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Abstract

The International Thermonuclear Experimental Reactor (ITER) is a groundbreaking interna-
tional collaboration aimed at developing fusion energy as a clean, safe, and virtually limitless
source of power that brings together scientists, engineers, and experts from 35 countries to con-
struct and operate the world’s largest experimental fusion reactor. Through the fusion of hy-
drogen isotopes, ITER seeks to replicate the process that powers the sun and stars, harnessing
the immense energy released to generate electricity. With its ambitious goals and cutting-edge
technology, ITER represents a significant milestone in the pursuit of sustainable and abundant
energy for the future.

As part of the ITER project, the development of several systems of plasma heating is needed to
achieve fusion conditions in order to reach plasma ignition. One of such heating systems is the
Heating Neutral Beam (HNB), which is designed to inject a energetic beam of neutral atoms
into the plasma and heat the fusion plasma by coulomb collisions of such with the plasma.

This system requires of several components such as power supplies, cryopumps and cooling
components working together in order to achieve a controlled and safe operation of the HNB. It
also needs towork coordinatedwith the experimental controlwith high availability. The neutral
beam control system is, therefore, responsible for the correct and safe operation of the twoHNB
units installed at ITER.

The project presents an overview of the instrumentation and control system currently being
developed for the Neutral Beam units and presents the development and design of a remote
distributed data acquisition systemprototype for theNeutral Beam instrumentation and control
system. The performance of the prototype will be measured and evaluated to determine if such
solution is fit for ITER requirements and can therefore be implemented into the Neutral Beam
control system and other control systems within the reactor components.

This project was developed under the Traineeship program by the European Joint Undertaking
for ITER and the Development of Fusion Energy, Fusion For Energy (F4E). This report presents
the work the author performed during such contract and under the guidance of the program’s
supervisors.
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Objective and Scope of the project

Prior to any introduction on the technical topics in which this project is developed it becomes
a necessity to inform the reader of the �nal objectives of the project and its scope so that the
audience to which this work is targeted can fully understand the information here exposed in a
comprehensive and summarised manner.

The objectives of this work are:

ˆ To summarise the current status of the development of the Instrumentation and Control
system being designed for the ITER Neutral Beam System. A comprehensive review of the
di�erent subsystems will be given as well as a top-level overview of the NB Plant System
architecture.

ˆ To develop and document a software component prototype to enable the UEIDAQ family
of products to be integrated into the Instrumentation and Control system of ITER through
the usage of the MARTe framework as the backbone of the data acquisition system.

ˆ To develop and execute a set of functional and unit tests to measure and assess the per-
formance of the prototype and assess the operational and stability capabilities of such in
production environment. Additionally the unit tests developed for this component pro-
vide guarantee of the software testability in di�erent operating system environments.

ˆ To develop a set of data acquisition applications for di�erent systems and scenarios using
MARTe and the aforementioned UEIDAQ component. Such applications are designed
and developed to be used in ITER in operation phase of their respective systems.

Regarding the scope of the project, the part on the Neutral Beam System will cover the review
of such system from the component level to the top level architecture of its control system but
will not delve into the detail level of the control functions, algorithms or component-level oper-
ational details as those are not available to the author.

Regarding the data acquisition prototype, the scopeof the project includes all the software de-
velopment steps from the manufacturer API to the �nal application using MARTe framework.
The scope does not include the hardware and �rmware related aspects of the prototype as those
are proprietary and are not accessible to the author. On the applications developed, the project
scope is limited to the application running the data acquisition on the UEIDAQ device and for-
warding such data downstream; the scope does not include the additional applications and
systems making use of the served data.

13
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As a result of this project, the following deliverables are produced:

ˆ A comprehensive review of the current state of the Neutral Beam Instrumentation and
Control System design.

ˆ The code for the UEIDAQ software component and its associated documentation, deliv-
ered as open-source code at the F4E software repository. Available at [18].

ˆ A data-based assessment of performance of the data acquisition prototype in a speci�c set
of conditions as mentioned in subsequent parts of this work.



Chapter 1

Fusion Energy

For many years, it has been widely recognized that the standard of living is directly linked to
the amount of energy consumed. Energy plays a crucial role in various aspects of life, including
food production, household heating and lighting, industrial operations, transportation, and
communication. Generally, a good quality of life necessitates substantial energy consumption
at an a�ordable cost.

A critical factor a�ecting energy supply is the environmental concern. Increasing evidence in-
dicates that greenhouse gases are causing observable harm to the environment. Without the
greenhouse issue, the energy supply problem could be mitigated by increasing the use of coal,
which has abundant reserves. However, if future greenhouse gas emissions are to be reduced,
there are limitations on the amount of energy that can be generated from fossil fuels such as coal,
natural gas, and oil. Furthermore, the known reserves of natural gas and oil, as documented,
will be depleted within a few decades. Therefore, acknowledging the reality of the greenhouse
e�ect, the following discussion assumes that new energy production should prioritize reducing
greenhouse gas emissions.

Consequently, energy production emerges as a matter of utmost importance. Ongoing research
in energy production primarily focuses on evaluating the environmental impact of existing en-
ergy generation technologies, which heavily rely on fossil fuel combustion (accounting for 70%
of global energy production). [19]

Nuclear power production is a technology that o�ers signi�cant opportunities for energy gener-
ation with lower environmental impact and reduced dependence on fossil fuel resources, among
other potential bene�ts. Among nuclear power technologies, �ssion-based reactions have been a
proven method of energy generation for the past 60 years, despite their drawbacks. On the other
hand, fusion-based reactions have been proposed as an alternative power generation method
with several advantages over �ssion technology.

