative ion beam velocity. The
situation is schematically outlined in figure [3.5l Furthermore, as the photon
flux density ® does not vary either in space or in time, ® is computed as

B P
 hwlw’

where P is the laser power and w is the common transverse dimension of the
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Figure 3.6: Photodetachment probability as a function of the relative laser power. P; is
the saturation laser power.

overlapping ion and laser beams. Hence, equation (3.8) becomes

p=1—exp(—ﬂ). (3.9)

hv W Vpeam

Therefore, the photodetachment probability tends asymptotically to 1 for in-
creasing values of the laser power, as shown in figure [3.6

The power Ps for which the population of negative ions illuminated by the laser
beam is reduced by a factor of 1 — 1/e, corresponding to a photodetachment
rate of around 63 %, is called saturation laser power. From equation , one

obtains

py = em@y,, (3.10)
OpPD

The linear dependence on the ion velocity explains why a 1 MeV D~ beam needs
a very high photon power. Equation also highlights the importance of
working with narrow laser beams (typical widths are of the order of cm). A
photodetachment rate of 95 % requires a laser power that is three times Ps.

Although the 1064 nm wavelength is higher than the value that maximises

the photodetachment cross section, it is more suitable from a practical point
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of view thanks to the large experience in developing spectrally narrow laser
beams at this wavelength, i.e. Nd:YAG lasers.

The concept of intracavity photoneutralisation [50] allows reducing the input
power: as only a small fraction of the laser power is absorbed by the ions, the
laser beam is reflected inside an optical cavity built around the negative ion
beam which is then crossed many times by the laser beam.

In a Fabry-Pérot (FP) optical cavity [51], high amplifications of the input
photon power are possible thanks to the resonant coupling between the laser
beam and the high-finesse cavity for which high reflectivity mirrors at the
chosen wavelength are used. The photoneutralisation of an H™ beam inside an
FP cavity of medium finesse was experimentally demonstrated on a reduced
scale [47]: a photodetachment rate higher than 50 % was achieved for a 1.2 keV
H™ ion beam with an external 10 W laser and a cavity amplification of around
1000. The effective power inside the optical cavity is hence equal to 10 kW.
A DEMO NBI design relying on this photoneutraliser concept was proposed
in [52]. In order to maximise the overlap of the narrow laser beam with the ion
beam, the ion source and accelerator system is designed to produce thin beam
sheets as shown in figure |3.7, with the ion beam having a large dimension in
the laser beam direction. The implementation of a photoneutraliser, therefore,
sets a strict requirement for the aspect ratio of the ion beam source which
is very high, differently from conventional NBIs. The 3 MW photon beam
of 1em width required to neutralise 50 % of a 1 MeV D~ ion beam could be
generated by means of an FP optical cavity with a high finesse of 10000 into
which a 500 W continuous-wave mono-frequency laser beam is injected. By
refolding the 3 MW photon beam four times inside the cavity, the negative ion
beam can be completely overlapped and crossed from side to side, achieving
a neutralisation efficiency of 93%. An energy recovery system that recovers
the kinetic energy of the residual ions and converts it into electrical energy,
further increasing the injector wall-plug efficiency, is also considered.

Another photoneutraliser-based DEMO NBI design [53| does not rely on FP
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Figure 3.7: Sketch of the photoneutraliser concept suggested in [52]: an FP optical cavity
is set across a single negative ion beam sheet. A 500 W continuous-wave laser is injected
into the cavity to generate a 3 MW photon beam which is then refolded four times by high
reflectivity mirrors. As a result, the ion beam is completely overlapped and a neutralisation
of 93 % is achieved.

cavities, but on the Recirculation Injection by Nonlinear Gating (RING) concept
. In this case, it is the second harmonic of the multi-refolded laser beam,

instead of the fundamental wavelength, to be trapped inside the optical cavity.

The second harmonic generation (SHG) occurs inside the cavity via a crystal

that doubles the laser frequency. Being a non-resonating optical cavity, the

system is more robust against external influences and occupies less volume

with respect to an FP resonator. On the other hand, higher laser powers are

required, also considering that the SHG crystal is a big source of power loss in

the cavity.

The big efforts in pursuing the implementation of a photoneutraliser on the

HNB injector can be explained by the following advantages:

e a neutralisation efficiency > 90 % which would determine a significant

boost of the NBI wall-plug efficiency;

e no need of a gas throughput into the neutraliser chamber with a sub-
sequent relaxation of the requirements about pumping speed and voltage
holding. Therefore, the design of the ion source, pumps and high voltage

systems is greatly simplified;

e as further consequence of a much lower gas injection into the beamline,
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the stripping losses in the accelerator and the re-ionisation losses after

neutralisation are strongly reduced;

e as the photodetachment reaction (3.7)) is the only ion-charge-changing

process, no positive ions are created;

e the photon beam refolding inside the optical cavity allows for a very
compact photoneutraliser in the direction of the beam propagation, es-

pecially in comparison with the gas neutraliser.

Despite successful proof-of-principle experiments, photoneutralisation still presents

many challenges to deal with:

e the technology needed for a full-scale system is not available, as it is the
case of continuous-wave lasers able to guarantee a very high power for a

single-frequency beam;

e thermal effects on the mirrors and their lifetime in the beam environment

need to be thoroughly investigated;
e mitigation of mechanical vibrations;

e sophisticated schemes to tune and lock the input laser frequency for a

stable resonance coupling within F'P cavities are necessary;
e high power losses due to the SHG crystal in the RING concept.

The photoneutraliser is therefore not ready to be taken into consideration for

the DEMO NBI design as alternative to the gas neutraliser.

3.3.2 The neutraliser as design driver

The choice of the type of neutraliser is fundamental in designing the NBI as
it directly influences the geometry and requirements of all the other beamline
components. The schematic of figure 3.8 gives a pictorial overview of the effects

of selecting a different type of neutraliser on the NBI design.
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Figure 3.8: Schematic overview of the impact of the neutraliser concept on the NBI design.

The neutraliser directly influences the shape of the ion source and accelerator.
The gas neutraliser is subdivided into channels in order to reduce the required
gas inflow. Hence, the negative ion beam is formed of sub-beams with a rect-
angular cross section of high aspect ratio that fits the channel size. The aspect
ratio becomes much higher in the photoneutraliser case where the beam sheets
must overlap with the very narrow laser beams. The optimum aspect ratio
for a plasma neutraliser, instead, is equal to one as it allows minimising the
surface-area-to-volume ratio and, hence, the losses of plasma ions and electrons
at the walls.

The gas density along the beamline is another fundamental design parameter
that is directly determined by the neutraliser. Despite the internal subdivision
into channels, the gas injected into the gas neutraliser is the main source
of gas in the injector. Hence, pumping speeds of several thousands of m?/s
are needed in order to achieve high vacuum conditions. The absence of a
gas throughput into the photoneutraliser and the much lower target thickness
required by the plasma neutraliser strongly relax the pumping requirements.
A high gas density in the beamline determines an increase of the negative
ion stripping in the accelerator, before the ions are fully accelerated, and the
re-ionisation losses of neutrals after the neutraliser, consequently reducing the
power injected into the reactor. Furthermore, the resulting ions are deflected

by the confining magnetic field and impact on the injector walls, leading to
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high power loads.

Another valid option to increase the NBI wall-plug efficiency is to substitute
the residual ion dump (RID) with an energy recovery system (ERS) for the
residual ions of the neutralisation process. Therefore, an enhancement of the
wall-plug efficiency is not achieved by improving the neutralisation, but by
avoiding the power loss associated to the dumping of the residual ions at full
energy in the RID, as it is foreseen for the ITER NBI. An ERS could be
implemented much easier on a photoneutraliser-based beamline as, differently
from the cases of gas and plasma neutralisation, almost no positive ions are
generated. Anyway, the energy recovery has the potential to make the gas
neutraliser still an attractive option, due to the high currents of residual ions
at the neutraliser exit. However, in addition to the technological challenges,
an ERS could make the beamline much longer, causing higher re-ionisation
and transmission losses.

These considerations underline the central role of the neutraliser in driving
the NBI design [10]. Considering an alternative to the gas neutralisation in
order to increase the wall-plug efficiency of the injector is not just a matter of
substituting the gas cell with a different device, but implies deep modifications
of many NBI sub-systems. The fact that they could have a negative impact on
the total efficiency, such as additional power consumptions, makes the study
of new neutralisation systems very challenging.

As the R&D about a photoneutraliser for the DEMO NBI is still at an early
stage, as pointed out in section this thesis focuses on plasma neutralisa-
tion in the next chapter, in particular on the simplified and promising concept
of the beam-driven plasma neutraliser, and on the energy recovery of the re-

sidual ions in chapter
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The beam-driven plasma

neutraliser

In the challenge of increasing the wall-plug efficiency of high-energy HNB in-
jectors with respect to the value of 26 % of the ITER NNBI beamline, the
neutraliser plays a fundamental role: gas neutralisation currently limits the
efficiency the most with a neutralisation yield of only 55 % for a 1 MeV D™ ion
beam. Among the alternatives, plasma neutralisation promises high neutralisa-
tion efficiencies for negative ions at high energies. As additional advantage, the
production and confinement of plasma densities of the order of 10'® m= with
ionisation degrees > 10 % can rely on well-established technologies. Although
the power required by the plasma production does not have a big impact on the
wall-plug efficiency, the corresponding power source would make the injector
design more complicated. An external power source could be avoided if it was
the negative ion beam itself that ionises the neutral gas while passing through
the chamber. The resulting plasma could then be magnetically confined inside
the neutraliser through a cusp field produced by permanent magnets covering
the walls. This innovative and attractive concept, first suggested by Surrey

and Holmes [12], is called beam-driven plasma neutraliser (BDPN).

After outlining the gas neutralisation process and showing the advantages of
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having an ionised gas target, the chapter focuses on predicting the BDPN per-
formances. In particular, the beam-driven plasma formation is described in
detail by a zero-dimensional analytical model that uses the models by Surrey
and Holmes [12] and Turner and Holmes [13] as starting point. However, sev-
eral modifications are introduced to improve oversimplifying hypotheses and
to consider processes that were neglected in the first place. The model predicts
the maximum achievable ionisation degree of the background gas for a given
magnetic cusp confinement and, hence, the maximum achievable neutralisa-
tion efficiency. The model outputs allow evaluating whether the BDPN is a
better option than the gas neutraliser for a DEMO NBI beamline and whether
it is worthwhile to invest in this technology. If that is the case, the analytical
predictions will help to identify and design the most suitable proof-of-principle
experiment to benchmark the analytical model and prove the concept feasib-

ility [53].

4.1 The conventional technology of the gas neut-

raliser

The gas neutraliser is a gas cell at low pressure where the neutralisation of

negative ions relies on the following stripping reaction:
D™ +Dy, — D+ D, +e, (4.1)

where the hat identifies the fast beam particles. However, the resulting fast

neutral atoms D° can be destroyed by the competing reaction of re-ionisation:
D’ + Dy, — DY + Dy +e. (4.2)

The competition between stripping and re-ionisation is such that there exists

a value of the gas target thickness for which the neutralisation of the negative
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ions reaches a maximum before re-ionisation prevails and makes it drop. The
gas target thickness is the line integral of the background gas density ng,s along

the neutraliser length Ly eu:

nl = / Ngas(z)dx [m~2].
Lneut

Therefore, in order to reach a certain value of nl, one increases either the
neutraliser length or the gas density. The former approach implies a longer
beamline and the subsequent drawbacks in terms of design and costs, the latter
requires higher gas inflows into the neutraliser which in turn result in a higher
gas pressure in the rest of the beamline. Consequently, the stripping rates in
the accelerator and the re-ionisation losses after the neutralisation increase.

Hence, a compromise is needed at the NBI design stage.

In addition to reactions and , the other charge-changing processes
for the beam ions are listed in table [4.T} For every reaction, the cross section
value for 1 MeV deuterium particles is given [56]. The cross section for a given
collision process depends only on the relative velocity of the two colliding
particles, hence on the velocity of the beam ions/neutrals if the gas molecule
target is assumed at rest. Therefore, the cross section data of Ref. [56] for
hydrogen are valid also for the deuterium isotope for the same particle velocity,
not for the same particle energy. From this point of view, 500 keV hydrogen
ions are equivalent to 1 MeV deuterium ions. Some cross section values are

extrapolated from experimental data available for lower energies.

According to the cross section notation of table [4.1] the subscripts -1, 0 and
1 indicate the negative, neutral and positive beam particles, respectively. The
first subscript identifies the impacting beam particle, while the second sub-
script identifies the fast particle generated by the reaction. Hence, the charge

evolution profile of the negative ion beam as function of the gas target thickness
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Table 4.1: Charge-changing reactions of the beam ions in the gas neutraliser. The corres-
ponding cross section values are for 1 MeV deuterium particles [56]. Fast beam particles are
denoted by a hat.

Cross section

Reaction Notation ~ Value [cm?]
D™ +Dy — D+ Dy+e o0 114 x 10710
D°+ Dy — D* + Dy +e o1 3.81 x 10717
D=+ Dy — DT+ Dy + 2 0-11 7.28 x 1071
D® 4+ Dy — D™+ Dj oo 2441077
D* + Dy — D+ Dy 0 195107
Dt + Dy — D™ + 2D+ 01-1 1.20 x 1072

can be obtained by solving the following system of differential equations:

;

= —F (0.0 + 0-11) + Flopy + Fro
% = F~o.9 — F%(00-1 +o01) + Ftoyg (4.3)

dFt _ p— 0
ST =Fon+F oo1 — F*(01-1 + 019)
\

The current fractions of negative, neutral and positive beam particles with
respect to the total ion beam current are indicated by F~, F and F*, re-

spectively, with the underlying constraint
F-+F +Ff =1

The initial condition is F'~ = 1 at the neutraliser entrance.
Figure [L.1] shows the beam charge fractions as functions of the gas target
thickness for a 1MeV D~ ion beam: the neutral fraction peaks at 55% at

a gas target thickness of 1.4 x 10?°m=2.

Correspondingly, the fractions of
positive and negative ions are 26 % and 19 %, respectively.

A 3D CAD drawing of the ITER gas neutraliser is shown in figure [4.2]

Given the optimum gas target thickness of 1.4 x 10** m~2, the length of 3m

was chosen as compromise to keep the gas inlet flow rate sufficiently low. To

this end, other design choices were adopted [35]:
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Figure 4.1: Beam charge fractions in the gas neutraliser as functions of the gas target
thickness in the case of a 1MeV D~ ion beam. F~, F? and F7T indicate the fractions of
negative, neutral and positive fast beam particles, respectively. The calculation is based on
the reactions and cross sections of table .1l The star indicates the maximum neutralisation
efficiency.
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1.7m

Figure 4.2: 3D CAD drawing of the ITER gas neutraliser.

e the chamber is subdivided into four channels to lower the gas conduct-

ance and, hence, the gas inflow;

e the neutraliser is decoupled from the ion beam source and the spacing
between the neutraliser and the last accelerator grid, the grounded grid
(GG), is big enough to allow an effective pumping (the neutraliser is
mounted 1.9m downstream of the GG and, for the same reason, the

RID is 0.5m downstream of the neutraliser exit [14]);

e the neutral gas is fed from the middle to minimise the gas throughput
and to reduce the gas density at the extremities and, consequently, the

gas flow from the neutraliser into the beamline;

e the injector is provided with two large cryopumps to pump the gas that

is introduced into the ion source and, above all, into the neutraliser.

Fach channel is 3m long, 1.7m high and has a tapered shape in the horizontal
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direction as the width varies from 105 mm at the entrance to 90 mm at the exit.
Although the channel subdivision is effective in lowering the gas throughput,
it increases the direct interception of the beam particles which results in power
deposition on the front surfaces and on the inner walls of the neutraliser chan-
nels. The former are protected by leading edge elements, i.e. CuCrZr bars
with a rounded shape. The expected power densities are <5 MW m~2 and the
expected maximum power is 0.3 MW [14]. Both the leading edge elements and
the channel wall panels are actively cooled. Precisely in order to further reduce
the power density on the leading edge elements, the neutraliser channels are
tapered.

The partition of the neutraliser chamber volume into four rectangular channels
has a direct consequence on the beam source design: the apertures in the source
and accelerator grids are organised to form four columns such that the resulting
ion beam could pass through the four channels of the neutraliser and RID [39].
A low gas pressure along the NBI beamline is kept by two large cryopumps
installed against the lateral walls of the injector vessel. Each cryopump is 8 m
long, 2.8 m high and has a depth of 0.45 m [14]. The main goal of the cryopumps
is to maintain the pressure between the accelerator and the neutraliser lower
than 0.02 Pa in order to minimise the stripping losses in the accelerator. The
other vacuum requirements are a deuterium gas pressure of the order of 1072 Pa
in the spacing between the neutraliser and the RID and a pressure in the range
of 1073 Pa after the RID in order to reduce the re-ionisation of the fast neutrals
as far as possible. Gas baffles could also be integrated to separate the beamline
vessel into different chambers and, hence, to optimise the pressure profile along
the beamline. The neutraliser gas throughput is the main gas source in the
injector, equal to 14.6 Pam?®s~! for the deuterium pulse operation of the ITER
NBI [57], followed by the gas throughput in the ion beam source, equal to
3.6 Pam3s~!. The required pumping speed and the position of the gas baffles
are determined by means of 3D Monte Carlo gas flow models which calculate

the gas density distribution profile along the whole beamline [58]. An overall
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pumping speed for deuterium of 3600 m?®/s is estimated in [59]. More recent

pressure profiles with slightly different inputs can be found in [57].

4.2 Plasma neutralisation

The idea of a plasma neutraliser was introduced by Berkner [11]: if the negative
ion beam passes through a plasma, the ratio between the stripping and re-
ionisation cross sections is significantly higher. The stripping of the negative

ions by thermal electrons and ions occurs as
D™ +e— D4 2¢ (4.4)

D™ +D" — D"+ D* +e, (4.5)

where the hat denotes the fast beam particles. In the case of a 1 MeV D~ ion
beam, the cross sections of the reactions and are 0%, = 8.30 %
1071%cm? and 0!}, = 8.31 x 107 cm?, respectively [11], both higher than
the cross section value o2 of the gas stripping reaction (4.1)). On the other

hand, the corresponding re-ionisation processes

D’ +e¢— D 4 2¢ (4.6)
D+ D" — D* + Dt +e (4.7)
have cross section values 0§, = 3.34x 107" cm? and o}, = 3.48 x 107!7 cm?,

respectively [11], which are almost equal to the cross section of; of the re-
ionisation reaction (4.2) with a gas target. Therefore, the presence of a plasma
in the neutraliser chamber would result in a higher neutralisation efficiency
than for a gas neutraliser.

The neutralisation efficiency does not simply depend on the plasma density,

but on its ratio with respect to the total target density, i.e. on the ionisation
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Table 4.2: Charge-changing reactions of the beam ions colliding with thermal ions and
electrons. The corresponding cross section values are for 1 MeV deuterium particles [11}56].
Fast beam particles are denoted by a hat.

Cross section

Reaction Notation Value [sz]

D +Dt —D°+Dt+e o)y  831x107'

D~ 4+e— D42 0%,  8.30x10716
D+ Dt — DT +DF+e o}, 3.48 x 10717
DO +e— Dt + 2 ol 3.34x 1077
D™ +e— D" +3e 0%,  1.60x107"7
degree:
Nplasma
Y = — 22 (4.8)

)
Ngas + Tplasma,
where npjasma and ng,g are the plasma and gas densities, respectively. For a

fully ionised plasma, xy = 1.

Due to the re-ionisation of the fast neutrals when colliding with the background
gas molecules and the plasma electrons and ions, also the neutralisation effi-
ciency of a plasma neutraliser of given ionisation degree has a maximum for
a certain value of the total target thickness. In this case, however, the target

thickness is defined as

nltot = / (nplasma<x) + ngas<x>) dx [m72]7
Lneut

where z is the spatial dimension along the beam path.

Similarly to the gas neutraliser case, the evolution of the beam charge fractions

along the neutraliser length is given by

(

& =—F Zj(aflo + 0l )n; + FO o ogn; + FF > ol
0 _ : . . )
A = P55, 0hgn; = FO S (0hy + of)n; + F* 5, olon, (4.9)

N B . ) , .
dg; =F Zj Uzn”j + F° Zj Uél”j - Zj(gi—l + U{O)nj

\

The index j represents the particle species in the neutraliser, i.e. neutral gas
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Figure 4.3: Neutralisation efficiency of a plasma neutraliser as a function of the total target
thickness for different values of the ionisation degree x in the case of a 1 MeV D~ ion beam.
x = 0 corresponds to the gas neutraliser case.

(gas), plasma electrons (e) and plasma ions (i). Thus, the summation term for

the stripping process, for example, can be explicitly written as

J _ - g e i
E 019Ny = 0219 Ngas T 0219 e + T_19 Ni-
J

The considered charge-changing reactions are those listed in tables 4.1 and
The corresponding cross section values are taken from .

In the present work, it is always assumed
Ne = Ny = Nplasma-

Figure [4.3|shows the calculated neutralisation efficiency of a plasma neutraliser
as a function of the total target thickness for different values of the ionisation
degree x in the case of a 1 MeV D~ ion beam. The curve y = 0 corresponds

to the neutral fraction profile obtained with the gas neutraliser and plotted in
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figure [4.1] with a maximum around 55 %. One can see that the presence of a
plasma enhances the neutralisation efficiency with respect to the gas neutral-
iser case and that the efficiency increases with the ionisation degree up to a
maximum of around 86 % for a completely ionised gas target (x = 1). Simul-
taneously, the target thickness at which the maximum occurs decreases. For a
fully ionised plasma, it is only 1/7 of that for a gas neutraliser with y = 0. If
the gas conductance is the same in all the cases, this can be exploited to relax

the pumping requirements or reduce the pressure in the beamline.

Hanada et al. [60] measured an increase of the neutralisation efficiency from
55 % with a gas target to 65% with an hydrogen plasma of 10 % ionisation
degree in the case of a 200keV, 4mA H~ ion beam. The optimum target
thickness was 65 % lower than the value for gas neutralisation. These results
are in good agreement with the predictions based on the cross section data for
an ionisation degree of 10 %. The plasma was produced by a 40 kW DC arc dis-
charge inside a tube lined with cusp magnets. The leakage of filament-emitted
electrons through the open ends of the neutraliser chamber was prevented by
applying locally a transverse magnetic field. The suppression of fast electron
leakage is critical to the generation of high plasma densities and it was extens-
ively investigated in [61]. An ionisation degree of 20 % was achieved by Dimov
et al. [62] through a 300kW arc discharge in a cylindrical vacuum chamber
in which the plasma is magnetically confined. Plasma generation in a multic-
usp magnetic trap by ECR (electron cyclotron resonance) discharge was also

proposed and demonstrated on a small scale [63].

In summary, the advantages of a plasma neutraliser compared to the gas neut-

raliser are:

e a higher neutralisation efficiency, possibly even exceeding 80 %;

e a lower target thickness that could translate into lower gas inflow and

therefore lower losses before and after the neutraliser.
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4.3 The beam-driven plasma neutraliser (BDPN)

In all the aforementioned designs and experiments of a plasma neutraliser,
the plasma production needs external power sources: this does not limit the
wall-plug efficiency increase as the power consumed is negligible with respect
to the neutral beam power gained with increased neutralisation, but it adds
complexity to the beamline. Therefore, the beam-driven plasma neutraliser
(BDPN) concept is more attractive. In a BDPN, the plasma is created by
the ion beam itself that ionises the background gas while passing through the
chamber. Achieving a dense plasma inside the BDPN chamber relies on the
confinement of the thermal ions and electrons. This confinement is provided
by a magnetic cusp field which is obtained by covering the neutraliser walls

with permanent magnets.