The potential role of fusion in energy production becomes evident when comparing it to other
existing energy options. These comparisons highlight numerous attractive features of fusion,
such as safety, fuel reserves, and minimal environmental damage. Importantly, fusion has the
potential to generate large quantities of uninterrupted and reliable electricity, making it a sig-
ni�cant contributor to global energy supply. These substantial advantages have fueled the as-
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pirations of fusion researchers for over half a century. Nevertheless, fusion also faces disad-
vantages, primarily associated with the complex scienti�c and engineering challenges inherent
in the fusion process. The world's fusion research programs are gradually �nding solutions to
these obstacles. The ultimate challenge lies in integrating these solutions into an economically
competitive power plant that can enable fusion to ful�ll its role in global energy production.

The scienti�c community has made signi�cant e�orts to research and advance fusion technol-
ogy, leading to a wide range of fusion experiments worldwide. The International Thermonu-
clear Experimental Reactor (ITER) is one such experiment in which the international commu-
nity collaborates to develop a fusion reactor and demonstrate the technical feasibility of this
technology. The ITER project is considered the largest endeavor in fusion technology develop-
ment.

1.1 Fusion reactions

Thermonuclear fusion reactions are the process by which light atomic nuclei, typically isotopes
of hydrogen, combine to form heavier nuclei, releasing a tremendous amount of energy in the
process. This is the same energy-producing mechanism that powers the Sun and other stars.

In fusion reactions, the nuclei of atoms overcome their mutual electrostatic repulsion and come
close enough together for the strong nuclear force to bind them together. Such reactions can
be accomplished by using di�erent species, usually isotopes of hydrogen and helium due to
their low mass and high energy yield, and therefore several reactions are considered for fusion
experiments:

ˆ Deuterium-Deuterium reactions are considered the most desirable fusion reactions [19]
due to the reaction species being only deuterium, an hydrogen isotope with high abun-
dance and which can be easily obtained, making the resources for such reaction virtually
unlimited and inexpensive. Nonetheless, such reactions are one of the most di�cult to
initiate due to the high temperatures needed to overcome the electrostatic potential of
deuterium. Two branches of the D-D reaction occur with almost equal likelihood with
3.27 and 4.03 MeV energy yield:

D + D ! He3 + n + 3 :27MeV

D + D ! T + n + 4 :03MeV

ˆ Deuterium- He3 reaction fuses helium-3 isotopes with deuterium to yield 18.3 MeV and
an alpha particle and proton. From the nuclear engineering point of view this reaction
has a higher energy yield advantage and the fact that only charged particles are produced,
which are much easier to control due to their electrical nature than neutrons. On the other
hand, helium-3 is a species which does not naturally occur on earth thus requiring to be
obtained by other means [19]. The fact that this reaction is also di�cult to initiate and the
low availability of helium-3 makes the fusion research community to not focus on such
reaction:

D + He3 ! � + p + 18:3MeV
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ˆ Deuterium-Tritium reaction fuses deuterium and tritium isotopes to yield an energy of
17.6 MeV per reaction while producing neutrons and alpha particles. The tritium used
in this reaction needs to be arti�cially produced as no natural reserves are present on
Earth due to the radioactive nature of the isotope. Even though the reaction requires to
arti�cially produce tritium and to deal with the e�ects of neutron interaction, this reaction
is regarded as one of the most interesting ones for fusion research due to the fact that it is
the easiest fusion reaction to initiate and the energy yield is considerable.

D + T ! � + n + 17:6MeV

The fusion process requires extremely high temperatures and pressures to overcome the elec-
trostatic repulsion and bring the nuclei close enough for the strong nuclear force to take e�ect.
The temperatures needed are typically in the range of tens of millions of degrees Celsius. At
such high temperatures, the hydrogen isotopes exist in the form of a plasma, which is a state of
matter consisting of charged particles (ions) and free electrons.

To initiate and sustain fusion reactions, two main approaches are currently being explored. The
�rst approach is magnetic con�nement fusion, which uses powerful magnetic �elds to con�ne
and control the hot plasma. In this approach, devices called tokamaks and stellarators are used
to create a magnetic bottle where the plasma can be heated and maintained at the required
temperatures for fusion to occur.

The second approach is Inertial Con�nement Fusion (ICF), which involves compressing and
heating a small target of fuel using high-energy lasers or particle beams. The intense compres-
sion and heating cause the fuel to reach the conditions necessary for fusion reactions to take
place.

Successful fusion reactions release an enormous amount of energy, several times greater than
what is released in �ssion reactions (nuclear reactions that split heavy atomic nuclei). This
energy is primarily released in the form of high-energy particles and electromagnetic radiation.

The pursuit of thermonuclear fusion reactions holds great promise for providing a virtually lim-
itless and clean source of energy. However, signi�cant technical challenges remain to achieve a
practical fusion power plant, such as sustaining the high temperatures and pressures, con�ning
the plasma, and managing the intense radiation and high-energy particles generated during the
reactions.

1.2 Fusion reactor technologies

As previously explained, fusion reactions can be accomplished in a fusion reactor machine
which is used to con�ne the extremely hot plasma and ensure proper conditions for fusion
to occur.

Nonetheless, there's not a single typology of nuclear fusion reaction but several reactor types are
being considered by the scienti�c fusion research community. Following, a brief introduction
to two of the most common fusion reactor technologies is provided.
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1.2.1 Tokamak

Tokamaks are a type of magnetic con�nement fusion device that are used in the pursuit of
controlled nuclear fusion reactions. They are designed to create and contain a hot plasma at
extremely high temperatures and pressures to enable fusion reactions by magnetic �eld con-
�nement in a toroidal geometry [1].

The basic structure of a tokamak consists of a toroidal (doughnut-shaped) vacuum chamber
surrounded by magnetic coils. The primary purpose of the magnetic coils is to generate a strong
toroidal magnetic �eld and a secondary poloidal magnetic �eld within the chamber. The com-
bination of these magnetic �elds creates a magnetic chamber that con�nes and controls the
plasma.

To initiate and sustain fusion reactions, the tokamak operates by utilizing a process known as
magnetic con�nement. The plasma is heated to temperatures of tens of millions of degrees Cel-
sius, at which point it becomes ionized, consisting of positively charged ions and free electrons.
The magnetic �elds within the tokamak con�ne the plasma, preventing it from coming into
contact with the walls of the vacuum chamber.

The main components of a tokamak include:

Toroidal �eld coils These large coils produce a strong magnetic �eld in the toroidal direction,
creating a circular path for the plasma.

Poloidal �eld coils These coils generate a secondary magnetic �eld that provides the necessary
shaping and stability to the plasma.

Plasma heating systems Various methods, such as neutral beam injection or radio-frequency
heating, are employed to raise the temperature of the plasma to the required fusion con-
ditions.

Central solenoid coil This solenoid coil is a curcial part of ITER's magnetic con�guration as it
is responsible for generating most of the required magnetic �ux variation to kickstart the
plasma, create the plasma current, and sustain this current throughout the burning phase.

Plasma diagnostics A range of instruments and sensors are used to monitor and measure the
behavior and properties of the plasma, including temperature, density, and particle and
energy con�nement.

Plasma-facing components The materials and designs of the inner walls and other components
that come into contact with the plasma are carefully chosen to withstand the high temper-
atures and particle bombardment.

One of the major challenges in tokamak research is achieving and maintaining plasma equilib-
rium and stability. Various plasma instabilities, such as disruptions and edge localized modes
(ELMs), need to be controlled and mitigated to prevent plasma loss and damage to the tokamak.

Tokamaks have been at the forefront of fusion research for several decades and have achieved
notable milestones. Notably, the International Thermonuclear Experimental Reactor (ITER),
currently under construction, is a large-scale tokamak project aimed at demonstrating the sci-
enti�c and technical feasibility of fusion power on a commercial scale.



Design of a distributed data acquisition system for the ITER's Neutral Beam pg. 19

In summary, tokamaks are magnetic con�nement fusion devices that utilize strong magnetic
�elds to create and con�ne a hot plasma, enabling the pursuit of controlled nuclear fusion re-
actions. They are a key technology in the quest for harnessing fusion energy as a clean and
virtually limitless source of power.

Figure 1.1: Schematic view of the arrangement of coils in a tokamak. [1]

1.2.2 Inertial con�nement

Inertial con�nement fusion (ICF) is a fusion energy approach that aims to achieve controlled
fusion reactions by compressing and heating a small target of fuel to extremely high densities
and temperatures. Unlike magnetic con�nement fusion, which uses magnetic �elds to con�ne
and control a plasma, ICF relies on intense external energy sources to rapidly compress and
ignite the fuel.

The basic principle of ICF involves focusing high-energy lasers or particle beams onto a small
target containing deuterium and tritium (or other fuel combinations). The intense energy de-
position causes the outer layers of the target to rapidly ablate, creating a plasma and generating
a high-pressure shock-wave that compresses the remaining fuel.[2]

The compression increases the density and temperature of the fuel, creating the necessary con-
ditions for fusion reactions to occur. At su�ciently high temperatures and densities, the hy-
drogen isotopes overcome their electrostatic repulsion and undergo fusion, releasing a large
amount of energy in the process. This energy is primarily in the form of high-energy particles
and electromagnetic radiation.

ICF experiments typically involve complex arrangements of multiple lasers or particle beams,
optics, and diagnostics to precisely control and monitor the compression process. The success
of an ICF experiment depends on achieving uniform and symmetric compression, as well as on
minimizing instabilities that can disrupt the fusion process.[2]

ICF research has made signi�cant progress over the years, and large-scale facilities, such as the
National Ignition Facility (NIF) in the United States, have been built to advance the technol-
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ogy. The ultimate goal of ICF is to achieve ignition, a state where the fusion reactions become
self-sustaining, producing more energy than is supplied to initiate the process. Ignition is con-
sidered a critical milestone towards the development of practical fusion power.

Figure 1.2: Inertial con�nement fusion process scheme. [2]

While ICF o�ers potential advantages, such as a high energy gain and a more compact device
compared to magnetic con�nement approaches, it faces signi�cant challenges. These include
achieving su�ciently high compression and temperature conditions, managing instabilities,
controlling the symmetry of compression, and �nding suitable materials and designs that can
withstand the extreme conditions generated during the fusion process.