4.3.1 A proposed design for the BDPN

The key feature of the BDPN is the magnetic cusp field confining the plasma
ions and electrons generated by the beam inside the gas-filled chamber. In
order to show how the permanent magnets could be arranged around the neut-
raliser box to form a magnetic cusp field, the box dimensions and the main
parameters of the magnetic confinement need to be specified. It is chosen
to use the same dimensions and parameters as those assumed by Turner and
Holmes [13] who based the BDPN design on the geometry of the gas neutral-
iser on the ITER NBI. Working on the same reference design allows a direct
comparison of the analytical predictions of the BDPN performances. The
corresponding 3D CAD is shown in figure [4.4a] while the reference set of para-
meters is listed in table It must be underlined that such a design is not
the final BDPN configuration, but it is simply used as reference in the next
sections. A design optimisation represents the next step after the analytical
modelling of the plasma production and confinement and is outside the scope

of this work.
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Figure 4.4: (a) Schematic 3D CAD of the BDPN for an ITER-like NBI. The poles of the
permanent magnets surrounding the chamber are indicated in red and green. (b) Numerical
simulation of the magnetic cusp field performed with ANSYS for the longitudinal half-
section of the BDPN. The box at the figure bottom shows the magnetic field lines. Pictures
reprinted from under the terms of the |Creative Commons Attribution 3.0 licence.
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Table 4.3: Dimensions and magnetic cusp field parameters for the BDPN reference design
[55].

Parameter Symbol  Value

Cusp separation Dusp 100 mm
Plasma dimensions
Lplasma 3100 mm
Hplasma 1720 mm
Whilasma 760 mm
Neutraliser dimensions
Licwt 3100 mm
Hocoo 2020mm
Wiewt 1060 mm

Channel width Wen 90 mm
Channel length Lo, 60 mm
Lateral magnetic cusp field B 08T
End magnetic cusp field B.. 05T

)

The permanent magnets, whose poles are indicated in red and green in fig-
ure 4.4} are placed on the lateral walls according to the Halbach arrangement.
Magnets with a magnetisation direction perpendicular to the wall surround
the neutraliser with alternating polarities to form magnetic cusps covering the
walls. Interstitial magnets with a magnetisation direction parallel to the wall
are used to reinforce the magnetic field on the internal side of the chamber.
As a result, much higher values of the magnetic field are obtained and, as ad-
ditional benefit, the magnetic field on the other side, outside the neutraliser,

is decreased to lower values than those in a linear cusp configuration.

The magnetic cusps generated by the permanent magnets and surrounding
the plasma occupy a certain chamber volume that is called plasma exclusion
zone, as illustrated in figure [4.5] It is assumed that the cusps extend into the
chamber by a distance equal to 1.5 times the cusp separation [13]. This means
that the height and width of the neutraliser are obtained by adding twice
this length to the corresponding plasma dimensions. The neutraliser length is

assumed equal to the plasma length.

Inside the BDPN chamber, no internal walls are present as they would increase
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Figure 4.5: BDPN cross section in the y—z plane showing the plasma exclusion zone
between the volume occupied by the plasma and the chamber walls.

the plasma loss surface and, consequently, decrease the achievable ionisation
degree. Five magnet columns are placed at both extremities with alternat-
ing polarities to avoid that the plasma ions and electrons leak through the
open ends of the neutraliser which let the ion beam enter and exit. The mag-
net columns form four channels that recall the internal subdivision of the gas
neutraliser, although they do not extend into the BDPN chamber. This al-
lows using the same ion beam shape envisaged for the [TER injector, without
modifying the ion source. Hence, keeping the same ion source design as that
of the ITER NBI can be considered the main driver in selecting the reference
geometry of figure as also the chamber dimensions are based on those of
the ITER NBI ion beam. An additional advantage of this choice is a neutral-
iser cross section with an aspect ratio (height /width) that is around 2. In case
of constant beam current density and constant chamber length, cross section
aspect ratios as close as possible to 1 allow minimising the surface-area-to-
volume ratio and, hence, the number of plasma ions and electrons that are lost
at the walls. In particular, by using the analytical model that is outlined in

the next sections, it has been calculated that the degree of ionisation with an
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aspect ratio of 2 is almost equal to the value predicted with an aspect ratio
of 1.

As, unlike the gas neutraliser, the BDPN is not internally subdivided into
more channels, it is suggested that the gas conductance and, therefore, the
gas inflow that needs to be injected into the chamber to achieve the optimum
target thickness could be reduced through elongated slits outside of the cusp-
confined volume in line with the magnet columns at both ends, as depicted
in figure Hence, they compensate for the gas conductance increase due
to the absence of internal channels. The estimation of the slit length requires
considerations about the beam optics and the gas density distribution along the
injector. This is part of the optimisation study of the BDPN design which is
not the objective of this thesis. Thus, the elongated slits will not be considered
in the analytical model.

A magnetostatic simulation is performed with ANSYS [64] and shown in fig-
ure for the longitudinal half-section of the neutraliser. The magnetic field
lines are displayed only for a small portion of the system. The following mag-
net cross sections in the z—y plane are assumed: 30 mm x 50 mm for the cusp
magnets and 70mm x 45mm for the interstitial magnets. Hence, the cusp
separation is 10 cm. A 5 mm castellation is considered for the interstitial mag-
nets to accommodate eventual cooling channels. It is further assumed that the
copper walls of the BDPN chamber have a thickness of 5mm from the cusp
magnet surface. The magnet columns at the entrance and exit of the neut-
raliser, arranged in a linear cusp configuration by alternating their polarity,
are 80 mm wide and 60 mm long in the x direction. Thus, 60 mm is also the
length of the end channels. The magnetostatic simulation of figure 4.4b|shows
that using SmCo permanent magnets with a remnant induction of 1.19T al-
lows achieving a maximum magnetic field of ~ 0.8 T at the neutraliser internal
walls and of ~ 0.5T at the neutraliser ends. Turner and Holmes [13] sug-
gest using NdFeB magnets which have a higher remanent induction and make

higher cusp fields possible. However, neutron irradiation experiments showed
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that the radiation tolerance of NdFeB-type magnets is very low while SmCo-
type magnets can withstand neutron fluences as high as ~ 10?° neutrons/cm?
without any significant loss of magnetic flux [65]. Due to the large produc-
tion of neutrons on DEMO, it is expected that neutron fluxes of the order
of 10 neutronscm=2s71 or even higher will leave the tokamak through the
connecting ports and stream along the NBI beamline. This was confirmed

by neutron transport calculations performed via a 3D Monte Carlo code [66].

Therefore, SmCo magnets should be preferred.

4.3.2 The SHT model

A BDPN has never been built and all performance predictions so far have been
obtained by modelling. The SHT model is the original attempt to capture
the underlying physics of the plasma production process via the beam-driven
mechanism. It is a zero-dimensional analytical model that was presented by
Surrey and Holmes [12] and later refined and extended by Turner and Holmes
[13]. In this work, therefore, it is referred to as SHT model after the authors’
initials. The SHT model is extensively described in [12,[13], so here only a brief
description is given.

Plasma is formed as a result of the collisions between the fast beam particles
and the neutraliser gas molecules. The beam-gas collisions create fast elec-

trons:

e stripped electrons, coming from the stripping of the negative beam ions

and from the re-ionisation of the fast neutral particles;
e Rudd electrons |67,68|, generated by the ionisation of the gas molecules.

The stripped and Rudd electrons further ionise the gas and are the actual
source of plasma ions and electrons. The resulting thermal particles are con-
fined by the magnetic cusp field. By describing the confinement through an

effective loss area that depends on the permanent magnet arrangement and
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on the hybrid Larmor radius of the plasma particles, the plasma density is
computed. The collisions of the fast beam ions with the gas molecules and the
plasma electrons and ions change the charge state of the beam ions. Hence,
by calculating the evolution of the beam species fractions from the entrance
to the exit of the neutraliser, an estimate of the neutralisation efficiency is
obtained.

The SHT model, however, presents some apparent shortcomings that lead to
an overestimation of the achievable plasma density. Hence, it is the starting
point of a more comprehensive and detailed modelling of the BDPN which is

the main objective of this chapter.

4.3.3 The revised model

With the purpose of studying some of the processes outlined in the SHT model
more closely, of getting rid of oversimplifying hypotheses and of including ad-
ditional reactions and phenomena that have not been taken into consideration,
several modifications are introduced into the SHT model. The most important

are:

e Slowing-down energy distributions are calculated for the fast electron
populations instead of describing them with Maxwellian distributions.
This has an impact on the secondary ionisation rates and, hence, on the

achievable plasma density.

e The dissociation of the gas molecules by ion and electron impact, neg-
lected by the SHT model, is now included. It represents an important
energy loss mechanism for the plasma electrons whose temperature is
therefore reduced. Furthermore, the dissociation fragments have a few
eV energy that they can transfer to the gas molecules, contributing to the
heating of the neutral gas. Dissociation reactions are also fundamental

in the computation of the plasma species composition.

58



4.3. The beam-driven plasma neutraliser (BDPN)

e Another process that was initially not considered is the dissociative re-
combination of molecular ions with plasma electrons. The effect of re-
combination is a strong reduction of the achievable plasma density. As
its inclusion in the model requires the knowledge of the molecular ion
fractions in the plasma, a plasma species composition model is imple-

mented.

e While the SHT model assumes that the background gas is at room tem-
perature, the increase of the gas temperature due to the reactions occur-

ring during the plasma generation is now investigated.

A detailed description of the revised BDPN model is given in the following.
Although a 1D profile along the neutraliser length is calculated for the gas
density and the beam charge fractions, only the mean value in the former
case and the values at the neutraliser exit in the latter case are considered.
Hence, the model is zero-dimensional. Furthermore, it is highlighted that in
presenting the main model equations the gas temperature is given in Kelvin,

while ion and electron temperatures are expressed in energy units.

Gas density profile

With reference to the neutraliser geometry of figure [4.4] and table the
BDPN model starts with the calculation of the neutral gas density profile
along the neutraliser length via a series of conductance equations. The con-
ductance C' of a tube of rectangular cross section for molecular flow conditions
(the mean free path of the gas particles at low pressures is higher than the

tube length) is given by the following equation:

1 /8kgT, 8a2b?
== 833 4.10
4 M 3l(a+0b)’ (4.10)

where a and b are the rectangle dimensions, [ is the tube length, kg is the

Boltzmann constant, Ty, is the gas temperature and M is the gas molecular
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Figure 4.6: BDPN cross section in the z—y plane showing the gas path from the inlet in
the centre with a flow rate Q) towards the neutraliser ends. The pressures pg, p1 and Pamp
are the values at the inlet, at the channel entrance and outside the chamber, respectively.

mass. Ty, is initially assumed equal to 300 K.

The gas inlet is in the middle of the chamber and the gas path is shown in
figure With a gas flow rate ) and an inlet pressure pg, the gas flows
from the neutraliser centre towards both extremities in the same way. Hence,
a conductance Cle, is calculated for only half of the chamber length and is
equal to 170 m?3/s. The pressure linearly drops from the value py to the value
p1 at the entrance of the short channels formed by the magnet columns. Then,
the flow is divided among the four channels at either end. This explains the
factor 1/8 for the gas flow rate (). The pressure linearly drops from p; to
the vacuum vessel pressure pamp, equal to 0.002 Pa. The conductance Cg, of
a single channel is 36 m®/s and its value takes also the cross section reduction

from the main chamber to the channel into account.

The pressure profile can be calculated as

Q/2 — Cneut(pO - pl)

Q/8 - CYch(pl - pamb)

(4.11)

Once the gas pressure profile along the neutraliser p(x) has been computed,
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the gas density is obtained as

_ p(z)
kBTgas.

Ngas () (4.12)
The plasma density npiasma s assumed constant throughout the chamber length
and its initial value is zero. The density values 7g,s and npjasma, With figss being
the mean value of the gas density, allow solving the system of differential
equations (4.9) which gives the spatial evolution along the a-direction of the

fractions of the beam particles D=, D? and D*.

Fast electron currents

Colliding with the background gas molecules and the plasma ions and electrons,
the fast beam particles create fast electrons: stripped electrons, by negative
ion stripping and re-ionisation of the neutrals, and Rudd electrons, by gas

ionisation. Their currents /s and Ig are computed as

d/s B Z , . .

d/r _ - 0 + -

d_ = Ibeam(F Ji- =+ F gio + F Ui+)ngas, (414)
X

with j € {gas, e, i} indicating the collision target, i.e. neutral gas, plasma
electrons and plasma ions, respectively. The values of the stripping and
(re-)ionisation cross sections in equation are given in table (4.1). In
equation , 0i-, 0j0 and oy are the cross sections of gas ionisation by neg-
ative, neutral and positive particles, respectively, whose values are also taken

from Ref. [56]. It is assumed that o= = oy,

Description of the fast electrons

The neutral gas ionisation by the fast electrons produces most of the charged

plasma particles. Hence, the description of their energy distributions is funda-
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mental in predicting the resulting plasma density, especially in the case of the

stripped electrons that, having a higher energy, are the main source of plasma.

The stripped electrons are all created at the energy Egrippea given by

Me
Estripped = Ebeam
mp

which is ~ 272¢eV for 1 MeV D™ ions. In the equation, m., and mp are the

electron and negative deuterium ion masses, respectively.

The Rudd electrons have a birth energy distribution that was extensively in-

vestigated by Rudd et al. [67,/68], hence the name. A mean birth energy is

derived as [13]
Ebeam
Eruaa = 0.074/ ,
Rudd i

where Ap is the atomic mass number of the negative deuterium ion.

The SHT model describes the fast electrons via Maxwellian energy distribu-

tions around a temperature Uy equal to

2
Uy = gEkn

with Ej being the mean thermal energy. The index k represents the stripped
(S) and Rudd electrons (R). The SHT model assumes that the mean thermal
energies are equal to the birth energies, i.e. Es = Egyippea and Er = FRrudd-

This approach overestimates the energy distribution of the fast electrons be-
cause it implicitly assumes that the stripped and Rudd electrons thermalise
through collisions with only electrons from their own population, neglecting
the collisions with the gas molecules as well as with the thermal plasma ions
and electrons. Actually, the latter collisions are dominant as, for an effective
magnetic cusp confinement, the plasma density is expected to be several orders
of magnitude higher than the fast electron densities. Consequently, the fast
electrons slow down and thermalise with the plasma electrons whose energy

distribution is given by a Maxwellian at the temperature 7.
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Therefore, the fast electrons would be better described by steady-state slowing-
down energy distributions extending from the birth energy down to 7,. The
difference in the estimated secondary ionisation rates between the two descrip-
tions is small if the birth energy of the fast electrons is much higher than
the ionisation threshold of the neutral gas. Otherwise, it can be significant:
the high-energy tail of the Maxwellian distribution would still predict a finite
plasma density when, actually, zero ionisation is expected. Electrons with low

birth energies are generated by low energy beam ions.

The slowing-down energy distribution function f(F,t) gives the number of fast
electrons with energy in the interval [E, F+dFE] at the time ¢. The dimensions
of f(E,t) are 1/eV. The time evolution of the energy distribution function is
described by the following differential equation:

of(E.t) Of (B, 1) Rioss(E)  f(E,1)
5 =S(E) + B S E (4.15)

The first term on the right-hand side is a source term and represents the
rate at which electrons with energy in the interval [E, E' 4+ dE] are created.
The dimensions of S(F) are 1/(eVs). The second term describes the electron
energy reduction due to slowing-down. Ry, is the energy loss rate in eV/s.
The electrons are lost at the walls and this is taken into account by the third

term through the electron confinement time 7(E).

The electron energy loss rate R, considers two mechanisms: elastic Coulomb
collisions with the plasma electrons and ions and inelastic collisions with the
neutral gas molecules. On the basis of the model by Holmes [69], R is

expressed as

(4.16)

56 eV
Rloss =2 Nplasma GE_% + ﬁgas KO exp ( ° ) )

where, on the right-hand side, the first term describes the elastic Coulomb

collisions, with the constant G = 7.7 x 1071 eV¥2 m3?s~! taking the Coulomb
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logarithm into account, and the second term describes the inelastic collisions,
with Ky = 2.4 x 107'2eV m?s™! being an experimental constant [69).
By setting the time derivative to zero for the steady-state solution, equa-

tion (4.15) can be rewritten as

df(E) S(E) _
ag TN BT =0 0

with the coefficient a¢(FE) equal to

1
Gf(E) = R1—(E) (_nplasma GE~

E? 7(E)

- 56 €V Ngys Ko exp(—56eV/E) 1 )

The electron confinement time 7(E) is computed as [13|

V asma
7(E) = ol : (4.18)
Cc, Cc,e
2 (B— + B—>

where Vjjasma is the plasma volume, C. is the total cusp line length, B, is the

magnetic cusp field and the subscripts 1 and e refer to the lateral and end
magnetic confinement, respectively.
The source term is given by the condition

+o0 T

/ S(E)E =L, (4.19)

0 e
where [ is the fast electron current and e is the elementary charge.
Equation (4.17) requires a numerical solution. Figure shows the steady-
state slowing-down energy distribution functions calculated for the stripped

and Rudd electrons in the case of an ITER-like beam of 1 MeV, 40 A D~ ions.

The plotted functions f(E) are normalised as

Fu(E) = +Oofk(E)

The stripped electrons are all born at the energy Egyipped = 272€V, hence
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Figure 4.7: (a) Normalised slowing-down energy distribution function of the ITER-like
stripped electrons (orange) compared to the Maxwellian energy distribution assumed by the
SHT model (green). (b) Birth energy distribution (green) and normalised slowing-down
energy distribution function (orange) of the ITER-like Rudd electrons. Pictures reprinted
from under the terms of the Creative Commons Attribution 3.0 licence.
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the source term S(E) is different from zero only at £ = Egyippea- Lhe corres-
ponding normalised slowing-down energy distribution function fs(E) is plotted
in orange in figure together with the Maxwellian energy distribution as-
sumed by the SHT model in green. The comparison makes it clear that, if the
birth energy of the stripped electrons is lower than the gas ionisation potential,
the Maxwellian high-energy tail would still predict stripped-electron-induced
ionisation, while the slowing-down energy distribution would compute zero

ionisation.

The Rudd electrons are born with an energy distribution whose analytical
expression was obtained by Rudd et al. [68]. The normalised birth energy
distribution of the ITER-like Rudd electrons fR,bmh(E) is plotted in green in
figure The source term S(E) can be written as

I
S(E) = ?R fR,birth-

The resulting normalised slowing-down energy distribution is plotted in orange
in figure The presence of a peak is explained by the energy dependence
of the loss rate due to Coulomb scattering which increases with decreasing

energy as /2.

The integration of the non-normalised slowing-down energy distribution func-

tions fi(E) allows directly computing the fast electron densities:

1 oo

f(E)AE  withk € {S,R}. (4.20)

ne =
Vplasma 0

Therefore, three distinct electron populations are considered throughout the
model: the fast stripped and Rudd electrons, whose energy distribution func-
tions fs and fgr have been calculated from equation , and the thermal
plasma electrons, described by a Maxwellian distribution fp centred around

the temperature 7.
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Electron-ion recombination and the plasma species composition model

The background gas is further ionised by the fast stripped and Rudd electrons
which produce the major part of the plasma particles. The computation of the
secondary ionisation currents, together with that of the plasma electron tem-
perature, allows estimating the plasma density in the SHT model. However, an
important loss channel for low temperature plasmas (T, < 10eV), like the one
expected in the BDPN, was neglected: the electron-ion recombination. The
impact of recombination on the ionisation degree of the BDPN plasma was
firstly pointed out in [70] with the conclusion that the achievable beam-driven
plasma density is about 50 % lower than the one predicted without consider-
ing recombination. This result relies on the assumption that the plasma is
mainly composed of molecular ions D and D3 . Indeed, the cross sections
of the dissociative recombination reactions of electrons with D and D3 ions
are orders of magnitude higher than that of the radiative recombination of
electrons with atomic ions DT. For the plasma density (2.1 x 10 m~3) and
temperature values (1.1eV) predicted by the revised BDPN model in the case
of an ITER-like beam of 1 MeV, 40 A D~ ions, the following reaction frequen-
cies are calculated: 8.4 x 10*s~! for the dissociative recombination of D ions,
6.8x 10*s™! for the dissociative recombination of D3 ions, 0.29s™! for the radi-
ative recombination of D ions and 0.018 s~! for the three-body recombination
of D' ions. The latter frequency being very low, three-body recombination is
neglected. Therefore, determining the actual impact of recombination on the
BDPN plasma requires the knowledge of the composition of the plasma ion

species.

To this end, a plasma composition model is included in the BDPN model by
adapting and integrating an existing rate equation model [55]. The plasma
composition model uses global rate equations to compute the concentrations
of D, D', Dy and Dj particles in the plasma, indicated by ny, n,, ngp and

nsp, respectively. The reactions that produce or destroy the plasma species
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Table 4.4: Main reactions considered in the plasma composition model. When not directly
indicated in the table, the cross section values are taken from Janev et al. [71].

Reaction Cross section

1. Dos4+e— D; + 2e molecule ionisation o1

2. Dy+e—D"+D+2e dissociative ionisation op1 |72]
3. Dy+e—2D+e simple dissociation op 73]
4. Dy +e— D" +D+e dissociative excitation ODE
5. D; +e—2DT 4 2e dissociative ionisation ODI2p
6. D2+ +e — 2D dissociative recombination ODR2p
7. DY+Dy —DJ+D charge exchange 00X
8. Dj+Dy—Df+D dissociative attachment ODA
90 D+e—D"+2e atom ionisation on
10. Dg +e—D+ D, dissociative recombination ODR3p,1
11. Df4+e—3D dissociative recombination ODR3p,2
12. Dt4+e—D radiative recombination ODRIp

are listed in table The cross section values are taken from Janev et al. [71]
except for the cases of dissociative ionisation and simple dissociation whose

references are given in the table.

For every process of table a rate coefficient R’q“ is computed. The subscript
q identifies the reaction and, in case the reaction involves an electron, the
superscript £ indicates the population to which the electron belongs. Hence, &
can be equal to S, R or P to indicate the stripped, Rudd and plasma electrons,

respectively.

The rate coefficient is computed as

RF = /0 - Uq(E)\/ZE: fu(E)dE, (4.21)

where fk(E) is the normalised energy distribution function of the electron

population k.

One can then calculate the reaction frequency v, as
v, = Z REny,  withk € {S,R,P}. (4.22)
k
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For instance, the frequency of gas molecule ionisation by electron impact 1

(reaction 1. in table is equal to
VIIRISTLS—FRFHR—FRFHP,

where ng, ng and np are the densities of the stripped, Rudd and plasma elec-
trons, respectively. The densities ng and ng are computed via equation (4.20)),

while the plasma density is given by the summation of the ion species densities:
np = Nplasma = N1p + Nop + N3p- (4.23)

In case of reactions 7. and 8. of table [1.4] the impacting particle is a plasma
ion. The BDPN plasma being a cold plasma, the plasma electron temperature
T, is much higher than the plasma ion temperature T, i.e. T} < T.. In low-
pressure gas discharges, indeed, the low momentum transfer between electrons
and heavy particles, such as ions and gas molecules, is not compensated by a
high number of collisions. On the other hand, the high momentum transfer
between the plasma ions and the gas molecules allows assuming that the plasma
ion temperature is almost equal to the gas temperature, i.e. T; ~ kg Ty, by
expressing the plasma ion temperature in energy units.

Therefore, the frequency vpa of dissociative attachment of DJ ions with Dy is

computed as
2T,

vpa = opa(T}) Nop,

where mp+ is the mass of the Dy ion.

The charge exchange (CX) process (reaction 7. in table deserves special
attention. The majority of DT ions in the plasma is produced through dis-
sociative excitation of D3 ions (reaction 4. in table . As the predicted D
density is very low, the contribution of the atom ionisation process (reaction 9.
in table is negligible (the predicted dissociation degree for the ITER-like
case is only 0.59%). The kinetic energy distribution of the resulting D* ions
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Figure 4.8: Normalised kinetic energy distribution of the D ions coming from the disso-
ciative excitation of DJ ions by electron impact (reaction 4. of table [4.4). The distribution
is taken from [74]. The green line indicates the threshold energy of the charge exchange
process Ei, cx (reaction 7. of table .

has been experimentally measured and analytically modelled for both hydro-
gen and deuterium [74]: after a low-energy peak, it extends up to 20eV, as

illustrated in figure [4.8

The CX process has a threshold energy i, cx = 2.67 €V for the Dy vibrational
state v = 0 [71] (higher vibrational states of the gas molecule are neglected due
to the low value of the expected gas temperature, to the low gas pressure and to
the low energy of the impacting particles [75]). Thus, the energy distribution
of the DT ions plays a fundamental role as only the ions with an energy higher
than Fiy, cx can be destroyed by charge exchange. This is schematically shown
in figure 4.8 where the red line indicates the energy threshold of the CX process.
Integrating the energy distribution from zero to Eiy, cx gives the fraction of D*
ions that are not affected by CX. For the energy distribution of figure [4.8] this
fraction is 0.29. Hence, 0.71 is the fraction of D ions that can undergo charge

exchange.
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The plasma species composition model takes this distinction into account in a
simple way: the DT ion density ny, is split into two parts, ni, 1, and ny, g. The
former is the density of atomic ions that have been produced at an energy lower
than the CX threshold energy, the latter is the density of D ions produced at a
higher energy. A global rate equation is written for each of the two populations
as if they were different species. In each equation, the total source term of D™
ions is multiplied by the fractions calculated by integrating the DT ion kinetic
energy distribution, while the charge exchange sink term is considered only for
the population with energy above the CX threshold. The rate coefficient for

the CX reaction Rcx can then be written as

+oo P
Rex = / ocx(E)4/ forudE,
Ein,cx mp+

where fDJr’H is the normalised energy distribution of the D ions with energy

higher than Ey, cx and mp+ is the deuterium atomic ion mass. Thus, the CX
frequency is equal to

vex = Rox nip -

The total density of DT ions is obtained by summing up the densities of the

two populations, i.e. ny, = nip L + NipH-

The model is very sensitive to the assumed kinetic energy distribution of the
atomic ions, hence further investigation in this regard is envisaged in the near

future.

The plasma species composition model is given by the following system of

differential equations:

dn1 _ _ _
O = (vp1 + 2VD)ngas + UpATigas + (vpE + 2VDR2p>n2p + VexNgas+
n1v1 Sneut

4 V;leut

+ vprip(Nip,r + Np ) + (UpR3p,1 + 3VDR3p,2)N3p — V1N —
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d?’Ll L _
dz? = 0.29(vD17gas + (VDE + 20D12p)N2p + V11M1) — VDR1pMIp.LF

Te Aloss
—0.6 Nip,L
mip Vplasma

dm
p,H =
T 0.71(Vpifgas + (VDE + 2UD12p)N2p + V117M1) — VDR1pNAp,HF
Te Aloss
—0.6 NipH
mip Vplasma
dngp _ _ [R
= VNgas + VX Ngas + - (VDE + Upizp + VDR?p)n2P+
dt 6V;)lasma
_ Te Aloss
— VUDANgas — 0.6 Nop
map Vplasma

dngp ) Te Aloss
_ o p — 0.6, —=n 4.24
i VpATlg (VDR3p1 + VDR3p2)Map map o Vilasma (4:24)

In the equations, mi,, ma, and ms, are the masses of the DT, DJ and Dy
ions, respectively. The source and sink terms in every equation are expressed
through the frequencies of the reactions in table that produce and destroy
the considered plasma species, respectively. The term Iy /(eVplasma), With I
being the Rudd electron current, represents the DJ ions generated through gas

ionisation by the beam ions.

Wall losses

The last term in each of the equations (4.24) accounts for the wall losses. The

loss rate of the D atoms escaping to the chamber walls is given as

U1 Sneut

I =—
! 4‘/;1eut7
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where Speut and Vyeu are the surface area and volume of the neutraliser box,

respectively, and v; is the thermal velocity of the D atoms which is equal to

oy = 2D (4.25)
Tmp

with Tp and mp being the atom temperature and mass, respectively. The D

atoms coming from dissociation processes, it is assumed Tp = 2.3eV.

When dealing with the ion wall losses, the magnetic confinement has to be
considered: the ions escaping to the walls are lost only if they leak through the
magnetic cusps generated by the permanent magnets surrounding the chamber.
Therefore, the effective loss area Ay, is much smaller than the neutraliser
internal wall surface Sp,e.. Furthermore, the plasma being in contact with
cold walls, a sheath layer is formed on the walls [76]. The ions are hence

accelerated to the Bohm velocity:

1.

Map

withz € {1,2,3}. (4.26)

Uzp,Bohm =
The current of ions lost at the walls can be computed as
[mp =0.6 Vzp,Bohm 671pr10$$, (427)

where the factor 0.6 takes the density reduction at the edge of the sheath into

account.

The SHT model describes the effective wall loss area for the plasma electrons
and ions as

Aloss - 4Oc<pepi)1/27 (428)

in which C, is the total cusp line length and (pep;)'/?

is the hybrid gyrora-
dius, given by the geometric mean of the electron and ion gyroradii p., and p;.
Although experimentally obtained in [77], it is unlikely that a rather simple

relation as equation (4.28) could satisfactorily describe the plasma leakage
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through the magnetic cusps. However, as argued in [78|, reliable expressions
that are able to estimate the effective loss area in presence of magnetic cusps for
different plasma parameters and different magnet arrangements are not avail-
able. Therefore, equation (4.28]) continues to be used in the BDPN model,
although it might underestimate the effective loss area Aj,s. An experimental
investigation is required to verify and eventually improve the plasma wall loss

modelling.

The electron gyroradius is

MoV ) 8T
e — thv, = , 4.29
p eB, withe TMe ( )

where v, is the mean velocity of the Maxwellian-distributed plasma electrons.

The ion gyroradius is computed as

(4.30)

The plasma ions, which are accelerated to the Bohm velocity at the sheath
edge, reach the wall after passing through the sheath. Hence, their energy is
further increased by the potential drop ¢ across the sheath. Calling n the ratio

between the sheath potential and the plasma electron temperature

_<
n= Te )
the ion energy at the wall is
Lo, 1,
Ei,wall = §mi’Ui = §mivi7Bohm + Ten,

from which the plasma ion velocity v; is obtained:

[T,
c=1/—=(1+2n).
v mi( + 2n)
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As the relation (4.28)) for the effective loss area Aj,g does not take the different

plasma ion species into account, an average ion mass m; is defined as

1

mi = (nlpmlp + NapMap + n3pm3p> : (431)

Nplasma

The ratio n is calculated by demanding that the electron and ion currents to
the neutraliser walls are equal. The total current of plasma ions that leak

through the magnetic cusps is equal to

3

=3I, (4.32)

=1

where I, is given by equation (4.27). The current of escaping plasma electrons
is expressed as

1
I, = Zve €N plasma €XP(—1) Aloss- (4.33)

From the balance I; = I, it results:

ep [T Nap
[ 4.34
1 T. (nplasma Z /Map ) ( )

The explicit expression of the effective wall loss area A is obtained by sub-

stituting the gyroradius expressions and (4.30) into equation (£.28). As

the magnet arrangement on the lateral walls is different from that at the neut-

raliser extremities, two different effective loss areas have to be considered. The
subscripts | and e are used to distinguish the respective values of the cusp line

length C. and of the magnetic cusp field B..

Aloss - 4Cc,1(pepi)1/2 + 4Cc,e(pepi)1/2 =

4th,l 4Oc,e 1/2
- (eBc,l " B) (mevemsun) 7= = (4.35)

4C., 4C MM 1/4
_ c, c,e e 1T2 1 9
(eBCJ + eBQe) ( T (1 77)) ’
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with 7 given by equation (4.34]).

The cusp line lengths C,; and C., are computed as

Lneu
Cc,l = 2(Hneut + Wneut)( ! + 1) ~ 200 m (436)
cusp
Cc,e = (2(nch + 1) - 4)Hneut ~ 12 m, (437)
where ng, = 4 is the number of the end channels formed by the magnet

columus.

The system of differential equations is solved for the steady-state to
obtain the densities of the atoms and ion species and, hence, the plasma dens-
ity Nplasma. 1The plasma density is also a model input as it is needed to calculate
the reaction frequencies. Thus, an iterative procedure is required to solve the

plasma species composition model.

Gas molecule dissociation and the power balance

The dissociation of the gas molecules by electron impact has already been
considered in the calculation of the plasma composition (reactions 2. and 3. in
table . Its inclusion in the BDPN model also implies the modification of
the power balance used by the SHT model to determine the plasma electron
temperature 7,. The balance states that the power gained by the plasma elec-
trons through collisions with the beam ions and the fast electrons is equal to
the power removed by the plasma ions and electrons lost at the wall. However,
an additional power consumption is now taken into account: as gas dissoci-
ation has an energy threshold, the plasma electrons spend power to dissociate
the Dy molecules. The vibrational-state-dependent threshold energy for D,
dissociation is Egis = 4.48€V for the vibration state v = 0 |71].Thus, the

additional power loss term reads as

Wdiss = V;olasma ﬁgas nplasma<RgI + RE)Edisa (438)
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where the RP-terms are the Maxwellian rate coefficients (equation (4.21))) of
dissociative ionisation and simple dissociation of the neutral gas molecules
(reactions 2. and 3. in table [4.4)).

The plasma electron power balance is modified as
[e [i
WS + WR + Wbeam = Te ; + ng + Wdiss- (439)

The W-terms on the left-hand side are the energy transfers to the plasma
electrons from the stripped electrons, the Rudd electrons and the beam ions,
from left to right. Their expressions can be found in [13|. The term T,(I./e +
nl;/e) is the power loss due to the plasma ions and electrons leaking through

the magnetic cusps at the walls, with the respective currents I; and I, given

by equations (4.32)) and (4.33)), respectively.

Gas dissociation was neglected by the SHT model. Adding this power loss
channel for the plasma electrons translates into a reduction of the predicted

plasma temperature 7.

Gas heating model

The interaction of the ion beam with the background neutral gas is responsible
of an increase of the gas temperature. For instance, gas temperatures up
to 900 K were measured for the JET NBI neutraliser [79]. Leading to lower
gas densities, gas heating is thought to be the cause of the shortfall of the
neutralisation efficiency observed for the JET injectors with respect to the
theoretical value [80]. Gas heating phenomena inside the gas neutraliser were
modelled by Paméla [81,82]. The predicted gas temperature for the JET
neutraliser agreed well with the spectroscopic measurements in [80].

A lower gas density implies a higher gas inflow into the neutraliser to achieve
the optimum target thickness and, consequently, an increased gas pressure
along the beamline. This has a negative impact on the injector efficiency as

higher pumping speeds are needed and /or the stripping losses in the accelerator
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and the re-ionisation losses after the neutraliser increase. Hence, it is important
to obtain a reliable estimate of the gas temperature in the BDPN. To this end,
a gas heating model based on Paméla’s calculations is included in the BDPN

model.

At first, an upper limit of the BDPN gas temperature Ty, is derived for an
ITER-like beam of 1 MeV, 40 A D™ ions by balancing the total power that the
ion beam loses in the neutraliser gas with the power lost by the gas molecules
at the chamber walls:

1 8kpTyas
B cam = Oneut 7 Ngas =
b A VA y R |

kB (Tgas - Twall)a (440)

where Ppeam is the ion beam power loss, S,eut i the neutraliser surface area,
M is the gas molecular mass, [(8kpTyas)/(mM)]}/? is the gas mean velocity, «
is the accommodation coefficient of the gas molecules on the walls, v = 1.4 is
the gas specific heat ratio and Ty,; = 300K is the wall temperature. It is
assumed a = 0.5 [81,82].

The power deposited by the beam ions into the background gas Peam is 0Ob-
tained from the ion stopping power which is the average rate at which the ions
lose energy per unit length due to elastic and inelastic collisions with the gas
molecules. The ion stopping power is given by the product of the stopping cross
section and the mean gas density. The stopping cross section Ssp of a 500 keV
H* ion in Hy (equivalent to a 1 MeV DT ion in Dy) is Ssp & 4x 1071 eV m? [83].
It is assumed that negative ions have the same value of stopping cross section,
provided that the contribution from the stripped electrons is considered sep-

arately. It follows:

[ eam — [
DO G Thgas Lineut + fEstripped ~ 13kW. (4.41)

Pbearn =

Solving equation (4.40]) for this value of the deposited power gives a gas tem-
perature upper limit of T,,s = 1900 K. Balance (4.40)) overestimates the gas
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temperature as definitely not all the power that the ion beam deposits into the
neutral gas is transferred as kinetic power to the gas molecules. Additionally,

the radiative energy loss of the gas molecules is neglected.

On the other hand, Paméla’s model [81,82] uses more assumptions to calculate
the effective energy transfer from the beam particles to the gas molecules.
Hence, the model gives a more precise estimate of the gas temperature, albeit

less robust than the conservative value obtained with balance (4.40)).

The energy fraction that is transferred from the beam to the gas through elastic
collisions is negligible: the momentum transfer cross section of a 1 MeV DT ion
in Dy is 1.6 x 1072" m? [84]. This value is much lower than the corresponding

cross section computed for stopping

. 1 MeV dE -1
Sep = / ) =6.4 x 107 m2.
o ( o Sse(E)

Hence, gas heating occurs only indirectly.

Paméla identifies three main indirect energy transferring processes: gas mo-
lecule dissociation by beam ions, gas molecule dissociation by electron impact
and reflection of the plasma ions from the neutraliser walls as energetic neut-

rals.

The gas heating model considers four reactions of gas dissociation by beam
positive ions which are listed in table Each reaction j with j € {1,2,3,4}
is characterised by a cross section o;, whose reference is indicated in the table,
and by an energy value W, representing the kinetic energy of the correspond-
ing dissociation products. The cross sections of the equivalent dissociation
reactions where the impacting particle is a negative ion or an atom are not
available. In applying Paméla’s model to the ITER gas neutraliser [85], Surrey
pointed out that for negative ions stripping is more likely than dissociation.
A similar argument could be considered for the neutral atoms. In order to
obtain a conservative estimate, it is assumed that the beam negative ions and

neutrals undergo similar reactions as those listed in table with the same
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Table 4.5: Gas dissociation reactions by ion impact. Fast beam particles are denoted by
a hat. For every process, the cross section symbol o; with the corresponding reference and
the kinetic energy W, of the dissociation products are indicated, with j € {1,2,3,4}.

Reaction o; W; |eV]
1 ]5++D2 —>]A)—|—D—|—D+ dissociative o1 l86| 5
charge exchange
2. Dt + Dy — Dt 4+ D+ Dt +e dissociative ionisation oo [87] 5
3. Dt +Dy — D) 4+ 2D + (2)e  double ionisation o3 [56] 10
4. Dt + Dy — Dt + D(*) +D simple dissociation oy 73] 2

cross section values o; and the same kinetic energies W; of the dissociation

fragments.

Reactions 2. and 3. in table 4.4|represent the gas dissociation by electrons: the
kinetic energies of the dissociation fragments from dissociative ionisation (opy)
and simple dissociation (op) are assumed equal to those for the analogous ion

impact reactions, i.e. Wy and Wy in table [4.5] respectively.

The plasma ion temperature 7; being very low, one can neglect the gas dis-
sociation by plasma ion impact. However, Paméla argues that, after being
accelerated in the plasma sheath to the energy 7.7, the plasma ions could
neutralise on the walls and be reflected back as neutrals, keeping a significant
fraction of the initial energy. The product of this energy fraction and the re-
flection probability is indicated as R,¢. Paméla’s gas heating model assumes

R..s = 0.3. Hence, the kinetic energy of the reflected neutrals is

Wref = Rref Ten- (442)

In summary, both the dissociation fragments and the reflected neutrals have
a few eV kinetic energy that they can partially transfer to the gas molecules
through elastic collisions. It is then the secondary particles to heat the gas,

hence the definition of indirect heating. The energy transfer is estimated as

o/ (W) = Wy = WL~ exp(~00/1 dun M) (4.43)
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where the subscripts 0 and + indicate the neutral atoms and the positive ions,
respectively, TV is the initial kinetic energy, /4 is the fraction of energy trans-
ferred to the gas molecules, 0¢,/4 is the momentum transfer cross section [84]
and d,, is the mean travel distance of the secondary particles. Differently from
Paméla who argued that the mean path of the dissociation products up to
the neutraliser walls is roughly equal to the small transverse dimension of the
chamber, the following consideration is made: if a certain number of particles
moves in the x direction, an equal number of particles will move in the oppos-
ite way as the dissociation fragments are born with no preferential direction.
Hence, the expectation value of the travel distance along x is half the neutral-
iser length. As the same consideration is valid also for the y and z directions,
the mean travel distance d,, is estimated as the mean of the expectation values

in the three directions:

Lneut + H neut + Wneut

dy =
6

(4.44)

Having identified and modelled the sources of gas heating, equation (4.40]) can

be rewritten as

> Piorea = Sun o[ 22 k(T = To), (449
where P, = (I,/e)W, with I, being the current of dissociation fragments or
energetic neutrals generated by the process ¢ and W, their kinetic energy. A
fraction &g/ , of this energy is transferred to the gas molecules through elastic
collisions according to equation (4.43]).

The explicit expression for the left-hand side of equation depends on

the considered indirect energy transferring process:

1. Molecular dissociation by beam ions.

I eam _
Pl €O/+71 = be {Ug}ion Ngas Lneut; (446)
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with

{oction = o1(eo(Wh) + €4 (W1)) + 02(e0(W2) + e4.(W2)) + 2036, (W3)+
+204€0(Wa),

where o; and W; with j € {1,2,3,4} are listed in table and /4 is
defined in equation (4.43]).

2. Molecular dissociation by electron impact.
P2 §0/+,2 - ﬁgas ‘/plasma Z nk{ng}ea (447)
k
with
{R*e}e = Riy(eo(Wa) + 4. (Wh)) + 2Ry e0(Wa),

where RE; and Rf are the rate coefficients for dissociative ionisation and
simple dissociation (reactions 2. and 3. in table , respectively, calcu-
lated according equation . The summation on k with £ € {S,R, P}
accounts for the fact that all three of the BDPN electron populations

contribute to the gas dissociation.

3. Plasma ion reflection as energetic neutrals.

I
P38/ 3= gEO(Wref), (4.48)

where [; is the total current of plasma ions that escape to the wall, given

by equation (4.32), and Wi is defined in equation (4.42)).

Hence, the power balance of equation (4.45) becomes

Ibeam

I
{Ug}ion ﬁgas Lneut + T_Lgas Vplasma Z nk{ng}e + ;€O(Wref) -
k

1 _ 8kBTgas «
= Oneut ; Ngas
4 M v —1

kg (Tgas — Twan) (4.49)
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Model solving algorithm

Due to the inclusion of many sub-models, whose inputs are often the outputs
of the main code, the revised BDPN model requires many iterations to be
solved. The main model results are the plasma density and temperature,
Nplasma and Ty, the ionisation degree x and the neutralisation efficiency (.

The solving algorithm is represented by the flowchart of figure [4.9] and briefly

outlined in the following:

1. The values of the gas inflow () and gas temperature Ty, are initially

assumed. The gas density profile ng,s along the neutraliser length is

obtained through equations (4.11)) and (4.12]).

2. Starting with a plasma density npiasma = 0, the solution of the system
of differential equations (4.9) gives the spatial evolution of the beam

species.

3. The currents of stripped and Rudd electrons are calculated by equa-

tions (4.13) and (4.14)).

4. By numerically solving equation (4.17), the slowing-down energy dis-
tributions of the fast electrons are obtained and subsequently used to

compute the corresponding densities via equation (4.20)).

5. After assuming a value for the plasma electron temperature T,, the
plasma species composition model equations (4.24) and the power bal-
ance (4.39) are solved, giving new values of npjasma and 7.

6. By means of an iteration cycle, the code returns to point 5] and repeats

the previous steps until the plasma electron temperature has converged.

7. The power balance (4.49) of the gas heating model is solved and a new
value of the gas temperature T, is obtained. Convergence is achieved

with an outer iteration loop.
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Input system Assume gas inflow Q and
dimensions and gas temperature Tgys.
beam parameters Plasma density Npjasma = 0

l
Calculate gas density profile
Ngas(X) (equation (4.12))

Calculate beam species
fractions F~, FO, F*
(equation (4.9))

l

Compute stripped and Rudd
electron currents /g and Iy
(equations (4.13) and (4.14))

Derive slowing-down energy
distributions for the fast electrons
fs and fg (equation (4.17))

Calculate stripped and Rudd
electron densities ng and ng
(equation (4.20))

I

Solve plasma species composition
model (equation (4.24)) and geta [+
new value of Tyjasma

Assume plasma
electron
temperature T,

Solve plasma electron power
balance (equation (4.39)) and
get a new value of T,

Check if
T has
converged

Solve gas heating model
(equation (4.49)) and get a new
value of Tgys

Check if
Tgas has
converged

Display
neutralisation
efficiency {

Check if { is
the maximum
possible value

No Assume different
value of Q

Display model
results

Figure 4.9: Flowchart representing the solving algorithm of the BDPN model.
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8. An outer iteration cycle is finally required to optimise the gas inflow @)
assumed at the beginning: the optimum value of () is such that the
corresponding gas density maximises the fraction of neutrals in the beam

at the neutraliser exit, i.e. the neutralisation efficiency (.

4.3.4 Model predictions for the ITER-like NBI reference

case

The SHT model was applied to the BDPN design outlined in section [13]:
the dimensions and magnet arrangement are specified in table and an
ITER-like beam of D™ ions with an energy of 1 MeV and a current of 40 A was
considered. In figure the SHT results are compared with the predictions
of the revised model applied to the same reference case. This comparison is the
reason why the same geometrical dimensions and input parameters as those
of the SHT model have been assumed. The SHT predictions of figure [4.10
shown as orange lines, have been obtained by implementing the original SHT
model. Except for small numerical differences, the results are identical to those
plotted in [13].

The quantities in figure 4.10] are plotted as functions of the inlet gas flow rate
Q. In order to directly compare the results of the revised model with those
of the SHT model, which assumes a gas temperature of 300 K, the gas inflow
rate () obtained for the gas temperature estimated by Paméla’s model is scaled

to a gas temperature of 300 K using the temperature dependence of () that is

explicitly given by equations (4.10]), (4.11)) and (4.12)). Hence, the values of Q)

are lower than those required to achieve the same target thickness at a higher
gas temperature.

The plasma density nplasma and the ionisation degree x are drastically lower
than the values predicted by the SHT model. This is mainly due to the impact
of the electron-ion recombination processes. The plasma species composition

model predicts that DT is the dominant ion species in the BDPN plasma with
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nplasrna (1018 1’1’1_3)
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Figure 4.10: Comparison between the revised and SHT models for an ITER-like beam.
The plasma density nplasma, the degree of ionisation y, the plasma electron temperature 7
and the neutralisation efficiency ( are plotted as functions of the inlet gas flow rate @ at
300 K. The neutralisation efficiency of a gas neutraliser with the same BDPN chamber is
also shown. The maximum value of ¢ is indicated by a star. Picture reprinted from
under the terms of the Creative Commons Attribution 3.0 licencel
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a fraction of 99.87%. The D3 ions are lost through dissociation into D™ and
D (reaction 4. in table and in collisions with the gas molecules to form
Dy ions (reaction 8. in table [4.4). More importantly, both D3 and Dj are
effectively destroyed by dissociative recombination (reactions 6., 10. and 11. in
table [4.4). Thus, their resulting fractions are 0.08 % and 0.05 %, respectively.
The effect of recombination is such that the predicted plasma density and
ionisation degree are about a factor of four lower than the SHT values.

While the mean gas density increases linearly with the gas inlet flow rate, the
plasma density increases less than linearly, resulting in a decreasing profile of
the ionisation degree.

Including gas dissociation as an additional energy loss channel for the plasma
electrons in the model causes a reduction of the plasma electron temperature
T, by about a factor of two.

It was shown in section that the higher the ionisation degree , the higher
the maximum neutralisation efficiency (. Additionally, the required target
thickness and, hence, the required gas throughput become lower and lower.
The dashed red line in figure represents the case of zero ionisation degree:
the maximum (¢ is around 55%. The same BDPN chamber is assumed for
the considered gas neutraliser, so there are no internal channels to reduce the
gas throughput as in the case of the ITER gas neutraliser. This explains
why the target thickness of 1.4 x 102°m~2 requires a gas inlet flow rate of
48 Pam3s™ (Q = 14.6Pam3s™! for the same gas target thickness for the
ITER gas neutraliser [57]).