In summary, inertial con�nement fusion is an approach to controlled nuclear fusion that relies
on intense compression and heating of a small fuel target using high-energy lasers or particle
beams. By creating extreme conditions, ICF aims to initiate fusion reactions and harness the
energy released from them. Despite technical challenges, ICF research continues to advance
our understanding of fusion and its potential as a future source of clean and abundant energy.

1.3 ITER

ITER is an international fusion experiment funded and developed by 35 nations grouped as
seven ITER members-China, the European Union, India, Japan, Korea, Russia and the United
States-which are engaged in a 35 year collaboration to build and operate the ITER experimental
device, and together bring fusion to the point where a demonstration fusion reactor can be
designed.

The ITER project, therefore, comprises the research and development activities associated with
the design and fabrication of the experimental device, the assembly and commissioning of the
device and the operation and scienti�c exploitation of the experiment through a lengthy ex-
perimental campaign. The collaboration on these activities are split in terms of economical
responsibility among the seven members in equal (9%) shares for each member except for the
European union which contributes with a 45% of the construction costs. The project, being
funded through public resources, is managed in each of the members by the so-called Domestic
Agencies (DA) and coordinated by a central organism not associated with any of the members
and regarded as ITER Organisation (IO).

Technically, the ITER experimental device is a tokamak-type fusion reactor of greater dimension
than any other existing fusion reactor, comprising a total reactor chamber volume of 840m2 and
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a plasma radius of 6.2m. The reactor is designed to achieve burning D-D plasma with a Q 10
factor.

The experimental campaign that will be carried out at ITER is crucial to advancing fusion science
and preparing the way for the fusion power plants of tomorrow.

The primary objective of ITER is the investigation and demonstration of burning plasmas, which
are those plasmas in which the energy of the helium nuclei produced by the fusion reactions
is enough to maintain the temperature of the plasma, thereby reducing or eliminating the need
for external heating. ITER will also test the availability and integration of technologies essential
for a fusion reactor (such as superconducting magnets, remote maintenance, and systems to
exhaust power from the plasma) and the validity of tritium breeding module concepts that
would lead in a future reactor to tritium self-su�ciency.

1.4 Fusion For Energy

Fusion For Energy (F4E) is the European Union's organization responsible for the European
contribution to the development of fusion energy. It was established in 2007 as part of the
European Atomic Energy Community (Euratom) and is headquartered in Barcelona, Spain.

F4E's main objective is to support and coordinate Europe's participation in the ITER (Interna-
tional Thermonuclear Experimental Reactor) project, which is a major international e�ort to
demonstrate the scienti�c and technical feasibility of fusion energy. F4E represents the Euro-
pean interests in the ITER project and manages the European Union's �nancial and technical
contributions to its construction and operation.

As a key player in the ITER project, F4E is responsible for several critical tasks, including the de-
sign and procurement of major components and systems, such as the heating and current drive
systems, diagnostic systems, and remote handling equipment. F4E also oversees the manage-
ment of European contracts and collaborations related to ITER.

In addition to its involvement in ITER, F4E supports research and development activities related
to fusion energy in Europe. It promotes collaboration among European laboratories, industries,
and research institutions, aiming to advance the scienti�c understanding and technological in-
novations required for fusion power.

F4E works closely with various stakeholders, including fusion research organizations, industry
partners, universities, and national institutions, to foster collaboration and knowledge exchange
in the �eld of fusion energy. It also provides funding opportunities and support for research
and development projects in fusion-related areas across Europe.

The mission of F4E aligns with the European Union's long-term energy strategy, which seeks to
develop sustainable, secure, and low-carbon energy sources. Fusion energy holds the potential
to provide abundant, clean, and safe power with no greenhouse gas emissions and minimal
waste generation.

In summary, Fusion for Energy (F4E) is the European Union's organization dedicated to coordi-
nating and supporting Europe's involvement in the ITER project and the development of fusion
energy. F4E plays a crucial role in the design, procurement, and management of European con-
tributions to ITER and fosters collaboration and research in fusion energy across Europe.



Chapter 2

Neutral Beam

The Neutral Beam is one of the di�erent heating systems designed and installed in the ITER
experiment. Such systems are meant to provide heat into the plasma con�ned in the reaction
chamber by di�erent means to achieve the desired conditions for plasma ignition. These three
heating systems are:

Ohmic heating system is designed to heat plasma by externally inducing a current in the plasma,
which by Joule e�ect heats up the matter in the reaction chamber. The current is induced
by driving a current in a coil located in the center of the reactor, the central solenoid. This
method of heating is only useful when the plasma is relatively cold (during the �rst heat-
ing phases of the plasma reaction) as when the plasma heats up, the decrease in resistivity
due to temperature makes this heating method not adequate to reach high temperatures.
As the magnetic �ux in the central solenoid is physically bounded due to current rating
and material properties, this heating system is not �t for continuous operation and there-
fore alternatives need to be found for commercial power generation.

Electron Cyclotron Heating (ECH) system is designed to heat the plasma through the injec-
tion of Radio-Frequency (RF) electric �elds. By tuning the electric �eld frequency to
match the resonant frequency of the charged particles in the plasma, energy is transferred
from the electric �eld into such particles increasing their kinetic energy and, therefore, the
temperature of the plasma. Such RF �elds are produced by using a set of Gyrotrons, that
generate the �elds which are later transported into the reactor chamber by the transmis-
sion lines. This technology also has the potential to tune the region of the plasma (depth)
at which the energy is deposited by tuning the RF frequency. ECH system also provides
current driving capabilities to ITER, allowing to complement the limitations of the central
solenoid due to magnetic �ux limitation.