The SHT model predicting a high degree of ionisation yx, a higher maximum ¢
of 80 % is obtained for a lower ) of 7Pam?s~!. Due to electron—ion recombin-
ation, the revised model predicts a lower y leading to a lower maximum ¢ of
68 % for a higher gas throughput of 26 Pam?®s™!. A geometrical optimisation
of the BDPN and the inclusion of elongated slits outside the cusp-confined
volume, as depicted in figure 4.4} could reduce the required gas inflow rate.

The maximum (¢ of 68 % is achieved for x = 8.0%. The BDPN model does
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Table 4.6: Total kinetic power of the products of the energy transferring processes and the
corresponding fraction that they pass on as heating power to the gas molecules via elastic
collisions. The numbers refer to the BDPN plasma generated by an ITER-like beam. Table
reprinted from [55] under the terms of the Creative Commons Attribution 3.0 licencel

Energy transferring process Kinetic power [W| Heating power [W]

Gas dissociation by

beam ions 21 17

stripped electrons 260 210

Rudd electrons 9.8 8.0

plasma electrons 720 580

Plasma ion reflection 76 67

not take the gas depletion due to plasma formation into account. However,
the value of y is sufficiently low to neglect it.

All the outputs of the revised model are given in table for the optimum
value of Q).

The revised model gives also an estimate of the background gas temperature
increase. Surrey applied Paméla’s gas heating model to the ITER gas neutral-
iser [85] and showed that the beam-driven dissociation is the most important
gas heating mechanism. The predicted gas temperature is only 100 K above
wall temperature. The situation is different for the BDPN due to the confine-
ment of high electron densities. Table reports for each of the considered
gas heating processes the total kinetic power of the dissociation products or
energetic neutrals and the corresponding fraction that they transfer to the gas
molecules via elastic collisions.

It turns out that, due to the high plasma density predicted by the BDPN
model, gas dissociation by plasma electrons is the dominant heating mechan-
ism. A neutral gas temperature of 520 K is estimated. A higher gas tem-
perature demands a higher gas inlet flow rate to achieve the same target
thickness. Therefore, according to the temperature dependence of () given
by equations (4.10), and ([4.12), the optimum gas inflow of 26 Pam?3s~!
at 300 K corresponds to a value of 60 Pam?3s~! at 520 K. In this work, however,

Q is always referred to a gas temperature of 300 K for comparison purposes.

88


https://creativecommons.org/licenses/by/3.0/

4.3. The beam-driven plasma neutraliser (BDPN)

The energy transfer from the dissociation products and reflected neutrals to the
gas molecules depends on the mean travel distance of the impacting particles
which is given by equation . However, the simple approach used to es-
timate d, may underestimate the travel distance, especially for the charged
dissociation fragments, and hence the energy transfer. Therefore, the gas tem-
perature is also calculated for the limiting case d,, — +00, i.e. assuming that
the heating powers of table [4.6| are equal to the kinetic powers of the impact-
ing particles (see equation (4.43])). The result is a gas temperature of 560 K
which is only 8 % higher than the gas temperature estimated for a mean travel

distance d,, given by equation ((4.44]).

4.3.5 The BDPN proof-of-principle experiment

Although the beam-driven plasma neutraliser promises a higher neutralisation
efficiency than the gas neutraliser, its feasibility has never been proved on a
real NNBI beamline. The better performance has just been predicted through
analytical models that need to be benchmarked. Therefore, before consider-
ing a BDPN-based DEMO NBI, a suitable proof-of-principle experiment is
required to demonstrate the concept. The ideal situation is a system whose
dimensions and operating parameters are as close as possible to those foreseen
for the DEMO NBI. Due to the fact that the baseline DEMO-1 is a conservat-
ive reactor configuration that is very close to ITER, the DEMO injector could
be approximated by an ITER-like NBI. It follows that the BDPN proof-of-
principle experiment should envisage the neutralisation of a 1 MeV, 40A D~
ion beam in a chamber of similar dimensions to those of the gas neutraliser,
as assumed in table [4.3] This set of parameters is referred to as ITER-like
BDPN. MITICA [88] would be the only test facility to be able to generate
such a high-energy negative ion beam, but it has not yet come into operation
and its primary objective is the test of the whole ITER NBI beamline when it

does. Hence, a full-scale BDPN test on this facility is not possible in the near
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future.

Existing smaller-scale test facilities have to be considered, being aware that
an extrapolation of the experimental results to the DEMO-scale will then be
required. The fact that these smaller facilities have lower ion beam energies

makes it useful to distinguish two different objectives for a possible experiment:

i) to prove that the beam-driven mechanism can generate a plasma densit
g y
and a degree of ionisation sufficient to significantly enhance the neutral-

isation efficiency;

(ii) to prove that a plasma of sufficient density and degree of ionisation can

effectively increase the neutralisation efficiency as predicted.

Objective is the core of the proof-of-principle experiment as it concerns
the effectiveness of the beam-driven mechanism and of the magnetic cusp con-
finement in producing a sufficiently high plasma density. In this regard, the
experiment should benchmark the model predictions, give confidence in their
extrapolation to a DEMO-sized system and suggest improvements.

Concerning objective , the starting point is a plasma of a certain density and
ionisation degree. Therefore, it does not necessarily have to be produced by the
ion beam, but it could as well be driven externally. Objective is not meant
to be a demonstration of the neutralisation efficiency increase in presence of
a plasma, also because this was already experimentally proved by Hanada et
al. |60] for a 200 keV H™ ion beam (equivalent to a beam of 400 keV D~ ions).
The purpose is to benchmark the enhancement of the neutralisation efficiency
predicted by model for a 1 MeV deuterium ion beam or, in other words, to
benchmark the cross section values of the reactions between plasma particles
and 1 MeV D~ ions. The values of many of these cross sections, indeed, are not
available in the literature for this energy range or for the deuterium isotope
and, hence, an extrapolation is required. Furthermore, there are cases in which
they are predicted from theoretical models. Although not investigated in this

work, the cross section values are one of the major sources of uncertainty
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in the model. Hence, the topic must be addressed in future, also through a
proper experimental campaign. Tt is clear, however, that the use of ion beams
of energy lower than 1 MeV would not give any information in the reference
energy range and, therefore, would not help in reaching objective (i).

In conclusion, objective ({i) is the only driver in the design a BDPN proof-of-
principle experiment with low-energy ion beams. The increase of the neutral-
isation efficiency with respect to an only-gas target is not of primary concern
for the aforementioned reasons but, if measurable, it can be considered an ad-
ded value and a valid criterion to make a choice among different experimental

options.

Required diagnostics

Scanning as many BDPN model parameters as possible is fundamental for the
experimental validation of the model. To this end, the main quantities to be

measured are:
e plasma density through Langmuir probes;
e gas temperature via optical emission spectroscopy;
e gas flow through a flow controller and pressure gauges;

e neutralisation efficiency, if its increase is significant, by means of a resid-
ual ion dump that would deflect the residual ions in the beam after the

neutralisation;

e ion species composition of the plasma via ion mass spectrometry.

Considered NBI test-bed beamlines

NBI test-bed beamlines that already exist and are at European research units
who contribute (or did so in the past) to EUROfusion tasks are primarily

considered to carry out a BDPN proof-of-principle experiment:
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e the negative ion source test facilities BATMAN Upgrade [89], ELISE [90],
SNIF [91] and NIO1 [92];

e the positive NBI system of ASDEX Upgrade (AUG) [93].

BATMAN Upgrade (BUG) is a test facility with a negative ion RF-driven
source at the Max Planck Institute for Plasma Physics (IPP) Garching [89]
which is 1/8 of the ITER NBI source size. Operation both in hydrogen and
deuterium is possible and the beam can be accelerated up to 50keV. BUG is
used to achieve a better physics understanding of the negative ion production
and extraction and to improve the RF efficiency and the beam properties.
ELISE at IPP Garching [90] has a negative ion RF-driven source that is half
the size of the ITER NBI source, with almost the same width and half the
height. Hence, ELISE is the intermediate step between BUG and the full-scale
ITER source and its main objective is the demonstration of negative ion beam
formation in large RF sources with the beam properties satisfying the ITER
requirements. Beams of H™ or D™ can be formed and accelerated up to 60 keV.
SNIF was built at the Culham Centre for Fusion Energy (CCFE) to study
and improve the negative ion beam production and transport [91]. The RF-
driven ion source produces a negative hydrogen beam of 30 keV energy which
is extracted through a single aperture. The small dimensions represent the
main advantage of SNIF as they allow for small and quick modifications of the
system. SNIF is the test facility suggested by Turner and Holmes for a BDPN
feasibility test |13].

NIO1 is a small and flexible RF-driven ion source test facility, constructed at
Consorzio RFX [92]. A 60keV, 130mA H~ ion beam is accelerated through a
square lattice of 3 x 3 apertures.

ASDEX Upgrade, the medium-size tokamak operated at IPP Garching [93],
has a positive HNB injector which is also taken into consideration to investigate
the beam-driven plasma production by positive ions. The AUG ion source

operates at 55kV, 75 A in hydrogen.
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The performance of a BDPN installed on the considered test-bed beamlines
is predicted with the BDPN analytical model. The input parameters as well
as the modelling results are given in table 4.7l The neutraliser cross section
is based on the plasma grid (PG) dimensions. As the magnetic confinement
of the neutraliser extremities requires an odd number of magnet columns, if
the central columns intercept the ion beam, a certain number of PG apertures
is masked to allow for the magnet bar positioning. A lower number of aper-
tures results in a lower beam current. This explains why the current input in

table is sometimes lower than the nominal value.

The vacuum vessel pressure for the small-scale test facilities is given by the

pumping speed Spump installed on the beamline as

Pamb = (450)

Spump

The model predictions for the ITER-like BDPN, already discussed in sec-
tion [£.3.4] are given for the optimum gas density. This is not the case for
the low-energy beamlines for which the model results are listed for the op-
timum gas density of the ITER-like case. This choice depends on the following
considerations: firstly, if the beam energy is lower than 50 keV /amu, the neut-
ralisation of both positive and negative ions depends on the balance between
ionisation and charge exchange rather than stripping. Secondly, the ion beams
are not powerful enough and produce ionisation degrees lower than 1%. Con-
sequently, the increase of the neutralisation efficiency ( is negligible and ( is
almost equal to the neutralisation efficiency (455 Obtained with a target of only
gas of the same thickness. This is shown in table which for each of the con-
sidered test facilities gives the model results for the gas density that maximises

the neutralisation efficiency (Cuax)-

As demonstrating the neutralisation efficiency increase is not the primary ob-
jective of the proof-of-principle experiment, one could think of showing the

model results for the gas density that maximises the ionisation degree. Fig-
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Table 4.7: Main input parameters and results of the BDPN model applied to several test
facilities and to a filament-driven plasma source. The results are shown for the mean gas
density that maximises the neutralisation efficiency ¢ of the ITER-like case. The fractions
of the D¥, DJ and DJ plasma ions are indicated with ¢, co and c3, respectively. The
neutralisation efficiency (g5 is obtained with a target of only gas of the same thickness as
that of the total target at which ¢ is achieved. Table reprinted from [55] under the terms of
the |Creative Commons Attribution 3.0 licencel

ITER-like SNIF BUG ELISE NIO1 AUG F;“j:t

Inputs
Isotope D H H H H H D
Theam [A] 40 0.060 2.0 20 0.063 75 -
Fpeam [keV] 1000 30 50 60 60 55 -
Lueut [m] 3.1 0.50 1.0 1.0 1.0 1.0 3.1
Hopeut [m] 2.0 0.48 0.61 1.2 020  0.87 2.0
Wheut [m] 1.1 0.40 0.43 1.1 0.20  0.59 1.1
Spump [m3 /5] - 1.0 120 700 8.0 500 -
Vilasma [m?] 4.1 0.041 0.040 0.65 0.0030 0.16 4.1
Outputs
FExtripped [€V] 272 16 27 33 33 30 272
Is [A] 42 0.043 2.0 19 0.058 3.6 42
Ir [A] 17 0.012 0.86 8.7 0.027 36 -
Nplasma [1017 M ™3] 21 0.043 0.84 1.4 0.42 13 18

c1 [%] 99.87 0.38 18.73 75.74 416 98.30  99.80

co |%] 0.08 1.09 558 234 599  0.89 0.11

cs %] 0.05 98.53 75.69 21.92 89.85 0.1 0.09
x |%] 8.0 0.018 0.34  0.59 0.17 5.1 6.7
¢ (%) 68 56 65 63 62 26 -
Coas (%) 48 56 64 61 61 26 -
T, [eV] 1.1 0.46 1.2 1.3 0.42 1.8 1.0
Tgas 1019 m~3] 2.4 24 24 2.4 2.4 2.4 2.4
Aloss [em?] 450 61 59 120 26 77 540
Acathode [CmQ] - - - - - - 110
Taas [K] 520 300 310 350 300 560 470
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Table 4.8: Main results of the BDPN model applied to several test facilities. The input
parameters are listed in table f7] In each case, the results are shown for the maximum
neutralisation efficiency (,yax. The fractions of the DT, D;r and D;“ plasma ions are indicated
with ¢1, co and c3, respectively. The neutralisation efficiency (zas is obtained with a target
of only gas of the same thickness as that of the total target at which (. is achieved.

ITER-like SNIF BUG ELISE NIO1 AUG
Outputs
FEstripped [€V] 272 16 27 33 33 30
Is [A] 42 0.086 2.5 24 0.077 48
Ir [A] 17 0.043 1.3 14 0.045 170
Nplasma [1017 m ™3] 21 012 1.1 1.8 058 71
1 |%) 99.87 0.33 17.33  76.01  3.37 99.71
co | %) 0.08 040 431 177 424 0.14
cs | %) 0.05 99.27 7836 2222 9239 0.15
x [%] 8.0 0012 027 046 014 54
Cmax (%) 68 7 69 67 66 51
Coas (%) 48 7 69 66 66 52
T. [eV] 1.1 046 1.2 1.2 044 1.3
Ngas [1019 m ™3] 2.4 9.3 3.9 4.0 4.2 12
Aloss [cm?] 450 61 58 120 26 66
Tyas [K] 520 300 310 350 300 780
100
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Figure 4.11: Results of the BDPN model applied to the BUG test facility, plotted as
functions of the mean gas density. ¢ is the neutralisation efficiency, (gas is the neutralisation
efficiency obtained with a target of only gas of the same thickness as that of the total target
at which  is achieved, y is the degree of ionisation (plotted on the right axis). The maximum
value of (, called (pax, is indicated with a star.
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ure shows (, (gas and the ionisation degree x predicted by the BDPN
model as functions of the mean gas density in the case of BUG. The difference
between ¢ and (g is always negligible. Lowering the gas density leads to an
increase of the ionisation degree but, correspondingly, not only is ( much lower
than its maximum value (., but x is still very low, around 1 %.

In summary, as a preferred operative point is not present, it has been decided
to compare the model results of all test facilities in table at the optimum
gas density of the ITER-like case. These are the model predictions that will
be discussed.

The case of SNIF is particularly interesting as the impact of the modifications
introduced into the BDPN model is evident. The stripped electron energy of
16 eV is just above the hydrogen ionisation threshold, approximately equal to
15eV [71]. As the slowing-down energy distribution of the stripped electrons
does not extend beyond their birth energy, the induced secondary ionisation
and, hence, the plasma generation, are negligible. Indeed, the predicted degree
of ionisation is only 0.018 %. This would not be the case if the SHT model
was applied due to the assumption of Maxwellian fast electrons and to the
fact that electron—ion recombination is neglected: the SHT model predicts an
ionisation degree of around 19 % for the optimum target thickness.

Having a similar beam energy, which means fast electrons of similar energy,
BUG, ELISE and NIO1 show comparable results: the energy of the stripped
electrons, which contribute the most to generate the plasma, is sufficiently
above the gas ionisation threshold to produce a plasma density of the order of
10'"m=3. However, the degree of ionisation is lower than 1%, determining a
marginal improvement of the neutralisation efficiency that would be hard to
measure experimentally. The slightly better results of ELISE are due to a high
beam current. Although both BUG and ELISE can operate also in deuterium,
only hydrogen beams have been considered as deuterium operation would have
the same issue as in SNIF, i.e. a stripped electron energy below for BUG and

slightly above for ELISE the ionisation threshold of Dy molecules.
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The model results for the AUG positive ion beam highlight that the mechan-
ism of plasma generation by positive ions is different: as no electron can be
stripped from positive ions, the neutral gas ionisation is entirely due to the
Rudd electrons which, therefore, play the major role in forming the plasma.
The current Ig is not zero due to the electrons coming from the re-ionisation
of the produced neutrals, yet it is very small. Given a high beam current of
75 A, the background gas is significantly ionised: the plasma density is of the
order of 10® m™3 and the ionisation degree is 5.1 %. Nevertheless, the neut-
ralisation efficiency does not increase with respect to the value predicted for a
gas target of the same thickness: while the plasma electrons and ions increase
the stripping-to-re-ionisation ratio for the negative ions, they do not enhance
the conversion of positive ions into neutrals.

The main conclusion from the results of table[4.7]is that none of the considered
small-scale negative ion test facilities would be able to produce an appreciable
degree of ionisation of the neutral gas by the beam-driven mechanism, es-
sentially because of the low beam power. The use of these beamlines for a
proof-of-principle experiment would make it difficult not only to benchmark
the analytical BPDN model but also and above all to extrapolate the results
to a DEMO-scale system, even without taking the beam neutralisation into
account. A positive NBI does not represent a valid alternative either, as the
plasma is generated in a different way than what is expected for a negative
ion beam. Therefore, underlying again that the core mission of the proof-of-
principle experiment is about the plasma formation and confinement and not
the neutralisation of the negative ions, a dedicated experiment is proposed

where no ion beam is involved.

The filament-driven plasma source

The BDPN plasma is mostly generated by the ionisation of the background
gas by the stripped electrons which, in turn, largely come from the stripping

of the beam negative ions. However, as suggested by Surrey and Holmes [12],
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they could equivalently be produced by means of filaments, like in an arc-
driven ion source. The main advantage of this solution is straightforward:
the filaments can be biased to obtain electrons of the same energy as that
of the stripped electrons in the ITER-like case, i.e. approximately 272eV,
allowing for a significant and very similar degree of ionisation. This implies
that the Rudd electrons would be neglected, but it has previously been shown
that, for plasmas driven by negative ion beams, the Rudd electrons are less
important, both because produced in a lower quantity and because on average
far less energetic. A second advantage is that a neutraliser chamber with
the same dimensions and the same permanent magnet arrangement as those
envisaged for the ITER-like BDPN can be tested, thus eliminating any need

for extrapolating the results.

A drawback, however, is given by the cathode losses due to the plasma ions
that are accelerated towards and lost at the filament surfaces, subsequently
decreasing the achievable plasma density. Between the cathode filaments and
the neutraliser plasma a double sheath is formed in which ions and electrons
are accelerated in opposite directions [94]. Determining the double sheath
thickness is required to estimate the effective cathode loss area for the plasma
ions. A double sheath thickness tpg of 1 mm is assumed [95]. The effective

cathode area can then be calculated as

Acathode = Na1 2m(Rg1 + tps) La, (4.51)

where Ng;, Rg and Lg are the number, radius and length of the filaments,
respectively. Equation (4.51)) implicitly assumes that the grounded or floating
filament supports do not extend into the cusp-confined region of the BDPN
chamber as, otherwise, they would increase the loss surface. With filaments of
length Lg = 160 mm and radius Rg = 0.75 mm and with the assumption of an
electron emission limited by Child-Langmuir’s space-charge law, the stripped

electron current Ig for an ITER-like beam could be reproduced by means of
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at least 6 filaments. One can trade off filament number for increased filament
length, but this choice as well as the filament placement are left to a detailed

design study.

The loss of plasma ions at the cathode surface is taken into account in the
BDPN model by substituting the effective loss area of equation (4.35) with a

total effective loss area:
Aloss - Aanode + Acathodea (452)

where Aapode is the effective anodic wall loss area of equation (4.35)) and Acathode
is defined in equation (4.51)).

The filament-driven plasma properties are predicted by the BDPN analytical
model for a chamber with the same dimensions and the same arrangement
of permanent magnets on the walls as those of the ITER-like BDPN. The
model results are given in table [4.7]for a gas density equal to the optimum gas
density of the ITER-like case. Figure 4.12| compares the model predictions for
the ITER-like reference case with those for the filament-driven plasma. For all
the plotted plasma parameters, the predictions are very close in the considered

range of inlet gas flow rates.

Hence, the filament-driven plasma source turns out to be a valid option for a
proof-of-principle experiment. This also confirms that the stripped electrons
play the major role in the plasma generation. Furthermore, one can deduce
that the loss of plasma ions at the cathode surface does not drastically reduce

the plasma density.

The latter observation, however, is based on the assumption of a double sheath
thickness of 1 mm which determines an effective cathode loss area that is
around 20 % of the total loss area. In order to investigate the impact of a
double sheath thicker than expected, figure plots the plasma density as
a function of the gas inflow for increasing values of the effective cathode area,

with A being the cathode area calculated by assuming tps = 1 mm. Even if
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Figure 4.12: Comparison of the model predictions between the filament-driven plasma
source and the ITER-like BDPN. The plasma density npjasma, the degree of ionisation x
and the plasma electron temperature T, are plotted as functions of the inlet gas flow rate @
at 300 K. A green star indicates the optimum gas inflow for the ITER-like BDPN. Picture
reprinted from under the terms of the |Creative Commons Attribution 3.0 licence.
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Figure 4.13: Plasma density of a filament-driven plasma source for increasing values of the
effective cathode area. A = 110cm? is the effective cathode area for tpg = 1mm. Picture
reprinted from [55] under the terms of the |Creative Commons Attribution 3.0 licence.

the effective cathode loss area is 10 times bigger, the plasma density reduction
is given by a factor slightly higher than two. Therefore, the cathode losses,
even if underestimated, do not prevent the filament-driven plasma source to
be considered a good candidate for a BDPN proof-of-principle experiment.
The filament-driven concept provides also a certain degree of flexibility: one
could consider downscaling the chamber in one, two or three dimensions in
case of cost or space constraints. The extrapolation to the full-size system
would then be required.

The system dimensions have an impact on the ion species fractions in the
plasma, as highlighted by Morishita et al. |[96] for negative ion sources. There-
fore, the filament-driven plasma formation process is simulated for three dif-
ferent chambers: in addition to the full-scale ITER-like BDPN chamber, a
1-m-cube chamber and a small box with a cross section of 0.2m x 0.2m and a
length of 1 m are also modelled. The model results are listed in table

While in an experiment one would scan as many experimental parameters as
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Table 4.9: Main input parameters and results of the BDPN model applied to filament-
driven plasma sources. Three chambers with different dimensions are considered. The
fractions of the DT, D;‘ and D})|r plasma ions are indicated with c1, co and c3, respectively.
Table reprinted from [55] under the terms of the Creative Commons Attribution 3.0 licence.

Filament-driven plasma sources

Inputs
Arc power [kW] 12 1.7 0.070
Arc voltage [V] 272 272 272
Arc current [A] 42 6.4 0.26
Niy 6 1 1
Luewt [m] 31 1.0 1.0
Hpeut |m] 20 1.0 0.2
Weut |m] 11 1.0 0.2
Vitasma [m°] 41 0.49 0.0025
Outputs
Nplasma [101"M™3] 18 12 0.96
c1 %) 99.80 99.40 21.21
e %] 0.11  0.27 7.59
cs %) 0.09  0.33 71.20
X [%] 6.7 47 0.39
T, [eV] 1.0 1.0 0.24
Plgas [1019 3] 24 24 2.4
Aloss.tor. [em?] 540 120 39
Acathode [CmQ] 110 18 18
Tpas |K] 470 360 300

possible, for the comparison of table it is chosen to scale the arc power
with the chamber volume in order to keep the emitted electron power density
constant. The arc voltage is 272V in all cases to produce electrons with the
same energy as that of the stripped electrons in the ITER-like case. Hence,
the arc power is scaled by modifying the arc current. In case of a negative ion
beam, the choice of keeping the electron power density constant is equivalent
to keeping the energy and current density of the ion beam constant while
changing the beam cross section and neutraliser length. The same mean gas
density as well as the same magnetic cusp fields B.; of 0.8 T and B, of 0.5T

are assumed for all three configurations.
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4.4. Summary and conclusions

The properties of the plasma generated in the small chamber are very different
from those in the larger chambers. In particular, the plasma in the small
chamber is mainly composed of Dj ions.

The species composition of the filament-driven plasma in the full-scale chamber
can be explained by the following considerations: the DJ ions are quickly
dissociated into D ions (reaction 4. in table and converted into D7 ions
after colliding with the gas molecules (reaction 8. in table . Both DJ and
D3 ions are effectively destroyed by dissociative recombination (reactions 6.,
10. and 11. in table . The result is that DT is the dominant ion species.
If the chamber size slightly decreases, as in the case of the 1 m-cube chamber,
the volume processes of dissociation and recombination are less effective in
destroying the molecular ions, leading to higher fractions.

This argument could in principle explain the plasma species composition also
in the case of the small chamber. However, there are other parameters that
influence the plasma ion species fractions and that are drastically modified
when downscaling the system. Due to the complexity of the BDPN model,
it is not straightforward to identify these dependencies and draw definitive
conclusions.

In summary, not only does the downscaling of the proof-of-principle experiment
require the extrapolation of the results to the full-scale system, but it can also

strongly affect the plasma species composition for very small chambers.

4.4 Summary and conclusions

A revised analytical model that predicts the performance of the beam-driven
plasma neutraliser (BDPN) has been developed on the basis of the model
by Surrey and Holmes [12] and Turner and Holmes [13] (SHT model). The
revised model predicts the neutralisation efficiency by computing the charge
state evolution of the incoming negative ion beam due to the collisions with the

background gas molecules and the plasma ions and electrons along the neut-

103



Chapter 4. The beam-driven plasma neutraliser

raliser length. The beam-gas collisions produce fast electrons either through
stripping of the negative ions (stripped electrons) or through ionisation (Rudd
electrons). Secondary ionisation of the neutral gas by stripped and Rudd
electrons leads to a significant plasma production. The model computes the
density and the species composition of the plasma through a comprehensive set
of rate equations. The plasma electron temperature is given by a power bal-
ance. The confinement of the plasma ions and electrons, which is fundamental
to the beam-driven formation of the plasma, is provided by a magnetic cusp
field generated by permanent magnets and is included in the model through
an effective loss area for the charged species of the plasma. Using the revised
model to simulate the installation of a BDPN on several test facilities allows

drawing the following conclusions:

e Slowing-down energy distributions are calculated for the stripped and
Rudd electrons to replace the Maxwellian energy distributions assumed
in the SHT model. For ion beam energies around 30keV /amu, the birth
energy of the stripped electrons, which chiefly drive the plasma form-
ation, is similar to or even lower than the gas ionisation potential. In
this case, as the slowing-down energy distributions do not have high-
energy tails like the Maxwellian, a significant reduction of the secondary

ionisation and, hence, of the predicted plasma density occurs.

e Dissociation of the gas molecules by electron impact is an important
energy loss channel for the plasma electrons. When applying the revised
model to the ITER-like reference case, the plasma electron temperature
is correspondingly decreased by about a factor of two with respect to the

SHT model output.

e The plasma density reduction due to the dissociative recombination of
the molecular plasma ions with the electrons is taken into account by
integrating a rate equation model that computes the species composition

of the plasma into the main model. For the ITER-like reference case, it
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is predicted that the atomic ion DT is the dominant ion species in the
BDPN plasma as the molecular ions DJ and D3 are almost completely
destroyed by dissociative recombination. This leads to a plasma density
that is about a factor of four lower than the SHT value. Consequently,
while the SHT model predicts a maximum neutralisation efficiency (pax

of 80 %, (max is estimated as around 68 % by the revised model.

e Heating of the background gas due to the interactions with the ion beam
and the plasma particles is evaluated by adapting Paméla’s gas heating
model [81,[82]. A gas temperature increase of around 220K is predicted
for the ITER-like reference case which determines, together with the
absence of internal walls, an increase of the gas conductance with respect
to the ITER gas neutraliser. This means that, despite a lower optimum
gas target thickness, the BDPN requires a much higher inlet gas flow rate:
60 Pam3s~! versus 14.6 Pam?3s~! for the ITER gas neutraliser. The gas
inflow can be reduced by considering elongated slits at the neutraliser

extremities to reduce the gas conductance.

One of the major sources of uncertainty in the model is the description of
the magnetic cusp confinement through an effective loss area for the plasma
ions and electrons which is simplistically calculated as four times the product
between the total cusp line length and the hybrid gyroradius of the plasma
particles. It is likely that such a description would underestimate the plasma
leakage through the magnetic cusps, but reliable expressions that are able to
estimate the plasma losses for different plasma parameters and at any degree
of magnetisation are not available. These expressions would also need to cap-
ture the 3D details of the magnetic confinement, while being simultaneously
suitable for the inclusion in a model that is fundamentally zero-dimensional.
The effective cusp confinement predicted by the model is such that a plasma
density of 2.1x10¥ m~3 is estimated with a power deposited by the ITER-like

beam of only 13kW. In comparison, NBI ion sources whose volume is much
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smaller than that of the BDPN require powers higher than 100 kW to achieve
similar plasma densities.

Other important uncertainty sources are the cross section values and the fact
that the model is sensitive to the kinetic energy distribution of the plasma
atomic ions DT. Therefore, an experiment is necessary to benchmark the ana-
lytical predictions and to validate the concept feasibility. The model, however,
is used to identify the proof-of-principle experiment that is most suitable to this
purpose. As a full-scale ITER- or DEMO-like BDPN test, with a 1 MeV, 40 A
negative deuterium ion beam, is not possible in the near future, alternatives
have to be found.

Existing NNBI test-bed beamlines, like BUG, ELISE, SNIF and NIO1, have
been considered. However, due to the low beam power, with a beam ion energy
in the range 30-60 keV /amu, the predicted degree of ionisation of the neutral
gas by the beam-driven mechanism is always smaller than 1%. Consequently,
the increase of the neutralisation yield with respect to a target of only gas is
very small and experimentally hard to quantify. Thus, using ion beams with
such a low energy would make it very difficult to extrapolate the results to the
DEMO-scale. In particular, it would not give any useful information about
the neutralisation efficiency increase for a 1 MeV D™ ion beam, i.e. about the
cross section values of the reactions between 1 MeV D~ ions and plasma ions
and electrons. These values are extrapolated from experimental data available
for lower energies or derived from theoretical models.

Therefore, it is suggested to drop the objective of demonstrating the enhance-
ment of the neutralisation efficiency predicted by the model, as it requires an
ion beam energy around 1 MeV, and to focus only on validating the confine-
ment of the plasma generated via the beam-driven mechanism. To this end,
a dedicated experiment is proposed in which no ion beam is involved: the
stripped electrons, which are the main driver in generating the BDPN plasma,
can be simulated by electrons emitted by heated and negatively biased fila-

ment, similarly to an arc-driven ion source. One can set the filament heating
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current and bias voltage in order to get electrons with the same current and
energy as those of the ITER-like stripped electrons. The chamber dimensions
and the permanent magnets layout would be as close as possible to the envis-
aged design for DEMO such that no result extrapolation is needed. The BDPN
model is modified to account for the additional loss area for the plasma ions
due to the filament surface and is applied to this system: it predicts that the
plasma parameters are very close to those of the full-scale ITER-like BDPN.
The filament-driven plasma source, therefore, is considered a valid option for
a proof-of-principle experiment of the BDPN. It also provides a certain degree
of flexibility as one can downscaling the chamber dimensions without drastic-
ally changing the plasma species composition, unless the considered chamber
is very small. A cubic chamber of 1m side length appears to be a reason-
able economical compromise for an experiment. In any case, however, the
extrapolation of the results to the full-scale system is then required.

In a filament-driven plasma experiment, the arc current and bias voltage as well
as all changeable parameters would not be fixed at the values that have been
listed in the tables of this chapter for comparison purposes, but they would be
scanned over the widest range possible. This allows, for instance, producing
electrons with an energy higher than 272 eV corresponding to electrons stripped
from D~ ions of energy higher than 1 MeV. This is a significant advantage with
respect to a hypothetical beam-driven plasma experiment.

The detailed design of the proof-of-principle experiment is outside the scope
of this work. The most important aspects that the design should address are:
the permanent magnet arrangement and their mounting on the chamber walls,
the gas pressure distribution and the effect of the inclusion of elongated slits
at both ends of the neutraliser, filament characteristics and their installation
in the chamber, access of the diagnostic systems to the cusp-confined volume.
In addition to providing a benchmark for the analytical predictions, the ex-
perimental data should help improving the model and give confidence in the

extrapolation of the results to the DEMO-scale, if an extrapolation is required.
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They should also support the optimisation design study of the DEMO BDPN
as the proposed design of section has been simply used as visual aid
to show the arrangement of the permanent magnets and as reference for the

presentation of the analytical model.
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Chapter 5

Energy recovery

The aim of this chapter is a conceptual design of an energy recovery system
(ERS) that could be implemented on a high-energy negative-ion-based NBI

with the primary objective of increasing the wall-plug efficiency of the injector.

5.1 Working principle of energy recovery

As described in section the NBI wall-plug efficiency is defined as

Py
an_ Pl 9

(5.1)

where Pypp is the neutral beam power injected into the tokamak and P, is the
electrical power used to operate the injector.

Improving the neutralisation efficiency of high-energy negative ions with re-
spect to the value achieved by gas neutralisation, which is foreseen for the
ITER NBI, leads to the increase of the neutral beam power Pygr and, hence,
of the wall-plug efficiency 7y, for future fusion reactors.

An alternative way to enhance 7y, is to reduce the electrical power F. This
can be achieved through energy recovery (ER): the kinetic energy of the non-
neutralised beam ions emerging from the neutraliser is converted back into

electrical energy via electrostatic deceleration. The positive and negative re-
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Figure 5.1: Electric schematic of the energy recovery concept. Positive currents have a
negative sign.

sidual ions are first separated by an electric or magnetic field and then elec-
trostatically decelerated in order to collect them on a lower-voltage electrode.

The corresponding current is then recirculated in the system.
The ER basic principle is schematically shown in figure [5.1

A negative ion beam of current [ is extracted from the ion source at the
negative potential —V4,, with V4, > 0. The potential difference between the
grounded grid of the accelerator and the ion source accelerates the negative ions
up to the energy eV},. The neutralisation process inside the neutraliser, which
is grounded, produces neutral, positive and negative particles with fractions
FO F* and F~, respectively. The current of neutrals I F° is injected into the
tokamak, while the residual positive and negative ions at the neutraliser exit
are deflected into different directions and decelerated to a collector. In order to
ensure that all ions hit the collector, as their trajectories are not perpendicular
to the equipotential surfaces of the decelerating electric field, the ions are not
decelerated down to zero energy, but to a residual energy eV;, with V; > 0.
Hence, the collector voltage is |Veon| = Vi, — Vi. The negative ion collector can

be directly connected to the ion source potential if a bias V; is provided by a
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small power supply. The negative ions are collected at the potential —V,,,; with
an efficiency ¢~ and circulated through the recovery power supply —V;. This
leads to a direct reduction of the current I drained from the high-voltage power
supply, with the reduction being equal to the negative ion current /F"~¢g~. The
recovery of the positive ion energy requires an additional step as the collector
is biased at the positive potential +V,.; and, thus, cannot be connected to the
ion source power supply. The energy of the positive ions can be converted into
useful electrical power by means of modular resonant converters (MRCs) that
have been developed for this purpose [97,/98]. The MRC conversion efficiency
is indicated with p. The positive ions are collected at the potential +V, . with
an efficiency ¢g*. In the scheme of figure [5.1] positive currents have a negative

sign.

In case of no energy recovery and neglecting the power consumption of other

auxiliary systems in the injector,

Py = IV} (5.2)

An energy recovery system (ERS) would reduce the electrical power as

P, = power effectively delivered by the high-voltage power supply
+ power delivered by the recovery power supply at the potential —V;

— power output of the MRCs which is recirculated in the system. (5.3)

Hence, using the notation of figure [5.1]

Po=IVW(1—F g )+ IF g V,—IFtg"(V, — Vi) (5.4)

An example is made for the ITER NBI with V;, = 1MV and I = 40A. At
the exit of the gas neutraliser, F° = 0.55, F'" = 0.26 and '~ = 0.19 for the

optimum gas target thickness. It is assumed g~ = gt = 0.9, V. = 50kV and
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p = 0.81]97-99]. The required power is reduced by around 34 % corresponding
to an improvement of the NBI wall-plug efficiency of around 52 %.

The ERS would substitute the electrostatic residual ion dump (ERID) that
is currently foreseen for the ITER NBI [14]. Even if their energy is not re-
covered, the residual ions must be removed from the neutral beam to prevent
them from being deflected against the beamline components and the duct walls
by the stray magnetic field from the reactor as that would result in unaccept-
ably high local power loads. The residual ion removal on ITER is obtained
electrostatically, although it is also common technology to use magnetic deflec-
tion: the ERID is formed by 4 channels, in line with those of the neutraliser,
and a potential difference is applied across each channel by biasing at —20kV
the second and fourth wall panels. Therefore, the ions are deflected left or right
depending on their charge, while the neutrals continue undisturbed towards
the tokamak. The ions are dumped at full energy onto the water-cooled wall
panels. The estimated peak power load is > 8 MW m™2 [14]. Although this
value is acceptable from a thermo-mechanical point of view and the panels are
specifically designed for this task, the high power loads on the ERID panels
still remain a critical issue. Implementing an ERS on the HNB injector would
have the additional advantage of strongly reducing the residual ion power that

has to be dumped.

5.2 ER experimental tests

An ERS for positive-ion-based beamlines was experimentally tested [100-102).
For H, D and He beams of positive ions with energy up to 100 keV and extracted
current up to 35 A, a recovery of more than 90% of the full-energy residual
ions was demonstrated. The recovery voltage V; ranged from 5% to 10%
of the beam acceleration potential. Specially developed electrodes were used
to suppress the secondary electrons that come from the neutraliser plasma,

are produced by background gas ionisation and/or are emitted by the system
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surfaces due to residual ion impacts. If not trapped, these electrons would be
accelerated towards the collector by the same electric field that decelerates the
positive ions, hence cancelling the benefits of energy recovery. A secondary
electron trapping efficiency of 70 % was measured.

Unlike in the case of positive ions, the neutralisation of negative ions produces
residual charged particles of both polarities. The conceptual study of an ERS
for negative-ion-based NBIs, in which the residual ions are electrostatically
separated, was presented by Paméla et al. [99]. Only the kinetic energy of
the residual negative ions is recovered, while the positive ions are dumped at
full energy. For a 1MeV deuterium ion beam, an ERS power efficiency of
about 90 % is estimated, leading to an injector cost reduction of 15%. Two
main requirements for an efficient ERS are highlighted: the suppression of the
secondary electrons emitted from the recovery collector and a low gas pressure
in the system to reduce beam-gas deleterious interactions, in particular the
stripping of the residual negative ions that would reduce the recovered ion
current and produce additional electrons. An ER experiment with a 100 keV,
1.2 A D~ ion beam was performed by Fumelli et al. [103]. The residual negative
ions were decelerated down to 8 keV, i.e. 8% of the beam acceleration potential.
A power efficiency of 81 % was achieved with a very high electron trapping
efficiency of 95 %. The experimentally measured power efficiency is lower than
the value predicted for a 1 MeV negative ion beam because of the reactions
between the background gas and the residual ions. The cross sections of these

reactions at 100 keV are much higher than in the 1 MeV case.

5.3 Various proposed concepts

Even though not experimentally tested, many ERS concepts for NNBI beam-
lines have been proposed and numerically modelled.
For a 1.6 MeV D~ ion beam, Moir [104] calculated an ERS power efficiency of

92 %, provided that a good secondary electron suppression is ensured. Moir’s
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paper focuses in particular on how to hold high voltages on the ion collectors:
each collector uses several electrodes and the total high-voltage insulation is
achieved through 100kV insulation stages.

The ERS concept of Yoshikawa et al. [105] uses a magnetic field to separate
the residual ions and auxiliary electrodes to prevent the secondary electrons
emitted from the negative ion collector from being accelerated towards higher
potential regions. A 96 % ER efficiency is estimated for a 500keV negative
deuterium ion beam if no power loss is assumed. With a recovery voltage V;
equal to 4% of the beam acceleration potential, it is predicted that 100 % of
the ions are collected. Both Moir and Yoshikawa et al. assume that the energy
of both residual negative and positive ions is recovered, but neither of them
specifies how to practically do it with positive ions.

As the positive ion collector cannot be directly connected to the ion source
power supply, Hopman [106] suggested to operate the gas neutraliser at a
lower-than-optimum gas target thickness to increase the residual D~ fraction
(see figure . The resulting decrease of the neutral beam power could be
compensated by increasing the ion source area.

In the ERS design study of Araki et al. [107], also the positive ions are de-
celerated but only to reduce the heat flux on the beam dump. The charge
separation occurs via the stray magnetic field from the tokamak reactor. The
downside of this choice is that the recovery efficiency, like the stray magnetic
field, varies with time depending on the reactor operational parameters. In or-
der to re-use the recovered positive ion power, Matsuoka et al. [108] suggested
to separate the negative and positive residual ions with a varying magnetic field
to directly collect an AC electric power that can be either sent to the commer-
cial electric grid or recirculated in the system through a step-down transformer
and a low-voltage inverter. The beamline wall-plug efficiency would improve
from 45 % to 70 %. However, this design requires pulsed operation of the ion
source as the ion beam needs to be chopped when the magnetic field polarity

is changed.
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Figure 5.2: Schematic of a resonant converter module. +V,. is the positive ion collector
voltage and I is the current of the recovered residual positive ions.

Modular resonant converters (MRCs), also called energy conversion modules
(ECMs), were proposed by McAdams et al. [97] to practically convert the re-
covered positive ion power into electrical power. The positive ion collector
voltage +V, o is achieved by connecting several converter modules in series.
A schematic of a resonant converter module is shown in figure 5.2l Every
module is based on a capacitive half-bridge inverter and a high-voltage trans-
former [109]. The two capacitors of the half-bridge inverter and the transformer
inductance form a resonant tank that converts the recovered positive ion DC
input into a sinusoidal current. This AC output feeds the transformer that
provides voltage scaling. The module outputs can be connected in parallel to
obtain a low-voltage, high current that is fed back to the grid. A 3kV MRC,
composed of three 1kV-modules connected in series, was built and tested [98].
A conversion efficiency of 81 % was measured. This value being almost equal

to the efficiency of one module, one can expect the same conversion efficiency

115



Chapter 5. Energy recovery

with any number of stacked modules. Although higher values can be obtained
by improving and optimising the MRC design, a conversion efficiency u of 81 %
is assumed in this work.

As highlighted by Simonin et al. [52|, energy recovery becomes particularly
simple with photoneutralisation as almost only non-neutralised negative ions
are present at the neutraliser exit. Therefore, the need of modifying the beam-
line to include the high-voltage electrode that decelerates the residual positive
ions and the resulting additional complexities in the NBI design are avoided.
The ERS design of Variale et al. |[110] does not require to separate the resid-
ual ions at the neutraliser exit. The beam of neutral, negative and positive
particles enters a collector chamber where the negative ions are decelerated
down to almost zero energy. This causes an increase of the corresponding
charge density. Consequently, the space charge force felt by the negative ions
increases and pushes them towards the chamber walls. Furthermore, as the
negative ion beam becomes slower, it spends more time in the chamber, al-
lowing it to expand and ultimately blow up such that the negative ions are
collected on the chamber walls. On the other hand, the positive ions are ac-
celerated and come out the other end of the chamber with an energy that is
almost twice their initial energy. A second collector chamber, which is suit-
ably biased, decelerates the positive ion beam until it blows up and the ions
are collected on the walls. As the neutral beam particles travel undisturbed
throughout the two chambers, a beam of only neutrals exits the double-stage
collector towards the reactor. After presenting an axisymmetric system for the
small negative ion source test facility NIOL in Ref. [110], an ERS of rectan-
gular geometry, suitable for the ITER NBI beam, was proposed in Ref. [111].
Although ion trajectory simulations predict that the space charge effect leads
to the collection of almost all ions, the space charge compensation has not
been investigated: the secondary particles with a polarity opposite to that
of the decelerating ions, mostly produced by the ionisation collisions between

the beam ions and the background gas molecules, reduce the repelling force
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due to space charge. For sufficiently high gas pressures, the beam blow-up is
then prevented. Hence, in order to avoid the space charge compensation, high
pumping speeds are required. It is not clear, however, how the collector cham-
bers could be effectively pumped. Other aspects of this concept that need to
be further studied are the suppression of the secondary electrons emitted by
the chamber surfaces onto which the ions impact and the high-voltage holding
on the two collectors, the latter being particularly challenging also because of

the large system dimensions.

5.4 Conceptual design of an ERS for the DEMO
NBI

All the issues that have been highlighted by the aforementioned investiga-
tions on energy recovery are considered and suitable solutions are proposed in
designing an ERS for the DEMO NBI. As the baseline DEMO-1 is a modest
extrapolation from ITER, the DEMO NBI is again approximated by consid-
ering the ITER injector. Particular emphasis is placed on how to modify the
NBI beamline to accommodate the ERS components. The main features of
the proposed ERS concept are presented by identifying three main steps in the
recovery of the residual ion energy: charge separation, deceleration and ion

collection.

5.4.1 Charge separation

At the neutraliser exit, the residual negative and positive ions are separated
into different directions before decelerating and collecting them on dedicated
circuits. Two possibilities are considered: electrostatic or magnetostatic sep-
aration.

Figure [5.3| shows the schematic of the electrostatic charge separation. The

residual ions are deflected by two parallel electrodes of length L4 separated
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Figure 5.3: Schematic of the electrostatic charge separation. Positive ions are symmetric-
ally deflected.

by a distance Wyt across which a potential difference V¢ is applied. A uniform
electrostatic field of intensity Vger/Waer is produced in the y-direction. If an ion
of either polarity travels in the z-direction with an energy Fpeam, equivalent
to a velocity Upeam = (2Fbeam/Mion)"/?, with my,, being the ion mass, the

deflection angle o at the exit of the electrodes is such that

eVaer Laet
t = — 5.9
ana 2VVdef Ebeam ( )

For an ion energy of 1MeV, already small deflections require high electric
fields. For example, in order to get a = 30° with reasonable dimensions of the
deflection system, e.g. Lger/Waer = 3, a potential difference of around 0.4 MV
is needed. As the electric field accelerates the ions in the y-direction, the
higher the electric field, the higher the power consumption. Considering the
same example as before, the estimated power consumption for a deflection of
30° is around 6 MW. Furthermore, high potentials applied to the large surfaces
of the deflecting electrodes would make it more difficult to assure the voltage

holding capability of the vacuum.

Therefore, the magnetostatic separation of the residual ions is preferred. The

corresponding schematic is shown in figure 5.4t a uniform magnetic field By,
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Figure 5.4: Schematic of the magnetostatic charge separation. Negative ions are symmet-
rically deflected.

is applied in a region of length L,,. The deflection angle « is then given as

i L (5.6)
sina = — :
Ry’

where Ry, is the ion Larmor radius

MionUbeam
Ry, = ——.

L eB,,
In this case, the same deflection o = 30° is obtained with a small magnetic

field of around 0.1T over a region of length L, = 1m.

The most commonly used method to generate a uniform magnetic field is a
Helmholtz coil system in which two identical coils carrying the same current
in the same direction are placed symmetrically around the same axis at a
certain distance h. Both coils have the same number of turns. The separation

distance h is a function of the coil dimensions such that the second spatial
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derivative of the magnetic field component along the axis is zero at the centre
of the system: for circular coils of radius Ry, h = Ry, while for square coils
of side Ly, h = 0.5445L;, [112]. The result is a highly uniform magnetic field,
although only in a small volume around the centre. For example, circular
Helmholtz coils provide an axial field uniformity of the order of 1% in a cube
of about 0.25R), side around the coil system centre [113]. Using three, four or
five coils allows setting higher-order derivatives to zero and, hence, achieving
much larger volumes of uniform field [114,]115]. A highly uniform magnetic
field prevents the deformation of the residual ion beams and, consequently, the
increase of the collector dimensions. However, the downside of systems using
more than two coils is that the additional coils would partially block beam
access to the homogenous field volume.