Heating Neutral Beam (HNB) system consists of a set of electrostatic particle accelerators de-
signed to deliver a beam of high energy neutrals (atoms with no net electric charge) which
is introduced into the reaction chamber. The system must generate a beam of neutrals
since the high intensity magnetic �elds containing the plasma would cause ions to be de-
�ected away from the plasma. Once the high energy neutrals interact with the plasma by
means of coulomb collisions, energy is deposited into the plasma, e�ectively heating it.

The present work is centered on the Neutral Beam system at a system level but the author �nds
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appropriate to introduce the physics of the neutral beam heating and plasma heating in order
to understand the objective of this system.

2.1 Plasma heating

In order to understand why the plasma heating is needed in a thermonuclear experimental
reactor such as ITER an understanding of the basic plasma physics is needed.

To understand the need for plasma heating, we must �rst comprehend the power balance in a
thermonuclear fusion reaction. The thermonuclear power is the power yielded as a result of the
fusion of the nuclei involved in the reaction, it is a function of the deuterium and tritium den-
sities (nd and nt ), the reaction rate h�� i (which is a function of the temperature of the plasma)
and the energy yielded per reaction " as:

PT n = ndnt h�� i "

The thermonuclear power PT n is calculated as the energy yield from the fusion reaction, as
energy on the alpha particles and energy on the neutrons yielded. Since the two sub-products
of the fusion reaction carry energy (about 80% of the energy in the form of alpha particles,
the remaining 20% as neutrons) but only alpha particles remain con�ned in the plasma due to
their net electrical charge, the energy carried by these (P� ) is of high importance to the power
balance. To calculate such power, the previous expression is used with the alpha energy per
fusion reaction, " � :

P� = ndnt h�� i " �

The plasma energy per unit volume is de�ned as 3nTk, due to the number of particles in the
plasma being 2n (since there's an equal number of electrons and ions in the plasma) and the
average energy per particle being 3T k

2 as such energy follows a Maxwell�Boltzmann distribution,
where T is the plasma temperature and k being the Boltzmann constant. Therefore, the total
thermal energy contained in the plasma in the reactor is:

W =
Z

V
3nTk dv = 3nTkV

The thermal energy stored in the plasma at a given moment is lost into the environment as heat
(charged particles at high kinetic energies) and radiation (such as bremsstrahlung, cyclotron
and other phenomena). This is a process common to all tokamak reactors and which depends
on the dimensions and con�nement of the plasma. The time constant de�ning the rate at which
that heat is lost from the plasma is the con�nement time � E , which is one of the major pa-
rameters which characterise the reactor. The rate at which the thermal energy is lost from the
plasma as heat (charged particles) can be de�ned as the power loss PL ; for the purpose of this
demonstration the power loss as radiation is left out of the scope and, therefore the power loss
is considered to be solely PL .
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PL =
W
� E

With this information a simple power balance can be established by accounting for an external
power delivered PH from heating methods to supply the power which is being lost into the en-
vironment and not supplied by the internal heating from alphas yielded by the fusion reaction:

PH + P� = PL

PH = PL � P� =

 
3nT
� E

� ndnt h�� i " �

!

V

Ultimately, one of the objectives of ITER fusion experiment is to achieve ignition, a plasma condi-
tion in which the power released from the fusion reaction as energy contained in alpha particles
equals the power lost into the environment PL . In such condition it is clear that the fusion re-
action can be self-sustained without the need of external heating power being injected into the
plasma. From previous described plasma energy relationships it can be determined that the
condition for ignition is:

n� E >
12T

h�� i " �

In order to achieve such conditions for ignition, external heating power needs to be applied into
the plasma to heat it up to the point where such conditions are reached, since the achievement
of ignition in the plasma is dependant on both temperature ( T) and plasma density ( n). It is
also important to notice that the plasma con�nement time � E is not constant but dependant
on plasma density and temperature. The approach to ignition in the plasma can be described
simpli�ed as:

d
dt

3nT =
PH

V
+

1
4

nh�� i " � �
3nT

� E (n; T )

With this approach into ignition conditions in the plasma, the usual power pro�les expected
in a plasma can be observed in Figure 2.1. Such pro�les are self explanatory in terms of why
the external heating is a crucial part of a fusion reaction experiment. To ultimately achieve the
plasma conditions in which a plasma is self-sustained and ignited, external power needs to be
applied previously in order to heat the plasma up to such conditions.

2.1.1 Neutral beam heating

As previously explained, the Neutral Beam heating system is a systems designed to be installed
at ITER in order to provide external heating power into the plasma by means of injection of
high-energy neutrals.