In the case of the ITER NBI, the negative ion beam emerging from the plasma
grid has a rectangular cross section of width 0.58 m and height 1.5m [14].
Hence, only square/rectangular coils are considered. However, due to the big
dimensions of the ion beam, a region of highly uniform magnetic field over the
beam cross section would require unfeasible dimensions of the Helmholtz coils.
It follows that a reasonable compromise between beam deformation, due to a
low degree of uniformity of the magnetic field, and coil size has to be made.
Magnetic coils are already present in the design of the ITER NBI: the Mag-
netic Field Reduction System (MFRS) has the purpose of minimising the stray
magnetic field from the ITER tokamak in the injector [116,/117]. The MFRS
comprises a Passive Magnetic Shield (PMS), made of thick magnetic steel
plates surrounding the vessel, and Active Correction and Compensation Coils
(ACCCQ), a set of coils that cover the beam path and produce a vertical mag-
netic field in the direction opposite to the tokamak stray field. Both the PMS
and the ACCC are shown in figure [5.5

Coils 1, 2 and 3 are placed below the injector, coils 4, 5 and 6 are placed
above the injector. Coils 3 and 6 cover the ion source and accelerator, coils

2 and 5 the neutraliser, coils 1 and 4 roughly the area occupied by the RID
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Figure 5.5: (a) Complete Magnetic Field Reduction System (MFRS) of the ITER NBI. (b)
Active Correction and Compensation Coils (ACCC) of the ITER NBI. Pictures reprinted
from [116] with permission of the rights holder, Elsevier.

and the calorimeter. They avoid that the charged fractions of the beam are
deflected by the stray magnetic field and strike against the beamline compon-
ents, causing an increase of the beam transmission losses and local high power
loads. The magnetic field to be compensated goes from around 35 mT in the
RID to around 12 mT in the ion source [117]. Only two types of coils will be
manufactured: the common design coil (CDC) and coil 6 [116]. The CDC di-
mensions are 3.43m x 4.33m and its cross section is 196 mm high and 500 mm
wide. Coils 1, 2 and 3 are simply a CDC, while coils 4 and 5 are two CDCs

electrically connected in series.

In designing an ERS for the DEMO NBI with the magnetostatic separation of
the residual ion charges, one could take advantage of the fact that an MFRS
similar to that envisaged for the I'TER NBI needs to be provided also for
the DEMO injector. Therefore, the coils of the ACCC system, in particular
coils 1 and 4 of the ITER ACCC, could be used not only to compensate the
stray magnetic field from the tokamak, but also to separate the residual ions
at the neutraliser exit. Thus, for simplification purposes, two square coils of
side Ly = 3.5m separated by a distance h almost equal to the height of the

beamline vessel are considered. As starting point, it is also assumed that
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Figure 5.6: (a) 3D model of two square CDCs of side L, = 3.5 m separated by a distance
h = 3.5m. The coil current is NI = 191 kA turns. (b) Colour map of the vertical component
B, of the magnetic field for the system cross section in the x—y plane at z = 0. The beamline
vessel is also shown.

the coils are inside the vessel such that the produced magnetic field is not

attenuated by the vessel structure. Hence, h = 3.5m is assumed.

The magnetic field generated by the two coils is calculated with a magnetostatic
simulation based on the finite element method and performed with ANSYS
. The 3D model is shown in ﬁgure Each coil carries a current NI with
N being the number of turns. It is assumed that NI is equal to the nominal
current in the coil 4 of the ITER ACCC (figure p.5b), i.e. NI = 191kA turns
. Although it is not shown, a stainless steel vessel encloses the coils. The
vessel has dimensions similar to those of the ITER beamline vessel , ie.
10.3m long, 4.6 m wide and 4.2m high. The beam moves in the positive -
direction. Figure [5.6b|is a cross section of the computational domain in the
x—y plane at the centre of the system, i.e. for z = 0, with a colour map of the
magnetic field component along the z-axis. The calculated magnetic field in

the centre of the coil system is around 65mT.

More importantly, figure highlights a drawback of magnetic separation:
the stray magnetic field of the deflecting coils. As the coils would be placed
immediately at the exit of the neutraliser in order to minimise the beamline
length, the magnetic field in the neutraliser would be very high, leading to

unwanted deflections of the beam ions against the neutraliser walls and to a
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corresponding decrease of the transmission efficiency. For example, the max-

imum vertical field B, allowed in the ITER gas neutraliser is [117]
1B,| <27mT  or /BZ dl < 1.8 x 1074 Tm, (5.7)

where the integral is calculated along the neutraliser length. Therefore, the
fringe magnetic field produced by the deflecting coils must be shielded. A soft
iron yoke is a common method of magnetic shielding. Furthermore, it provides
a return path to the magnetic flux, leading to an increase of the generated field
or, equivalently, to a decrease of the required coil currents for the same field.
However, a massive yoke around the coils would either block the ions or, if
placed in the transverse direction, would not suppress the fringe field in the
neutraliser. This latter effect can already be seen in figure [5.6b] where the
vessel stainless steel accommodates most of the magnetic field lines, greatly

reducing the fringe magnetic field only in the y-direction.

Hence, a different solution is proposed: a thick shield made of soft steel at the
neutraliser exit. The shield is modelled in figure As for the PMS plates
of the ITER NBI, a thickness of 150 mm is assumed. An aperture is provided
to let the ion beam pass through. Special care must be taken in designing
the aperture as the accumulation of the fringe magnetic field lines in the shield
could modify the ion trajectories. Assuming an ion beam cross section of width
0.58 m and height 1.5m, ion trajectory simulations with different aperture
dimensions led to the selection of an aperture of width 0.92m and height 2.0 m
for which no noticeable ion deflection occurs. Furthermore, the shield can
also serve as baffle dividing the NBI beamline vessel into different pumping
chambers [59]. This reduces the gas flow from the source and neutraliser
region to the downstream parts of the beamline, consequently reducing the
re-ionisation losses due to the collisions of the beam neutrals with the gas

molecules.

Figure shows the colour map of the magnetic field vertical component for
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Figure 5.7: (a) 3D model of two square CDCs of side L, = 3.5 m separated by a distance
h = 3.5m. The coil current is NI = 191kA turns. A soft steel shield of thickness 150 mm
is used to suppress the fringe magnetic field in the neutraliser region. The aperture in the
shield is 0.92m wide and 2.0m high. (b) Colour map of the vertical component B, of the
magnetic field for the system cross section in the z—y plane at z = 0. The beamline vessel
is also shown.

the cross section of the computational domain in the x—y plane passing through
the origin of the reference system. The same contour bands as figure |5.6b| are
used. Omne can see that the passive shield is highly effective in reducing the
fringe field in the neutraliser region. In particular, the integral of the vertical
component of the magnetic fringe field over a neutraliser length of 3 m satisfies
the condition ([5.7)) if the neutraliser is placed around 0.55m away from the
passive shield.
The computation of the magnetic field generated by the coil system allows
calculating the residual ion trajectories and evaluating the beam deflection
and deformation. As first approach, the trajectories are computed analytically.
The trajectory of a residual ion of charge ¢ = 4+e and velocity v, is obtained
by solving the equation of motion due to the Lorentz force in the absence of
electric fields: ,

% - mi on X Biot, (5.8)
where 7 is the ion position vector.
It is assumed that the beam of residual negative ions emerging from the neut-

raliser has the same cross section as that at the plasma grid, i.e. a rectangle of

width 0.58 m and height 1.5 m. The same assumption is made for the residual
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Figure 5.8: Schematic of the magnetic deflection of the residual negative ion beam. The
beam at the neutraliser exit (in red) has a rectangular cross section of width 0.58 m and
height 1.5 m. The trajectories of several ions at the beam boundary are calculated by using
the magnetic field values given by ANSYS and shown as blue lines. The resulting beam
cross section at the collector is plotted in blue.

positive ions. The initial ion velocity is i,, = Vbeam? With being the unit
vector in the z-direction which is the neutral beam direction. The situation is
schematically depicted in figure [5.8| where the red rectangle represents the cross
section of the residual ion beam at the neutraliser exit. In order to roughly
asses how the beam shape is affected by the magnetic field and to estimate
the collector size, a certain number of ions at the beam contour are simulated.
The magnetic field values are obtained with ANSYS and used to numerically
solve equation . The resulting trajectories are shown in figure Due
to the low uniformity of the vertical magnetic field, the ions at the top and
bottom parts of the beam are deflected more, leading to a half-moon-shape of
the beam at the collector. Furthermore, the magnetic deflection focusses the
beam, i.e. compresses the beam cross section in the y-direction. The deformed
beam can be enclosed by a rectangle of width 0.8 m and height 2.0m. These

dimensions are then used for the collector sizing.

The low uniformity of the separating magnetic field also implies that it is not
possible to define a single ion deflection angle « as done in equation ({5.6). For

every trajectory j calculated in figure [5.8 one can calculate a corresponding
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Figure 5.9: Schematic of the magnetic deflection of the residual negative ion beam in the
z-y plane. NI is the coil current, 6 is the mean deflection angle, f is the distance between
the two collector flanges.

deflection angle o;. By averaging these values, a mean deflection angle 6 is
defined, as outlined in figure Ultimately, for fixed coil dimensions and
separation distance, f depends on the coil current NI generating the magnetic

field. Therefore, only one parameter needs to be specified.

5.4.2 Ion deceleration and voltage holding

After being separated by the magnetostatic field generated by the two-coil
system, the residual ions are electrostatically decelerated to almost zero energy.
The design of the decelerating system presents the same degree of complexity
and most of the same issues as those of the accelerator. This is an advantage
as one can in principle adopt the same design solutions that have been found
for the ion acceleration. One of the most critical issues is the voltage holding.
When a high potential difference is applied between two electrodes, an elec-

trical breakdown occurs if a current starts flowing through the insulation and
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causes a short circuit between the electrodes. The minimum voltage that
causes a breakdown in the insulating medium is called breakdown voltage Viq.
The high-voltage breakdown is a stochastic phenomenon: every time a poten-
tial difference is applied, the same electrode gap will break down at different

voltages. Thus, the V4,4 value accounts for a certain statistical variability [118].

The most common insulating materials are gases. Breakdowns in gases are
due to the gas ionisation: ions and electrons are produced and accelerated
towards the electrodes. If the applied voltage is sufficiently large, more and
more charged particles are produced in an avalanche process that leads to high

currents in the gas.

The breakdown probability primarily depends on the electric field strength,
i.e. the rate at which the voltage changes per unit length. In other words, it is
most likely that high-voltage breakdowns occur where the electric field is the
highest. Therefore, critical factors are the electrode spacing, the gas pressure,
temperature and species, the electrode material, geometry and surface finish,
the presence of magnetic fields, contaminants and radiation, history of the

electrodes [119).

In general, the breakdown voltage of gases is a function of the product of the

gas pressure p and the distance d between the electrodes:

Voa = f(pd). (5.9)

Equation (5.9) is known as Paschen’s law and has been experimentally determ-

ined for many gases [119).

Accordingly, vacuum should be the perfect insulator as breakdowns via the
process of collisional ionisation cannot occur as there are practically no gas
particles between the electrodes. Thus, the V4 values are very high. However,
due to the presence of metallic electrodes, a sufficiently high voltage causes
a breakdown even in vacuum. Although the electrode surface plays a critical

role, the breakdown mechanism in vacuum is still not completely clear and
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many explanations have been proposed [119].

The clump theory has been successfully applied to describe many experi-
mental observations, especially in the cases with gap lengths of several centi-
metres [120-124]. According to the clump mechanism, loosely bound particles,
called clumps, are present on the surfaces of the electrodes. When a high
voltage is applied between the electrodes, the clumps get charged, detach from
the surfaces by electrostatic repulsion and are accelerated across the gap. The
impact of the clumps against the opposite electrode releases a gas cloud from
the electrode surface. Then, a discharge can take place, leading to a break-
down. The clump mechanism was first suggested by Cranberg [120] who as-
sumed that a breakdown occurs if the clump energy per unit area is higher
than a constant value C’ that depends on the geometry and characteristics of
the electrodes. The clump energy per unit area is given by the product of the
voltage across the gap and the charge density on the clump. The latter being
proportional to the electric field E at the electrode of origin, the breakdown
criterion reads as

Voa B =C". (5.10)

In case of parallel plane electrodes separated by a distance d, E = V/d. Hence,

equation (5.10) becomes
Voa = (C'd)Y2. (5.11)

Equation (5.10) can be generalised as
Via = Cd?, (5.12)

where « € [0.2,1.2] depends on the gap length and on the electrode geometry
and material. Both parameters a and C need to be experimentally determined.
Concerning the ITER NBI ion source and accelerator, there are two positions

where the voltage hold-off capability of the vacuum must be guaranteed:

e Between the accelerator grids. The MAMuG accelerator concept min-
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imises the risk of breakdown by splitting the voltage difference of 1 MV
into five steps of 200kV each, as outlined in section [3.1.2] This solution
offers a better voltage holding than the SINGAP accelerator concept in
which the ions are accelerated in one step through a potential difference
of 945kV [34]. As the calculated gas pressure in the accelerator is sev-
eral 1072 Pa [57], the gaps between the MAMuG grids are designed to
simultaneously fulfil both the breakdown criteria of the clump theory
(equation (5.12)) and of Paschen’s law (equation (5.9)) [35]. A min-
imum gap length of 85 mm between two grids separated by a potential

difference of 200kV is foreseen [14].

Between the beam source, which is biased at -1 MV, and the surrounding
beam source vessel, which is at the ground potential. In this gap, a gas
pressure between 107° Pa (without gas injection) and 0.05 Pa is expec-
ted. A necessary value of around 1 m for the gap length is obtained from
extrapolation of past experiments [125]. The voltage holding capabil-
ity of this system was evaluated by a probabilistic model based on the
Cranberg-Slivkov theory for clump-induced breakdowns [126]. Both the
model results and recent experimental tests pointed out the difficulty in
sustaining a potential difference of 1 MV in a single gap due to the occur-
rence of breakdowns. Therefore, one or more intermediate electrostatic
shields between the source and the vacuum vessel have been proposed to

improve the voltage holding [126-128].

In designing the residual ion decelerator, one could follow a MAMuG-type ap-

proach and split the potential difference into more steps. The main advantages

would be stable voltage holding and small gaps between the electrodes, result-

ing in a compact system. However, a SINGAP-type decelerator would be much

simpler, especially because intermediate potentials would not be required. At

the exit of the neutraliser, one cannot discern the single beamlets any more.

Additionally, the residual ion trajectories are affected by the separating mag-
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netostatic field. Thus, the decelerator electrodes cannot be multi-aperture
grids like in the accelerator, but they are simple frames. A SINGAP-type

deceleration is therefore considered.

In line with the electric diagram of figure [5.1] the decelerator consists of a
grounded frame followed by the residual ion collector biased at a potential
+Veon. Single-gap systems require large gap spacings: the potential difference
of 1MV between the ITER ion source and the grounded vacuum vessel is
designed to be held over a distance of around 1 m that might not even be suf-
ficient. However, it was also experimentally demonstrated that 940kV could
be held over a gap of 350 mm under a Dy pressure of 0.03-0.07 Pa [129,(130].
Higher voltages were not attempted in order to avoid damaging the power
supply. The difference between the gap lengths is firstly explained by the
different pressure ranges as it is known that adding small quantities of gas
to the vacuum improves the voltage holding [122,|123129]. The explanation
of this pressure effect is not clear. It was suggested that it might be due to
the sputtering action of the ions formed through gas ionisation which blunt
the micro-protrusions that are present on the electrode surfaces [131]. This
process, however, cannot explain the reversibility of the pressure effect when
going back to low gas pressures. Hence, the pressure effect was alternatively
attributed to the increase of the work function of the metallic emitters follow-
ing the gas adsorption on the surfaces [131]. In any case, although a small
increase of the background gas pressure allows achieving higher breakdown
voltages, a large increase of the gas pressure would bring the system closer to
the Paschen breakdown. Secondly, the lower gap length in the experiments of
Svensson et al. [129] is due to the completely different shapes and sizes of the
electrodes with respect to the ion-source—vacuum-vessel system: the test fa-
cility is a scaled version of the ITER SINGAP accelerator [33] and, therefore,
the high voltages are applied on rectangular planar grids. As the geometry
of the decelerator frames resembles the geometry of this experimental setup,

it is assumed that the results on voltage holding can be transferred to the
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Figure 5.10: 3D CAD of the decelerator.

decelerator design.

The electrode shape plays an important role in the design of high-voltage
systems: breakdowns are likely to be initiated in regions where localised en-
hancements of the electric field occur. Therefore, sharp corners and edges are

removed and large radius curvatures are used for all the system surfaces.

Figure[5.10]shows a 3D CAD of the decelerator. A grounded frame is supported
by a mounting flange of height 3.5m and width 2.8 m. The flange size and
shape are similar to those of the accelerator flanges. A second mounting flange
sustains a 1 m deep cup that collects the residual ions. Both this flange and the
collector are biased at +V,,;. The gap between the flanges is 0.35 m long. The
two flanges are connected through cylindrical ceramic post-insulators, similarly
to the grid supporting system in the accelerator design [14,132|. The junction
between the ceramic, the flange metal and the vacuum could cause a localised
enhancement of the electric field and thus induce a breakdown that propagates
along the post-insulator surface. This phenomenon is called triple junction
effect and it is due to the lower electrical permittivity of the vacuum with
respect to the ceramic permittivity [118]. The triple points are hence covered
by electrostatic shields that enclose both extremities of the post-insulators.

The grounded flange can be directly supported from above and below in the
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beamline vessel, thus holding the entire structure.
In the design of the ERS, the positions where the vacuum voltage holding is

critical are:

e Between the grounded and biased flanges of the decelerator. A potential
difference of around 1 MV is applied. As previously highlighted, the de-
celerator design recalls that of the SINGAP acceleration scheme. Thus,
the results of the voltage holding experiments for the SINGAP acceler-
ator are used [123,/129]. Between the decelerator electrodes, a pressure of
several 1072 Pa is expected (around 0.02 Pa at the neutraliser exit [57]).
Although it is slightly lower than the experimentally determined pres-
sure range of 0.03-0.07 Pa, in which stable voltage holding was achieved,

a decelerating gap length of 350 mm is assumed.

The experimental results can be generalised according to the clump the-
ory by applying equation (5.12)). As the breakdown voltage Viq is 940kV
and the gap spacing d is 350 mm, assuming an exponent a = (0.5, one

gets C'=50kV/mm’?. Hence, equation (5.12)) becomes

kV

mmb?©-°

Via = 50 d®®. (5.13)

e Between the two decelerators. The negative and positive residual ion col-
lectors being biased at —V o and +V,y, respectively, a potential differ-
ence of 2V ., almost equal to 2 MV, exists between the two deceleration
systems. The ideal solution would be using intermediate electrostatic
shields that prevent the biased surfaces from directly facing each other.
However, this would strongly complicate the injector design. As pre-
liminary approach, the clump theory is used to estimate the distance
between the decelerators that minimises the occurrence of breakdowns.
In particular, it is assumed that equation is valid also for this
gap. For example, assuming V.,; = 1 MV and, hence, V,q = 2MV, one
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Figure 5.11: (a) ERS 3D CAD showing the coil system, the magnetic shield and the
decelerators for the residual positive and negative ions. (b) Top view of the ERS 3D CAD
highlighting the angle 6 between the decelerators and the neutral beam direction and the
distance f between the two biased flanges.

obtains from equation [5.13| a minimum gap spacing d of around 1.6 m.

e Between the decelerators biased at V., and the grounded beamline
vessel. The situation is very similar to the voltage holding issue between
the ion beam source, biased at -1 MV, and the grounded beam source
vessel. Therefore, the same design solutions, as high gap distances or

intermediate electrostatic shields, can be adopted.

The two decelerators are placed right at the coil exit, as shown in figure [5.11
forming an angle 6 with respect to the neutral beam direction. 6 corresponds
to the mean deflection angle of the residual ions (see figure [5.9).

As discussed in the previous section, fixing 0 sets the coil current NI. Addi-
tionally, it determines the beam deformation at the coil exit and, hence, the
collector dimensions. The condition that fixes 6 is given by the vacuum insu-
lation capability to sustain a potential difference of around 2 MV between the
two decelerators, i.e. it depends on the distance f between the two deceler-

ators, shown in figures [5.9) and [5.116] The clump theory predicts a minimum
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distance fui, = 1.6m. The angle 6 is then assessed through the following

procedure:

1. a tentative value of the coil current NI is set and used to compute the

magnetic field distribution with ANSYS;

2. the magnetic field values allow calculating the trajectories of the residual
ions at the beam contour and defining a mean deflection angle 6 (the
system is symmetric with respect to the neutral beam direction at the

coil centre);

3. the distance f between the biased flanges of the two decelerators is es-

timated;

4. the coil current NI is varied and the previous steps repeated until the

minimum angle 6 satisfies the condition f > f,.

The minimisation of # is important to keep the transverse dimension of the
beamline vessel as small as possible. The algorithm led to the following results:
0 =45°, NI = 136 kA turns, f = 1.7m and a collection cup of width 1.4 m and
height 2.4m. The geometries in figures [5.8] and have all been

built using these parameters.

5.4.3 TIon collection

The last step of energy recovery is the collection of the residual ions that have
been previously separated according to their charge and decelerated to almost
zero energy. To this end, a collection cup of width 1.4m, height 2.4m and
depth 1m is considered. The collector bias voltage |V.on| cannot be equal to
V, = 1MV, i.e. the residual ions are not decelerated to zero energy. This is due
to the fact that the ion trajectories are not perpendicular to the equipotential
surfaces of the decelerating electric field. As the transverse ion velocity is not

reduced by the electric field, in case of full deceleration the ions do not hit the
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collector surface but are reflected back. The non-orthogonality between the
ion trajectories and the electric field equipotential surfaces depends on several
factors: the geometry of the electrodes, the divergence of the ion beam, the

influence of the separating magnetic field and the beam space charge.

Space charge

Because of the Coulomb repulsion, there exists a potential difference between
the axis and the boundary of the ion beam. Hence, the ions experience a
defocusing outward electric force that makes the beam spread radially [133|
134]. Assuming a steady-state uniform ion beam with a constant current

density J propagating with an axial velocity ¥peam, the beam charge density

pp 18
J

Ubeam

P = (5.14)

The space charge effect increases with decreasing ion velocities. Therefore, the
deceleration of the residual ions to almost zero energy may eventually lead
to the blow-up of the beam. The ERS design of Variale et al. [110,/111] is
based on the space-charge-induced beam blow-up of the residual ions that,
subsequently, are collected on the walls of the surrounding collectors. For
the ERS concept proposed in this thesis, however, the beam blow-up is an
unwanted phenomenon and its occurrence before the beams enter the collectors
must be avoided.

The secondary particles produced by the ionisation collisions between the re-
sidual ions and the background gas molecules mitigate the repulsive space
charge force. In the case of the residual negative ions, while the secondary
electrons created by gas ionisation are repelled, the secondary positive ions re-
main trapped in the potential well of the beam, thus reducing the electric field
due to the space charge. Such an effect is known as space charge compensation
or neutralisation. In the case of the residual positive ions, the secondary posit-

ive ions coming from the ionisation collisions are ejected, while the secondary
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electrons remain inside the beam. However, due to a lower mass, the electrons
oscillate very fast across the transverse beam dimensions, leading to a lower
compensation of the space charge with respect to the case of a negative ion
beam [135].

Space charge compensation of positive and negative ion beams used for neutral
beam injection has been extensively investigated both analytically [136-141]
and via numerical simulations [133}134,142,/143|. In the case of the ITER NBI
(both heating and diagnostic injectors), Surrey [139] showed that the ion beam
in the drift region between the accelerator and the neutraliser is fully space
charge compensated. Inside the neutraliser, where the gas density is much
higher, over-compensation is achieved, i.e. the positive ion density at the
beam axis becomes higher than the beam ion density, resulting in a significant
focusing force on the beam. However, given the difficulty in reliably estimating
the degree of space charge compensation, it is generally assumed in designing
NBI systems that the space charge forces are completely compensated [141].
This is even more the case for negative ion beams, for which over-compensation
is often predicted [139,/142,/143|, for high energy ion beams [140] and for back-
ground gas pressures of the order of 1072 Pa [139,/140].