Neutral atoms are used as the carriers of the energy being injected into the plasma due to their
neutral electrical charge, which make them travel in a straight trajectory into the plasma unaf-
fected by external magnetic and electric �elds present in the reaction chamber. Once the neutrals
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Figure 2.1: Example of usual power pro�les expected in a fusion plasma experiment. Ignition
is set to be achieved at T = 10 keV. The lower graphic shows the needed external heating power
to be injected into the plasma as a function of plasma conditions (T). [1]

are injected into the plasma, they become ionized by means of coulomb collisions with the par-
ticles forming the plasma, e�ectively stripping electrons from these neutrals. Once the injected
particles become ionized they are susceptible to interaction with the magnetic �elds in the re-
action chamber and are trapped into the plasma, losing part of their energy by further colliding
with the plasma particles through a thermalisation process.

From a plasma physics and control point of view it is generally desirable to deposit as much
energy from the neutral beam heating into the central region of the plasma. This means avoiding
a too strong absorption phenomena by the plasma, which would lead to the heating power being
deposited at the edge of the plasma. On the other hard, a too weak absorption of neutrals by the
plasma would lead to low power deposition in the plasma and possibly a shine-through of the
neutral beam into the internal walls of the reaction chamber, which would lead to damage in
such components due to overheating and particle sputtering at the surface due to the neutrals
colliding with the component surface.

Regarding the physics of neutral beam energy deposition, there are three main phenomena by
which the neutral beam is absorbed into the plasma. In the following notation, X p refers to the
species present in the plasma andX b to denote the species present in the beam. In the speci�c
case of ITER neutral beam,X b species would be either deuterium or hydrogen atoms and the
reactor speciesX p would be a deuterium-tritium mixture.

Charge exchange This phenomenon implies that an electron from the beam injected species X b

exchanges an electron with the reactor speciesX p. The beam species ultimately becomes
an ion which is trapped in the magnetic con�nement of the plasma.

X b + X +
p �! X +

b + X p
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Ionization by ions In this phenomenon the beam species X b loses an electron due to a colli-
sion with a plasma species X p e�ectively becoming ionised. The electron becomes a free
electron in the plasma, not recombining with the plasma species ion.

X b + X +
p �! X +

b + X +
p + e�

Ionization by electrons In this process, the beam speciesX b interacts with a a free electron in
the plasma which strips an electron from the beam species. The beam species becomes
ionised and trapped into the magnetic �eld con�ning the plasma.

X b + e� �! X +
b + 2e�

The beam species absorption depends on the cross section of these processes. We can de�ne the
intensity of the neutral beam in the plasma at a position x depending on the number of neutral
beam particles per unit length Nb and their velocity vb as:

I (x) = Nb(x)vb

Then, the decay of the beam is governed by the the cross sections of the three di�erent phenom-
ena, � ch for the charge exchange, � I for the ionization and � e for the ionization by electrons,
as:

dI
dx

= � n
�

� ch + � I +
h� evei

vb

�
V

In the previous relation, it is worth pointing that the n(x) refers to the density of electrons and
ions at the x position in the plasma and that the expression for the cross section on the ionization
by electrons phenomenon di�ers from the one for charge-exchange and ionization phenomena.
Such di�erence is due to the electrons moving generally faster in the plasma than the neutral
beam particles, while the ions in the plasma (the reaction species in both the charge exchange
and ionization phenomena) are obviously moving slower than the neutral beam particles, hence
the correction on the previous expression of the � e cross section into the e�ective cross section
to account for such e�ect.

With the physics of the neutral beam particles interaction with the plasma it becomes important
to study and understand which of the explained interaction phenomena are responsible for the
neutral beam interactions. The answer to such question depends on the neutral beam particles
energy and the plasma temperature in the case of the ionization due to electrons phenomenon.
Experimentally, the cross sections for such phenomena have been studied and can be observed
in Figure 2.2.

As depicted in Figure 2.2, at beam energies in the range of 800 keV to 1 MeV, which are the
energies foreseen for operation of the ITER neutral beam, the charge exchange phenomenon
is clearly negligible and the electron ionization phenomenon cross section is lower compared
to the ionization phenomenon (depending on the plasma temperature). Therefore, the neu-
tral beam heating system designed for ITER is mainly dependant on the ionization process to
deposit the particles into the plasma from the neutral beam.
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Figure 2.2: Cross -section for charge exchange and ionization by plasma ions (protons,
deuterons or tritons) and the e�ective cross-section for ionization by electrons, as functions
of the neutral beam energy. The cross-sections for hydrogen beam are the same as those for
deuterium beam having twice the energy. [1]

The injection geometry into the plasma also plays an important role in terms of how much
energy and where such energy is deposited within the fusion plasma.

ˆ Normal injection of the neutral beam into the plasma, where the beam particles veloc-
ity is normal to the plasma current direction at the injection points, presents a bene�t in
terms of simplicity of component design as the neutral beam must be injected in between
many other components in the reactor. One of the main obstacles in such approach is
the existence of the toroidal �eld coils which are an essential component in a tokamak,
providing the toroidal �eld which con�nes the plasma in the reactor. On the other hand,
the normal injection means the neutral beam has a much lower distance in the plasma to
interact and deposit the energy contained in its particles, meaning the beam energy must
be lower or the interaction mechanism must provide a stronger absorption rate (in terms
of cross sections).

ˆ Tangential approach to the injection geometry, in which the beam particles velocity is tan-
gential to the plasma current, provides a more di�cult component design as the injector
must interface the reactor chamber in between the toroidal coils, which are an obstacle
in such con�guration. On the other hand, the length the beam travels in the plasma is
much longer than in normal injection, meaning the neutral beam has much more length
to interact and deposit its energy into the plasma before shining through into the wall.
This means that the beam energy can be higher than the normal injection and the interac-
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tion phenomena may be weaker as it can interact "longer" to deposit the same amount of
particles.