Hence, if an ERS is implemented on an ITER-like beamline, one can assume
that the residual ion beams in the drift region between the neutraliser exit and
the decelerator entrance are fully space charge compensated. Such an assump-
tion, however, cannot be made for the decelerators because not only does the
residual ion velocity decrease but, at the same time, the compensating second-
ary charges trapped inside the beams are accelerated. Therefore, according
to equation , while the charge density of the decelerating ion beams in-
creases, the charge density of the accelerating secondary charges decreases.
This could result in the loss of space charge compensation and, subsequently,
in the increase of the effective beam divergence. Ultimately, the beam blow-up
could occur. The effect of space charge on the residual ion deceleration and

collection is investigated by using a particle tracking code.

136



5.4. Conceptual design of an ERS for the DEMO NBI

Figure 5.12: Permanent magnet arrangement on the walls of the residual negative ion
collector. The magnet poles are indicated in red and green.

Secondary electron emission induced by ion impact

An important aspect to consider when collecting the residual negative ions is
the emission of secondary electrons from the collector surfaces onto which the
ions impact. The secondary electrons emitted in the negative ion collector,
which is negatively biased with respect to the grounded frame, experience
a positive potential difference. In other words, the same electric field that
decelerates the residual negative ions will accelerate the secondary electrons
into the opposite direction. This would cancel the benefits of energy recovery
and drastically reduce the ERS efficiency. Therefore, a secondary electron
suppression system has been foreseen in all the ERS designs presented at the
beginning of this chapter. In almost all cases, the acceleration of the secondary
electrons is prevented by an electric field, e.g. with dedicated electrodes or
biased windows in front of the collector itself, with a negative potential with

respect to the collector.

In the present design, however, the electrostatic trapping of the secondary
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electrons is not ideal due to the high ratio between the size of an eventual
biased window and the deceleration gap. Furthermore, additional electrodes
would complicate the decelerator design. A different strategy is therefore fol-
lowed. Firstly, geometrical capture is exploited to some degree by executing
the collector electrodes as cups with a certain depth, limiting the solid angle
through which secondary charges can escape. A depth of 1 m has been selected
in order to limit the system dimensions. Secondly, a magnetic cusp field is gen-
erated on the collector walls by permanent magnets, as depicted in figure [5.12
In this way, the secondary electrons are deflected and forced to hit the walls
close to their origin. Some simple magnet configurations have been investig-
ated and their trapping efficiency has been estimated by a particle tracking
computer code. Among the options studied, the configuration of figure [5.12
allows achieving a high trapping efficiency with a simple arrangement of the

permanent magnets.

Creation of additional secondary charges

In addition to the secondary electrons that are emitted from the collector
surfaces onto which the residual negative ions impact and that are accelerated
towards the grounded frame if not stopped, additional secondary charges are
created in the collectors and eventually accelerated following the reactions

between the residual ions and the background gas. The main processes are:
e gas ionisation by the residual D~ and D™ ions;
e stripping and double stripping of the residual D™ ions;
e charge exchange of the residual D ions with the gas molecules.

Secondary charges are also created via sputtering of the collector surfaces due
to the bombardment of the residual ions [144].
In summary, the collection of the residual ions presents several aspects to

investigate:
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e estimating the minimum voltage V; that allows collecting as many resid-

ual ions as possible with a very few electrostatic reflections;

e assessing the space charge impact on the ion trajectories in the deceler-

ation phase;

e estimating the suppression efficiency of the secondary electrons emitted

by the residual negative ions impinging on the collector surfaces;

e cvaluating the power losses due to the acceleration of the secondary
charges generated in the collectors by the reactions between the residual

ions and the background gas and by sputtering.

They will be studied in more detail with the help of a particle trajectory

simulation code.

5.4.4 Summary of the ERS design

The design choices of the previous sections led to the ERS design of figure[5.13

A brief summary is given in the following:

e The residual negative and positive ions at the neutraliser exit are sep-
arated into different directions by a magnetostatic field generated by a
Helmbholtz-like coil system. The coils have a square shape of 3.5m side
and are separated by a distance of 3.5 m. The coil current is 136 kA turns.
The mean deflection angle of the residual ions with respect to the neutral

beam direction is 45°.

e The ACCC design is used as reference for the separating coils. The coils
could have the double function of minimising the stray magnetic field
from the tokamak and of separating the residual ions. Only the latter

function is considered in this work to define the coil parameters.

e As the fringe magnetic field of the coils may lead to unwanted ion deflec-

tions in the neutraliser, it is suppressed by a soft steel shield of 150 mm
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Figure 5.13: 3D CAD of the proposed ERS for an ITER-like beamline.
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thickness placed between the coils and the neutraliser. An aperture
0.92m wide and 2.0 m high lets the beam pass through. The shield can
also be used as gas baffle to reduce the gas pressure in the downstream

part of the beamline.

The deceleration of the residual ions occurs in the decelerators whose
structure consists of two mounting flanges with a height of 3.5m and a
width of 2.8m. The closest flange to the coils is grounded, the other
flange is biased at £V,,. The reference electric schematic is shown in
figure The flanges are connected through cylindrical ceramic post-
insulators. The biased flange sustains the collector cup. The cup has a
width of 1.4m, a height of 2.4m and a depth of 1 m. The whole decel-
erator structure is sustained by a supporting system between the vessel
and the top and bottom parts of the grounded flange (the supporting
system is not shown in figure [5.13).

The residual ions undergo a one-step deceleration, thus making the voltage
holding a critical issue. For the same reason, care must be taken in pla-
cing the decelerators far apart from each other. On the basis of the
breakdown description by the clump theory and of experimental results,
the minimum distances that guarantee the vacuum insulation capability
to sustain high potential differences between the biased surfaces in the
ERS are estimated. In particular, a gap of 350 mm between the decel-
erator flanges and a distance of 1.7m between the two decelerators are
adopted. The voltage holding condition is fulfilled by keeping the mean
deflection angle and, thus, the transverse dimension of the vessel as small

as possible.

Peak values of the electric field that may lead to unwanted breakdowns
and, hence, spoil the vacuum insulation are avoided by using large radius

curvatures for all the corners and edges in the system.
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e The secondary electrons emitted by the residual negative ions impinging
on the collector surfaces are suppressed by magnetostatic deflection. To
this end, the walls of the negative ion collector cup are covered with

permanent magnets generating a cusp magnetic field.

e The beamline vessel has similar dimensions as those of the ITER beam-
line vessel [14]: it is 10.3m long, 4.6 m wide and 4.2m high. Instead of
considering a bigger vessel to accommodate the decelerators, the width
is increased only at the level of the decelerators. A longer vessel is how-
ever needed, e.g. to place the calorimeter. Additionally, the space for
the pumps and the distance to assure the voltage holding between the
biased decelerators and the grounded vessel have not been considered.

The detailed injector design is outside the scope of this work.

5.5 Particle tracking simulations

Numerical simulations of the residual ion trajectories are performed to estimate
the efficiency of the ERS design presented in the previous sections [145].

Ion Beam Simulator (IBSimu) [1461147] is a 3D ray-tracing code in which the
particle equation of motion due to the Lorentz force is solved using mesh-based
maps for the electric and magnetic fields.

The ERS geometry of figure [5.13] is imported into the code. The magnetic
field generated by the deflecting coils and the magnetic cusp field due to the
permanent magnets on the negative ion collector walls are calculated with
ANSYS Workbench [64]. The electric field distribution inside the vessel, in
particular between the decelerator flanges, is obtained with ANSYS Mechanical
APDL [148] after assuming a bias voltage |V.on|. The magnetic and electric
field values are imported into IBSimu and adapted to the code meshing through
interpolation.

The starting point is a beam of deuterium particles with a rectangular cross
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section of 0.58 m width and 1.5 m height at the neutraliser exit. The beam ions
have an energy of 1 MeV and a current of 40 A. The beam species composition is
the one at the exit of the ITER gas neutraliser calculated for the optimum gas
target thickness (see section [4.1)), i.e. 26% of D*, 19% of D~ and 55% of D°.
The species distribution across the beam cross section is uniform. The beam
divergence is 7mrad (as for the ion beam of the ITER NNBI [14]). Further-
more, it is assumed that the space charge of the residual ion beams coming
from the magnetostatic separation is completely compensated. As outlined
in section [5.4.3] this hypothesis is reasonable in the drift region between the
neutraliser exit and the decelerator entrance, but it could not be valid in the
decelerators. Therefore, it will be later relaxed.

IBSimu simulations are also used to investigate the emission of secondary elec-
trons from the negative ion collector walls and the power loads on the collectors
due to the impacting residual ions.

Three cases are investigated:

e Case 1: |Voon| = 950kV without permanent magnets on the negative ion

collector walls;

e Case 2: |Vion| = 950kV with permanent magnets on the negative ion

collector walls;

e Case 3: |Voon| = 975kV with permanent magnets on the negative ion

collector walls.

In Cases 1 and 2, a recovery voltage V; of 50kV is provided, corresponding to
5% of the beam acceleration potential V4, while V; is 25kV in Case 3, i.e. 2.5 %
of V;,. Hence, the residual energy of the decelerated ions is 50 keV in Cases 1
and 2 and 25keV in Case 3. The purpose of Case 1 is to assess the influence
of the fringe magnetic field of the deflecting coils on the secondary electron
trajectories. If they were deflected against the lateral walls of the collector,

the use of permanent magnets would not be necessary.
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Table 5.1: Inputs and outputs of the particle tracking simulations performed by IBSimu
for an ITER-like beam in the ERS for three different cases.

Case1 Case 2 Case3

Residual ion energy |keV] 50 50 25

Permanent magnets No Yes Yes
Negative ion collection efficiency g~ [%] 99.68 99.69 97.76
Positive ion collection efficiency g [%] 99.40  99.40  96.71

Current of emitted secondary electrons Isg [A] 8.562  8.617  7.532
Secondary electron trapping efficiency gsg [%]  89.48  98.64  97.80

5.5.1 Ion collection

The main outputs of the tracking simulations are the collection efficiencies of
the residual positive (¢%) and negative ions (¢7). Not all residual ions reach
the collector surfaces because of electrostatic reflections. These are due to the
non-orthogonality between the ion trajectories and the equipotential surfaces
of the decelerating electric field.

An example of ion trajectories simulated with IBSimu is shown in figure [5.14
for Case 2. The trajectories of the residual positive ions are plotted in red,
those of the residual negative ions in blue, while the colour orange represents
the neutral atoms that, being unaffected by the coil magnetic field, continue
straight towards the tokamak. Already from a graphical point of view, one can
see that the residual ions are successfully separated and collected.

The ion collection efficiencies for all the considered cases are listed in table 5.1l
The numbers in the table confirm that practically all residual ions are collected
for a residual ion energy of 50 keV. If the ion velocity is further decreased, more
ions are lost due to electrostatic reflections. However, the collection efficiency

for an ion residual energy of 25keV is still very high and close to 100 %.

5.5.2 Trapping of secondary electrons

In order to simulate the emission of secondary electrons following the impact of

the residual negative ions onto the collector surfaces, the following assumptions
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)
|

Figure 5.14: Particle simulations performed by IBSimu for an ITER-like beam in the ERS
in Case 2. Particles are identified by different colours: negative ions, blue; positive ions, red;
neutrals, orange; secondary electrons emitted by the negative ion collector surfaces, green.
(a) Lateral view. (b) Top view.
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are made:

e The secondary electron yield (SEY) as a function of the energy and
impacting angle of the negative deuterium ions is taken from Fubiani et

al [149].

e The angular dependence of the emitted electrons is described by a cosine

distribution.

e The secondary electron energy spectrum has a bell-like shape in the range
0-50 V. Therefore, as suggested by Fubiani et al., it is assumed that the
secondary electrons are emitted at a fixed energy, equal to 10eV, as this
energy is negligible with respect to the energy that the electrons gain if

accelerated by the decelerator electric field.

The trajectories of the secondary electrons emitted by the negative ion collector
in Case 2 are plotted in green in the top view of figure and for different
views of the collector in figure [5.15]

Almost all secondary electrons remain inside the collector mainly because

either

e they are deflected by the magnetic cusp field against the collector surfaces

as soon as they are emitted or

e they are trapped in a magnetic mirror as they gyrate back and forth

around the magnetic field lines generated by the permanent magnets.

Some of them, however, manage to escape. A secondary electron trapping
efficiency gsg, i.e. the fraction of emitted secondary electrons that remain
inside the cup and are not accelerated through the decelerator electrodes, is
calculated and shown in table [B.1] for all the considered cases.

It is interesting to observe that the fringe magnetic field of the coil system
is very effective in deflecting the emitted electrons onto the lateral walls of

the cup. Indeed, the trapping efficiency without permanent magnets on the
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(b)

Figure 5.15: Trajectories of the secondary electrons emitted by the negative ion collector
in Case 2 computed by IBSimu and shown for different views of the collector. (a) Top view.
(b) Frontal view. (c) Lateral view.
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Figure 5.16: Power density on the collector back plate due to the impact of the residual
ions in Case 2. (a) Positive ion collector. (b) Negative ion collector.

collector walls is around 90 %. Nonetheless, it can be increased to almost 100 %

by means of the magnetic cusp field.

5.5.3 Power deposition on the collectors

The power loads on the collector back plates due to the impact of the residual
ions are shown in figure for Case 2. The maximum power load on the
positive ion collector is lower than 5 MW m™2 (figure [5.16a)), while it is lower
than 3MW m™2 on the negative ion collector (figure due to a lower
fraction of negative ions. Hence, the power deposited by the ions on the
collector back plates does not pose any critical issue. In Case 3, where the ions
hit the collector surface with a lower velocity, the power densities are even

lower than those in Case 2.

5.5.4 Effect of space charge

The results shown so far have been obtained by IBSimu for residual ion beams
that are fully space charge compensated all along their way up to the collector
back plates. This, however, could not be the case in the decelerators as, while
the residual ions decelerate (subsequently increasing the beam charge density),

the compensating secondary charges, which are generated by gas ionisation and
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Figure 5.17: Power density on the collector back plate due to the impact of the residual
negative ions in Case 2. The space charge of the residual negative ion beam is (a) fully
compensated and (b) uncompensated.

Table 5.2: Residual ion collection efficiencies computed by IBSimu in Cases 2 and 3 with
a full and without space charge compensation.

Case 2 Case 3

Residual ion energy [keV]| 50 25
Space charge compensation [%)] 100 0 100 0
Negative ion collection efficiency ¢~ [%] 99.69 99.38 97.76 0.04
Positive ion collection efficiency g* [%] 99.40 97.98 96.71 0.00

trapped inside the beams, accelerate. Therefore, the impact of space charge
on the ion trajectories is investigated by considering the worst-case scenario,

i.e. the residual ion beams in the decelerators are uncompensated.

Figure [5.17] shows the power density on the collector back plate due to the
impact of the residual negative ions in Case 2 for the cases of complete com-
pensation, on the left, and no compensation, on the right. Figure is the
same as figure [5.16b| but with a different colour map for the power density. One
can see that, for a recovery voltage V; of 50kV, the space charge does increase
the beam divergence, yet almost all ions are still collected. The ion collection
efficiencies with full and without compensation are listed in table They

are close to 100 % even in the pessimistic scenario of uncompensated beams.

On the other hand, if a recovery voltage V; of 25kV is assumed, the space

charge forces on the beam become so strong that the beam blows up. Indeed,
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the ion collection efficiency computed by IBSimu for Case 3 without space

charge compensation are practically zero.

5.6 Efficiency calculations

After presenting the ERS design and performing particle tracking simulations
to determine the main system parameters, an ERS efficiency can now be

defined and the impact of the ERS on the NBI wall-plug efficiency evaluated.

5.6.1 ERS efficiency

Considering a beam of current [,.. accelerated through a potential difference

V4, the power associated with the residual ions at the neutraliser exit is
Pres = ]acc‘/b<F_ + F+>, (515)

with F'~ and F'* being the fractions of the residual negative and positive ions,
respectively.
With reference to the electric schematic of figure using an ERS reduces

the power wasted in residual ions as
PresErs = Pres — Prec, (5.16)
with
Prec = Luce 79~ (Vo = Vi) + Lace F g (Vi = Vo) = Isu(1—gse) (Vi = V2). (5.17)

The first and second terms on the right-hand side of equation (5.17) account
for the recovery of the residual negative and positive ion energy, respectively.
The term Igg(1 — gsg)(Vi, — V1) is the power loss due to the acceleration of the

secondary electrons that are emitted by the negative ion collector following
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the impact of the residual ions and that are not suppressed by the magnetic

cusp field.
The ERS efficiency can then be defined as

Pree
TERS = P

res

(5.18)

In the following, an ITER-like negative deuterium ion beam with a current

L. of 40 A and an energy eV}, of 1 MeV is assumed.

At the exit of the gas neutraliser in case of optimum gas target thickness, the
species fractions are: F'~ = 0.19, F* = 0.26 and F° = 0.55. By using the
efficiencies of table [5.1 and assuming an MRC conversion efficiency u of 0.81,
one obtains nprg = 84 % for V; = 50kV and ngrs = 83 % for V; = 25kV. The
ERS efficiency is almost identical in the two cases as the higher degree of energy
recovery achieved by decelerating the ions to a lower energy is counterbalanced
by a lower collection efficiency due to the electrostatic reflections of the ions.
As this latter effect increases for decreasing velocities, there is no benefit in
decelerating the ions to an energy lower than 50 keV. Additionally, space charge
expansion becomes critical for lower recovery voltages if the residual ion beams
are not fully compensated. Therefore, only the residual energy of 50keV is

considered in the following.

An ERS could also be used in combination with a beam-driven plasma neutral-
iser. In this case, according to the predictions of the analytical model presented
in the previous chapter, the species fractions at the exit of the ITER-like BDPN
for an optimum target thickness are: F'~ = 0.13, F'* = 0.19 and F° = 0.68.
The data of table [5.1]for Case 2, which are obtained with IBSimu for different

yet similar fractions of residual ions, are used. Hence, one obtains ngrs = 83 %.

The recovery of the residual positive ion energy presents more complications
compared to the case of negative ions. Not only is a positive high-voltage
power supply needed, which in turn requires dedicated high-voltage transmis-

sion line and bushing to enter the vacuum vessel, but the recovered positive ion
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power must also be converted into useful electrical power by means of modular
resonant converters whose efficiency, tested on a small scale, is only around
80 % [98|. Therefore, one could recover only the residual negative ion energy
and dump the residual positive ions at full energy. In this case, the ERS effi-
ciency would be only 39 % with a gas neutraliser and 38 % with a BDPN. The

results are summarised in table [5.3].

5.6.2 Impact of ER on the NBI wall-plug efficiency

Using the nomenclature of table [3.2] the NBI wall-plug efficiency is estimated

as
PNBI [acc Vb TIBT Theut
Twp = =T v ap , (5.19)
Pel ace Vb + Face + Paux
nps

where the numerator Pyp; is the neutral beam power delivered to the tokamak,
the denominator P, is the electrical power consumed by the injector, ngr is
the beamline transmission efficiency, 1,y is the neutralisation efficiency, Piec
is the power lost in the accelerator due to stripping of the negative ions, 7ps
is the ion source power supply efficiency and P, is the power consumption
of the auxiliary systems. The electrical power P, is mostly consumed by the
cryopumps, the REF ion source, the ACC coils and the water cooling systems.
As an ITER-like injector is considered, the same values of the parameters
in equation ([5.19) as those in table are assumed. Therefore, with a gas
neutraliser, for which the maximum neutralisation efficiency is nyeny = 0.55,
the wall-plug efficiency is 7y, = 26%. With a BDPN, for which the max-
imum neutralisation efficiency predicted by the analytical model of chapter
iS Nnent = 0.68, Nyp = 32 %.

Providing the injector with an ERS could reduce the power invested in the
acceleration of the residual ions. In modifying the electrical power consumed
by the injector P, also the efficiency of the additional power supplies is taken

into account. In particular, it is assumed that the power supply providing the
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recovery potential —V; and the power supply applying the potential +V,.. to
the positive residual ion collector have the same efficiency npg as that of the
ion source power supply, i.e. npg = 0.875%.

The power P, is then given by the summation of the following terms:

+ the power effectively delivered by the ion source power supply as, the
negative residual ion collector being directly connected to the ion source
potential, the current drained from the high-voltage power supply is re-

duced by the residual negative ion current I,.. F'~g~

]accvio<1 - Figi) + Pacc

nps

-+ the power P, consumed by the auxiliary systems
+ the power delivered by the recovery power supply at the potential —V;

face F~ g~ Vi

nps

— the power output of the MRCs which is recirculated in the system

[acc F+g+(‘/b - V;“)H' TIPS

-+ the power loss due to the acceleration of the secondary electrons gener-

ated by the residual ions impacting on the negative ion collector

Isp (1 — gsp)(Vb — Vi)
Tps '

Hence, P, is calculated as

Pel

[accv 1 - F_ )+ Pacc [acc F_ _V;
_ LacVio( ) Pt g Ve
nps nps

Isg(1 — Ww-V
- Iacc F+g+(vb - ‘/r),u nps + SE( gf]ii( b )

(5.20)
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Table 5.3: ERS efficiency and wall-plug efficiency calculated for an NNBI that foresees
either a gas neutraliser or a BDPN. Three cases are considered: no energy recovery, only
the energy of the residual negative ions D~ is recovered, the energy of both residual positive
D% and negative ions D~ is recovered. The recovery voltage is V; = 50kV. The efficiencies
are calculated for the optimum target thickness in the neutraliser.

Efficiency ER Gas neutraliser + ERS BDPN + ERS
D~ 39% 38 %
TTERS D~ and D+ 84% 83%
None 26 % 32%
T D~ 29 % 34%
D~ and DT 33% 37 %

For an ITER-like gas-neutraliser-based NNBI and a recovery voltage V; of
50kV, nw, = 33% if the energy of the residual ions of both polarities is re-
covered and 7y, = 29% if only the energy of the residual negative ions is

recovered.

For the combination BDPN+ERS, the NBI wall-plug efficiency is 7y, = 37 % if
the energy of both residual D~ and D¥ ions is recovered and 7y, = 34 % if only

the energy of the residual D™ ions is recovered. The results are summarised in

table (.3

The efficiencies of table [5.3] are calculated for the beam species fractions that
one obtains at the neutraliser exit for an optimum target thickness in the
case of a beam of D™ ions with an energy of 1 MeV. Figure shows the
wall-plug efficiency as a function of the target thickness in the case of the gas
neutraliser. The upper part of the figure shows the evolution of the beam
species fractions, while in the lower part the corresponding values of wall-plug
efficiency are plotted for the cases in which the energy of both the residual
negative and positive ions is recovered (red line) and only the negative ion
energy is recovered (green line). A bias voltage V; = 50kV is assumed. In
evaluating equation (5.20), the term Isg(1 — gsg)(Vi, — Vi) /nps is neglected as
the value of the current of secondary electrons emitted by the collector surface,

although roughly proportional to the fraction of residual negative ions, needs
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Figure 5.18: Beam charge fractions with a gas neutraliser and NBI wall-plug efficiency as
functions of the gas target thickness for a 1MeV D~ ion beam. F°, F* and F~ indicate
the fractions of neutral, positive and negative beam particles, respectively. 7y, and 7, are
the injector wall-plug efficiency if the energy of both residual positive and negative ions or
only the energy of the residual negative ions is recovered, respectively. A recovery voltage
V; = 50kV is assumed. The stars identify the maximum values.
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to be estimated by particle tracking simulations as done with IBSimu for the
optimum ion fraction. However, as one can expect secondary electron trapping
efficiencies close to 100 %, the loss term can be neglected: for the optimum gas
target thickness, it is only 0.13 MW with respect to a power of 57 MW invested
in the ion acceleration. The ion collection efficiencies are the same as those

listed in table 5.1l for Case 2.