In smaller tokamaks the normal injection may be the chosen option due to the di�culty to pack
the di�erent components into the small volume/area of the reaction chamber and therefore the
neutral beam injection may be done through a large number of neutral beams in normal con-
�guration. On the other hand, in larger tokamak fusion experiments, the higher volume/area
of the reactor may play in advantage to the neutral beam geometry and may allow the usage
of tangential injection, which allows for a lower number of neutral beam injectors with higher
energies. See Figure 2.3 for reference on the di�erent injection geometries.

Figure 2.3: Scheme of the di�erent basic injection geometries of the neutral beam into a tokamak
reactor. [1]

ITER's neutral beam injectors are placed in a tangential con�guration due to the impossibility
to install a large number of injectors across the tokamak.

From the components point of view, the neutral beam is composed by a set of four base compo-
nents which generate the beam of neutrals to be injected into the plasma. These four components
and their function is stated in the following list and are shown in Figure 2.4.

Ion source The ion source is the component within the neutral beam where the ions to be ac-
celerated to target energy are produced. This source produces negative or positive ions,
depending on the neutral beam technology being used, through di�erent plasma genera-
tion technologies such as Inductively Coupled Plasma (ICP).

Accelerator The accelerator stage is the component used to accelerate the ions produced in
the ion source to the target energy of the beam. Since the ions are electrically charged,
depending on whether the beam operates on negative or positive ions, a voltage is applied
across one or several metallic grids where the ions can �ow through. An electric �eld is
established across the di�erent grids and the ions accelerate in such �eld, gaining energy
as they move across. At the output of the accelerator stage, a beam of ions at the target
speed is generated.

Neutralizer Since the accelerator stage produces a beam of ionised particles at the target energy
but the neutral beam needs to inject neutrals into the plasma, the neutralizer stage's func-
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tion is to convert the ions in the beam into neutrals. The neutralizer is a chamber through
which the ionized beam travels longitudinally while atoms of the same species are in-
jected into the chamber. The ions on the beam undergo charge exchange with the atoms
of the species injected on the neutraliser, turning the ions in the beam into neutrals and,
therefore, generating a beam of neutrals at the target energy (since the charge exchange
process does not alter signi�cantly the energy of the beam particles). At the output of the
neutralizer the beam is mostly composed of neutrals although a small fraction of particles
are still electrically charged due to the limited e�ciency of the neutralizer.

Ion de�ector The beam at the output of the neutralizer is still partially composed of ions. This
fact becomes a problem for the neutral beam injection since these ion particles may get
de�ected by the magnetic �elds in the tokamak and collide with some component down-
stream producing overheating and/or sputtering. In order to avoid such possible phenom-
ena, the beam needs to be �ltered to remove all the charged particles remaining. To do so,
a stage regarded as the ion de�ector is installed downstream of the neutralizer in which
electric and/or magnetic �elds are used to change the trajectory of ion particles from the
beam into target areas where they're absorbed while the neutrals remain una�ected by
such �elds given their neutral charge nature.

Figure 2.4: Basic scheme of the neutral beam at components level. [1]

It is important to note that the neutral beam, being part of the heating and current drive sys-
tems, provides a high amount of heat to the fusion plasma but also some current drive. Besides
heating, the fast ions resulting from neutral beam can also drive electric current in plasmas. To
model this current, one needs to calculate the steady-state distribution of fast ions, and then in-
tegrate it to get the current.The fast ion steady-state distribution is of interest not only to current
drive problem but also to many research topics such as the interactions between fast ions and
MHD modes and turbulence. [20]

2.2 ITER Neutral Beam Injector

Now that the basic principles of the neutral beam heating have been introduced, the reader
is ready to understand the di�erent components of the ITER neutral beam heating system at
component level. This section will present the di�erent components integrating the neutral
beam heating system by providing a small introduction to each of them and listing its main
characteristics.

The ITER's Neutral Beam system is composed of a total of 3 HNB units plus a Diagnostics Neu-
tral Beam (DNB). From these units, only 2 HNB and the DNB are planned to be installed in
ITER while the third HNB is left as a reserve system for future upgrades to the experiment if
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needed. The HNB units are designed to deliver heating power to the plasma in order to achieve
desired plasma conditions while the DNB unit is designed to provide plasma diagnostics from
the radiation emitted when the neutral beam is injected and plasma particles recombine. The
scope of the present work only includes the HNB units and not the DNB unit.

The Neutral Beam Injector (NBI) (the part of the neutral beam system that produces and in-
jects the beam into the plasma) is located beside the tokamak reactor, in the Neutral Beam Cell
(NB-Cell). Such area is subject to high levels of neutron radiation when Deuterium-Tritium
fusion reactions are produced in the experiment, therefore the NB-Cell and all the components
�tted inside are designed to be operated, diagnosed and maintained remotely through remote-
handling systems and techniques. The two NBI components are designed to inject a maximum
power of 33 MW in deuterium beams at 1 MV. [21]

Each of the HNB units is composed by several components which are described and explained
in the following sections. For reference to such components, Figure 2.5 represents a cut-away
view of the HNB with all its components.