One can observe that the maximum wall-plug efficiency is obtained for a gas
target thickness that is close to the value for which the maximum neutralisa-
tion efficiency is achieved. The maximum value of 7y, is 33%. If only the
residual D™ ion energy is recovered, the wall-plug efficiency 7y, is higher for
gas thicknesses lower than the optimum one due to a higher fraction of resid-
ual negative ions. However, 7 slightly increases from a value of 29 % for the
optimum gas target thickness to a maximum value of 30%. Therefore, it is
not advantageous in terms of injector power efficiency to operate in the left
region of the graph as suggested by Hopman [106]. This would imply that the
neutral fraction at the neutraliser exit is lower than 55 %, leading to a lower
neutral beam power injected into the tokamak. As the current density from
negative ion sources is limited, a lower power injection could be compensated
by increasing the net extraction area, e.g. with a higher grid transparency
or a bigger source and/or by increasing the acceleration voltage. These solu-
tions, however, require drastic modifications and, most likely, an increase of

the ancillary power [97].

5.6.3 The influence of the background gas pressure

Equation (5.20) neglects the power losses due to the reactions between the
residual ions and the background gas. Evaluating these losses requires the
knowledge of the gas pressure distribution along the system and the detailed
velocity profile of the residual ions. A rough estimate is given by using simpli-

fying hypotheses:
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e A constant background gas pressure equal to that expected at the exit
of the ITER gas neutraliser [57], i.e. 0.02Pa, is assumed. This pressure
corresponds to a gas density ng,s = 4.8 X 10*® m~3 for a gas temperature

of 300 K.

e The residual ion energy profile is approximated by splitting the ERS into
two regions: the residual ions travel a distance Lge, from the neutraliser
exit to the decelerator entrance with an energy equal to eV}, and then
a distance L. from the decelerator grounded frame up to the collector
back plate with a constant energy equal to eV;. A deceleration region is
therefore neglected and it is assumed that the ion energy decreases from
eV}, to eV, as soon as the residual ions enter the decelerator. On the
basis of the dimensions of the ERS of figure [5.13] the path lengths of the

residual ions are approximated as Lgp, = 4m and Loy = 1.4 m.
The main reactions with the background gas molecules are:

e Residual negative ions.
Stripping (o-1p): D=4+ Dy — D+ Dy +e
Double stripping (o-11): D=+ Dy —s Dt + Dy + 2
e Residual positive ions.
Charge exchange (oy9):  D* + Dy — D° + DJ
e Beam neutral atoms.

Re-ionisation (g ): D%+ Dy —s D + Dy + e

Fast beam particles are denoted by a hat. The values of the cross sections o
are taken from Ref. [56].

The residual ion fractions at the neutraliser exit are F'~ and F'". After being
deflected by the separating magnetic field, the residual ions reach the decel-

erator entrance with fractions F__, and F..

On the other hand, the beam

neutrals travel undisturbed towards the reactor and their fraction decreases
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from F° at the neutraliser exit to F*O at the end of the ERS. The reduced

beam species fractions are computed as:

Foy=F (1= (08¢ + 05)ngas Leep) (5.21)
Fctu = F+(1 - Ulbo Nigas Lisep) (5.22)
F*° = FY%(1 — 0, Ngas Lirs), (5.23)

where Lggrg is the distance that the beam neutrals travel from the neutraliser
exit to the end of the ERS. Lggrs is approximately 4.5m. The superscript b

indicates that the cross sections are evaluated at the energy elj,.

Inside the decelerators, one has to consider not only the reduction of the re-
sidual ion fractions, but also the power loss due to the back-acceleration of the
secondary charges created by the reactions between the residual ions and the
background gas and by sputtering of the collector surfaces by the incident ions,
as outlined in section The secondary electrons generated in the negative
ion collector and the positive ions generated in the positive ion collector are

accelerated backwards to the energy e(V;, — ;).

The residual ion fractions decrease from F_, and Fchu at the decelerator en-

trance to F*~ and F*' at the collector back plates. Hence, by using equa-

tions (5.21)) and (5.22)), one can write
F* = F (1 = (0l + 0511 ngas Leon) =
=F(1- (U—blo + J—bll>”gas Lsep)(1 = (010 + 0551)Ngas Leon) (5.24)
P = F (1 = 079 Ngas Leon) =

= F+(1 - 01% Ngas Lsep)<1 - O—lro Ngas Lcoll)a (525)

The superscript r indicates that the cross sections are evaluated at the energy

eV;. The above equations highlight that the bigger the ERS dimensions, the

158



5.6. Efficiency calculations

higher the losses of beam ions for the same background gas density. Therefore,
limiting the ERS dimensions has been one of the drivers in designing the ERS
concept proposed in this chapter.

It is assumed that all the secondary charges generated in the decelerators
are back-accelerated, hence neglecting the effect of the fringe magnetic field
generated by the separating coils which could deflect the secondary particles
against the collector walls as it does with the secondary electrons emitted by
the surface of the negative ion collector. In view of the assumption that the
residual ions are fully decelerated as soon as they enter the decelerators, if
the collisions with the background gas destroy the impacting residual ions, the
power gain associated with the deceleration from the energy eV}, to the energy
eV, must be explicitly taken into account. Denoting the fast beam particles
by a hat, the main processes that create secondary charges in the decelerators

are:
e Gas ionisation by residual D~ and D* ions (0i-/4):
D/* 4+ Dy — D/* + Df +e.
The power associated with the back-acceleration of the secondary elec-
trons in the negative ion collector and of the secondary positive ions in
the positive ion collector must be counted as additional invested power.
e Stripping of residual D~ ions (0-19): D™+ Dy — DO+ Dy +e.

The loss of D™ ions due to stripping is described by equation (5.24).
The residual negative ion is simply considered lost, but its deceleration

compensates for the back-acceleration of the secondary electron.

e Double stripping of D~ ions (0-11): D~ 4+ Dy — DT + Dy + 2e.

The loss of D™ ions due to double stripping is described by equation (|5.24]).
The residual negative ion is simply considered lost, but its deceleration
compensates for the back-acceleration of one of the two secondary elec-

trons. The power associated with the back-acceleration of the second
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electron must be counted as additional invested power. If double strip-
ping occurs outside the decelerator, i.e. before the residual ion is fully de-
celerated, the resulting positive ion could be accelerated in the collector.
However, it is likely that the positive ion is deflected by the fringe mag-
netic field and does not enter the decelerator. The corresponding power

loss is therefore neglected.

e Charge exchange of DT ions (0y0): Dt + Dy — DO + D7

The loss of D ions due to charge exchange is described by equation ((5.25)).
The residual positive ion is simply considered lost, but its deceleration

compensates for the back-acceleration of the secondary positive ion.

e Sputtering.

Assuming that the collectors are made of copper, the sputtering yield for
deuterium ions with an energy of around 50 keV, i.e. the average number
of particles removed from the collector copper surfaces per incident ion, is
of the order of 1072 [144]. Hence, considering that only a small portion of
these particles are emitted as ions and that copper has one of the highest
sputtering yields, the contribution of sputtering in creating secondary

charges is negligible.

Therefore, the total power loss P, due to the back-acceleration of the sec-
ondary charges created by the residual ions in the decelerators is calculated

as
Psec _ IaCC(Fc;H(O-iE + Ofll) + Fcﬁllgii)ngas LC011<Vb - V;) . (526)
nps

Finally, one can include the power losses due to the reactions between the

residual ions and the background gas by modifying equation (5.20) as

[accv 1 - F*_ )+ Pacc [acc F*_ _‘/r
= b( J ) + Paux + —g+
nps 1ps

Isp(1 — Ww-—V
- ]acc F*+g+<vi) - V;),u TIPS + SE( g;i:< b )

Pel

+ Pie, (5.27)
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while the numerator of the wall-plug efficiency in equation (5.19) becomes

PNBI = [acc‘/b BT F*O Treion- (528)

The reduced beam species fractions F*°, F*~, F*T and the power loss P due
to the acceleration of the secondary charges for a background gas pressure of
0.02 Pa are listed in table for an ERS combined with both a gas neutraliser
and a BDPN. The beam species fractions at the neutraliser exit are obtained
for the optimum target thickness in the neutralisers. The resulting wall-plug
efficiency is computed and listed in the same table. A recovery voltage V, =
50kV is assumed. The power loss Isg(1 — gsg)(Vi, — Vi)/nps is neglected as
the value obtained for a fraction F'~ of residual negative ions impacting onto
the collector surface equal to 0.19 is only 0.13 MW. Furthermore, the reduced
fraction F*~ is much lower than F'~. The ion collection efficiencies are the

same as those listed in table 5.1 for Case 2.

The reference case in table is the case in which the ion-gas collisions are
neglected, as firstly assumed at the beginning of this section. The comparison
with the reference case highlights that the interactions of the beam ions with
the background gas at a pressure of 0.02 Pa strongly reduce the fractions of
residual ions that reach the collector back plate. Additionally, the neutral beam
power at the ERS exit is lower and the power loss due to the acceleration of
the secondary charges is of several MW. This results in a reduction of the wall-
plug efficiency which is even lower than the value predicted for an injector that

does not use energy recovery.

The role played by the background gas pressure pg,s is investigated in fig-
ure where the wall-plug efficiency is plotted as a function of pg,s for both
the combinations gas neutraliser-ERS and BDPN-ERS. In both cases, the wall-
plug efficiency is higher than the reference value for pg,s around 0.01 Pa if the
energy of both residual D~ and D™ ions is recovered, while a pressure of sev-

eral 1073 Pa is required if the energy of only the residual D~ ions is recovered.
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Table 5.4: Wall-plug efficiency of an NNBI with either a gas neutraliser or a BDPN for
different background gas pressures. The efficiency is calculated for the optimum target thick-
ness in the neutraliser. The beam species fractions after the collisions with the background
gas and the power terms in equation are also shown. In the reference case, the beam—

gas collisions are neglected.

Gas neutraliser + ERS

ER Reference 0.001Pa 0.02Pa

F* 0.19 0.18 0.059

F*t 0.26 0.26 0.17

F*0 0.55 0.55 0.50
(Iaccvb + Pacc)/nPS [MW] 57 57 57
Iacc F*_g_(vb - ‘/r)/nPS [MW] 8.2 7.9 2.6
Toce F*+g+(Vb — V}),u??ps [MW] 6.9 6.8 4.5

Isp(1 - gse)(Vi, — Vi) /mps [MW] 0.13 - -
Poux (MW]| 10 10 10
Pice [MW] - 0.11 1.9
None 26 26 26
D~ and DT 33 32 25
ER BDPN + ERS
Reference 0.001Pa 0.02Pa

F* 0.13 0.12 0.041

F*t 0.19 0.19 0.12

F*0 0.68 0.68 0.62
(Iaccvb + Pacc)/nPS [MW] 57 57 57
Toce F*_g_(Vb - ‘/r)/nPS [MW] 9.6 5.4 1.8
Tace F*+g+(Vb - ‘/r),u TIPS [MW] 5.1 5.0 3.3

Isg(1 — gsg) (Vb — Vi) /nps  [MW] 0.13 _ _

Paux [MW] 10 10 10

Fec [MW] - 0.076 1.4
None 32 32 32
D~ and DT 37 37 31
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Figure 5.19: NBI wall-plug efficiency 7y, as a function of the background gas pressure
Pgas for the ERS combined with both the gas neutraliser and the BDPN. 7 is the injector
wall-plug efficiency if only the energy of the residual negative ions is recovered. The values
Twp,ret Neglect the beam—gas collisions.
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In general, a background gas pressure of the order of 1073 Pa allows minim-
ising the deleterious effects of the reactions between the beam ions and the gas
molecules. The power losses and the wall-plug efficiency for a gas pressure of
1073 Pa are listed in table One can see that the efficiency values are very
close to those of the reference case.

Such a low value of gas pressure in the ERS region would be possible for two
main reasons: the magnetic shield at the neutraliser exit reduces the gas flow
coming from the upstream part of the injector and the open structure of the
energy recovery system allows a better pumping access compared to the ERID
on the ITER NBI. It is however a demanding situation for the pumps: in the
case of the gas neutraliser, if the gas inlet is in the middle of the chamber,

I will flow into the

half of the optimum gas throughput Q = 14.6 Pam®s™
ERS region. Assuming that this is the only gas source, a background gas
pressure of 1073 Pa downstream of the neutraliser would require a pumping
speed of 7300m?/s. Such a simple estimate is already more than twice the
pumping speed foreseen for the ITER NNBI which is 3600 m?/s for deuterium
[59]. Additionally, one has to consider that a lower background gas density
would impose distances between the electrodes higher than those assumed
in the proposed ERS conceptual design in order to guarantee stable voltage
holding. Higher distances lead to a longer and wider beamline resulting in an

increase of the power losses despite a lower background gas density. Therefore,

a compromise needs to be found.

5.7 Summary and conclusions

The conceptual design of an energy recovery system (ERS) for the DEMO NBI
has been proposed with the aim of increasing the injector wall-plug efficiency.
The DEMO NBI is approximated by considering the ITER injector. Energy
recovery consists in decelerating to almost zero energy the residual ions of the

neutralisation process after separating them depending on their charge.
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e The collected current of residual negative ions can be directly recirculated
in the system by connecting the negative ion collector, biased at —V,,
to the ion source potential —V}, by providing a bias —V; such that V., =
Vi, — Vi. This leads to a reduction of the current drained from the high-
voltage power supply at —V4,.

e The positive ion collector is biased at +V_,;. Hence, it cannot be con-
nected to the ion source power supply. The recovered positive ion power
can be converted into electrical power and hence recirculated by using
modular resonant converters (MRCs) whose efficiency, tested on a small

scale, is however just above 80 %.

The ERS design choices have been explained in detail and here briefly sum-

marised by identifying the three main steps of energy recovery:

e Charge separation: the residual negative and positive ions are separ-
ated at the neutraliser exit into different directions by a magnetostatic
field generated by a Helmholtz-like coils which are based on the ACCC
design. Hence, they could also be used to minimise the stray magnetic
field from the tokamak. In order to avoid unwanted deflections of the
beam ions in the neutraliser, the fringe magnetic field of the coils is re-
duced by a soft steel shield placed between the coils and the neutraliser.
An aperture in the shield lets the beam pass through. The shield acts
also as gas baffle, reducing the gas pressure in the downstream part of

the beamline.

e Ton deceleration: the residual ions undergo a one-step deceleration
between a grounded frame and a collector biased at +V.,;. Thus, the
ions are decelerated down to the energy eV;. A complete deceleration
is not possible because of the electrostatic reflections due to the non-
orthogonality between the ion trajectories and the equipotential surfaces

of the decelerating electric field. The grounded frame and the biased
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collector are supported by mounting flanges connected through ceramic
post-insulator. The whole decelerator structure is sustained by a sup-
porting system mounted on the grounded flange. Considerations about
voltage holding allow sizing the system: using the clump theory to de-
scribe the breakdown probability and on the basis of experimental res-
ults, the distances between the decelerator flanges and between the two
decelerators required to sustain high potential differences in vacuum are
determined. Peak values of the electric field that may cause unwanted
breakdowns are avoided by using large radius curvatures for all the edges

of the system.

e Ion collection: the most important issue in collecting the decelerated
residual ions is the emission of secondary electrons induced by ion impact
on the collector surfaces. In the negative ion collector, these electrons
experience a positive potential difference and are hence accelerated to-
wards the grounded frame, cancelling the benefits of energy recovery.
In order to suppress them before being accelerated, permanent mag-
nets are placed on the collector walls. The resulting magnetic cusp field
suppresses the secondary electrons close to their origin. Additional sec-
ondary charges are created by the interactions between the residual ions
and the background gas in the collectors, while the contribution of the
collector surface sputtering in creating secondary charges is negligible for

the residual energy of the ions in the collectors.

The proposed ERS design has been tested in combination with the gas neutral-
iser using the particle tracking code IBSimu. The trajectories of the residual
ions from the neutraliser exit to the collector back plates with and without
space charge compensation, the emission of secondary electrons from the neg-
ative ion collector and the powers loads on the collectors due to the impacting
residual ions have been investigated. The numerical simulations show that

both the ion collection efficiencies and the secondary electron suppression ef-
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ficiency are close to 100 % for two values of the recovery voltage V;, i.e. 25kV
and 50kV. When the hypothesis of full space charge compensation of the re-
sidual ion beams in the collectors is removed, the ion collection efficiencies at
V. = 50kV slightly decrease as the space charge force increases the effective
divergence of the beams and, hence, the occurrence of electrostatic deflections.
The beam charge density increasing for lower ion velocities, at V; = 25kV the
space charge force is so strong that the residual ion beams blow up before
reaching the collector walls. The power loads on the collector back plates do
not pose any critical issue.

The ERS efficiency is defined as the fraction of residual ion power that is
recovered. As first approximation, the collisions between residual ions and
background gas are neglected. In the case of a gas neutraliser, the ERS effi-
ciency is 84 % for V; = 50kV and 83 % for V; = 25kV. Hence, decelerating the
ions to an energy of 25keV does not improve the ERS efficiency because of a
lower ion collection due to the electrostatic reflections of the ions.

Therefore, a voltage of 50kV, corresponding to 5% of the beam acceleration
potential V}, is assumed as the minimum recovery voltage that allows collecting
almost all residual ions even in the case of uncompensated beams. For an ERS
in combination with the BDPN, the ERS efficiency is 83 %.

The wall-plug efficiency of an ITER-like injector is 26 % with a gas neutraliser
and 32 % with a BDPN. Implementing an ERS increases the wall-plug efficiency
to 33 % and 37 %, respectively. The recovery of the residual positive ion energy
is more challenging compared to the case of negative ions: a positive high-
voltage power supply is needed, together with dedicated transmission line and
bushing to enter the NBI vacuum vessel, and the recovered positive ion power
must be converted into useful electrical power by using MRCs whose efficiency
is only around 80%. Hence, one could decide to recover only the residual
negative ion energy and to dump the residual positive ions at full energy. In
this case, the wall-plug efficiency is 29 % with a gas neutraliser and 34 % with
a BDPN.
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One of the main findings is the significant impact of the background gas pres-
sure along the injector: including the collisions between the residual ions and
the background gas causes a strong reduction of the wall-plug efficiency. These

collisions have three main deleterious effects:

e reduction of the residual ions that reach the collectors, mainly because
of stripping and double stripping for the negative ions and of charge

exchange for the positive ions;
e reduction of the beam neutrals that exit the ERS because of re-ionisation;

e acceleration of the secondary charges created by the residual ions collid-

ing with the background gas molecules in the collectors.

For a gas pressure of 0.02 Pa, which is the pressure expected at the exit of
the ITER gas neutraliser, the wall-plug efficiency is reduced to 25% for an
ERS after the gas neutraliser and to 31 % for an ERS after the BDPN. In
other words, the wall-plug efficiency is even lower than that of an NBI without
energy recovery.

The values of wall-plug efficiency are similar to those obtained by neglecting the
interactions with the background gas for a gas pressure of around 1073 Pa. A
lower value of the background gas pressure in the ERS region would be possible
due to the presence of the magnetic shield and to the ERS open structure that
allows a good pumping access. However, in that case, there would be some

aspects that need to be further investigated:

e A lower gas pressure implies higher distances between the electrodes in
the ERS than those assumed in the proposed design in order to assure
stable voltage holding. This means that the beamline becomes longer
and wider leading to an increase of the power losses despite a lower gas
pressure. A reasonable compromise between gas pressure and injector

size has to be made.
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5.7. Summary and conclusions

e A lower gas pressure makes it difficult to achieve full space charge com-
pensation of the residual ion beams in the decelerators as less compens-
ating secondary charges are produced by ionisation. This would reduce

the ion collection efficiencies and, hence, the injector wall-plug efficiency.

Such an analysis requires the detailed profile of the background gas pressure
along the beamline and of the residual ion energy in the decelerators. Addi-
tionally, voltage holding experiments are needed to confirm that high voltages

can be sustained at different gas pressures.
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Chapter 6

Conclusions and outlook

In order to demonstrate the commercial viability of fusion, the heating and
current drive systems of the European DEMO will have a higher energy ef-
ficiency than that of the ITER systems. This thesis has focused on how to
increase the wall-plug efficiency of the negative-ion-based neutral beam injec-
tion (NNBI). Two concepts have been proposed and investigated with reference
to an ITER-like NNBI as the current DEMO baseline design, DEMO-1, is a

modest extrapolation from ITER.

In chapter [4 the beam-driven plasma neutraliser (BDPN) has been presented
as alternative to the gas neutraliser foreseen for the ITER NNBI. An analytical
model has been developed to predict the BDPN performance.

For an ITER-like beam of D™ ions with an energy of 1 MeV and a current of
40 A, the model applied to the BDPN design assumed in this thesis predicts
a plasma density of 2.1 x 10"¥m~3 with Dt being the dominant ion species,
an ionisation degree of 8.0% and a plasma electron temperature of 1.1eV.
The resulting neutralisation efficiency is 68 %. Furthermore, a neutral gas
temperature of 520 K is estimated which, together with the absence of internal
channels, leads to a gas inlet flow rate of 60 Pam®s™ (in comparison, the

optimum gas inflow rate for the gas neutraliser is 14.6 Pam?®s™! [57]).

As an ITER-like ion beam that would benchmark these analytical predictions
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is not available in the near future, it is suggested to drop the objective of
demonstrating the neutralisation efficiency improvement, which requires an ion
beam energy around 1 MeV, and to focus only on validating the confinement of
the plasma generated through the beam-driven mechanism. To this end, the
filament-driven plasma experiment, in which no ion beam is involved and the
electrons emitted by heated filaments are used to simulate the electrons that
are mainly responsible for the plasma generation, i.e. the stripped electrons,
has been identified as the most suitable proof-of-principle experiment. The

main advantages are:

e clectrons with the same current and energy as the I'TER-like stripped

electrons can be generated;

e a full-scale test is possible such that no result extrapolation to the DEMO

scale is necessary;

e many parameters, like the filament heating current and bias voltage, can
be scanned over a wide range making it possible, for instance, to simulate

negative ion beams with an energy higher than 1 MeV.

While the wall-plug efficiency of the ITER NNBI is only 26 %, the use of a
BDPN would increase it to 32%. This enhancement justifies the efforts in
pursuing the BDPN technology. A detailed design of the proof-of-principle
experiment and the optimisation of the DEMO BDPN design are envisaged as
next steps in the near future.

In chapter , the conceptual design of an energy recovery system (ERS) for an
ITER-like NNBI has been proposed and its performance has been simulated

by using a particle tracking code. One can conclude that:

e a voltage of 50kV, corresponding to 5% of the beam acceleration poten-
tial, is the minimum recovery voltage for the residual ion deceleration

as a lower voltage would imply a lower ion collection efficiency due to
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electrostatic reflections, especially if the beams of residual ions are not

fully space charge compensated;

e the suppression efficiency of the secondary electrons emitted from the
collector surfaces following the ion impact by means of the magnetic
cusp field generated by permanent magnets on the walls of the negative

ion collector is close to 100 %;

e the background gas pressure along the NNBI strongly influences the im-
pact of the ERS on the wall-plug efficiency due to the collisions between
the residual ions and the gas molecules and to the acceleration of the

resulting secondary charges.

For the gas pressure expected on the ITER NNBI, which is around 0.02 Pa at
the neutraliser exit [59], an ERS would be counterproductive as the resulting
wall-plug efficiency with either the gas neutraliser or the BDPN is lower than
the value achieved without energy recovery.

Energy recovery becomes advantageous if the background gas pressure is re-
duced down to around 1072 Pa. In this case, the wall-plug efficiency is in-
creased to 32 % by implementing the ERS with the gas neutraliser and to 37 %
for the combination BDPN+ERS. Such a low value of gas pressure in the ERS
region would be very demanding for the pumps: for example, in the case of
the gas neutraliser, it has been estimated that the required pumping speed is
7300 m? s~! which is more than twice the pumping speed foreseen for the ITER
NNBI. However, the open structure of the ERS outlined in this thesis allows
a better pumping access with respect to ITER. Hence, the reduction of the
background gas density along the injector is not a reason to stop considering
energy recovery as a valid method to increase the NNBI wall-plug efficiency.
It is however necessary as next step to investigate the consequences of a lower
gas pressure on the ERS design, especially in terms of voltage holding and

space charge compensation of the ion beams.
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