Figure 2.5: Computer generated cut-away view of the ITER HNB components. [3]

2.2.1 HNB vacuum vessel

The generation of the neutral beam requires a vacuum environment due to the nature of the ions
and particles involved. The beam generation process is highly sensitive to pressure increases
within the components. Higher pressure results in a greater number of particles in the HNB
atmosphere, which can collide with the accelerated particles and ions.

To maintain vacuum conditions for the HNB, all components are housed within a vacuum vessel
that isolates them from the external atmosphere. The vacuum inside the vessel is achieved
through a set of cryopumps, which adsorb the gases present in the vessel to maintain the desired
conditions.

The vessel, constructed from steel alloys, also serves a secondary purpose of magnetic isolation
for the internal components. The phenomena related to neutral beam generation are highly sus-
ceptible to the magnetic �elds generated by the tokamak coils. The thick steel of the vacuum
vessel acts as a magnetic shielding material, isolating the components from these �elds. Addi-
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tionally, a set of active-correction coils are positioned within the vacuum vessel to maintain the
desired magnetic �eld conditions. These coils correct any undesired magnetic �eld leakage into
the vessel by applying a current, thereby generating a cancelling magnetic �eld that opposes the
external �eld causing the leakage.

The vacuum vessel is also connected to the Mega-Volt High Voltage Bushing (HVB), which
functions as a connector for high voltage transmission lines and cooling systems, ensuring safe
electrical isolation. This bushing enables the transmission of electrical power to the accelerator
stage and ion source within the HNB vessel.

2.2.2 Ion source

The ion source serves as the component responsible for producing ions that will be accelerated
into a beam. It consists of a rectangular expansion chamber equipped with 8 plasma drivers
attached to the rear wall, as well as two electrical grids on the front wall: the bias plate and the
Plasma Grid (PG) .[3]

Figure 2.6: Computer generated cut-away view from a ion source �tted with a single ion source
driver and a Cs oven. [4]

The plasma drivers are horizontal ceramic cylinders with a coil wound around their outer sur-
face and enclosed within a Faraday cage. One base of the cylinder is connected to the expan-
sion chamber, while the other base is sealed with a metallic plate forming part of the Faraday
cage. The metallic base of the cylinder features a tungsten starter �lament and an injection
port through which the hydrogen or deuterium gas, composing the beam, is injected into the
driver.[4][3]

The driver operates as a cylindrical ICP generator. Initially, gas is injected into the driver through
its back port, while the tungsten �lament is heated to emit free electrons through thermionic
emission. The coil surrounding the driver is energized to create an RF �eld inside the driver. As
a result, the free electrons from the starter �lament gain energy in this �eld and collide with the
surrounding gas electrons, leading to ionization. This ionization process generates a plasma at
the output of the driver. Once the plasma is established in the driver, the starter �laments are
switched o� since the RF �eld sustains the plasma generation. The plasma then �ows from the
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open end of the driver into the expansion chamber.

Inside the expansion chamber, a set of Caesium (Cs) ovens is installed to spray Caesium, which
gets deposited on the inner walls, plasma grid, and bias plate. Caesium plays a crucial role
in the ion source operation because the ions generated in the driver are predominantly posi-
tive (stripped of electrons), while the design of the HNB aims to accelerate negative ions. Cs
assists in generating negative ions from positive plasma ions due to its low work function prop-
erties. When positive ions come into contact with Cs-coated surfaces, electrons are emitted from
the surface, resulting in the generation of negative ions. This phenomenon primarily occurs at
the plasma grid, which receives a current of less than 4 kA to facilitate the exchange of such
electrons.[4]

The expansion chamber incorporates a series of permanent magnets that create a static magnetic
�eld within the chamber. This magnetic �eld helps �lter out the electrons produced in the
plasma driver, preventing them from reaching the acceleration stage. As a result, the accelerated
electron current, which is an undesirable e�ect, is reduced.

At the front end of the expansion chamber, both the PG (�rst) and the bias plate are biased with
a voltage to establish an electric �eld. This electric �eld accelerates the negative ions generated
in the expansion chamber, propelling them towards the accelerator stage. Additionally, these
grids are equipped with permanent magnets positioned in a way that any electrons that may
reach the plasma grid are de�ected into the bias grid instead of being fed into the accelerator. In
the bias grid, these electrons collide and get absorbed, further lowering the accelerated electron
current.[3]

2.2.3 Acceleration stage

The accelerator stage consists of a series of six metallic grids positioned in a carefully designed
con�guration. These grids are supplied with biasing voltages to create a strong electric �eld
that accelerates the negative ions to the desired energy level through a multi-stage electrostatic
accelerator.

In normal operation with Deuterium species as the injection gas these grids are biased 200 kv
from a voltage reference supplied by the Accelerator Grid Power Supply (AGPS) to a maximum
of -1 MV voltage on the most negative grid.

The accelerator stage is responsible for the energy delivery of the neutral beam, since the kinetic
energy is obtained during this stage.

Since the metallic grids are closely spaced, an arcing phenomenon can happen due to the high
electric �eld between the grids, creating an electric arc between the grids through which a low
resistance path is established and current supplied to such grids is tunneled. Since the NBI accel-
erator works close to the voltage withstand capability, frequent and unpredictable Breakdown
(BD) between the acceleration output grids will occur. As a result, the AGPS will experience
frequent and unpredictable short-circuits of the load, which will result in over-currents at the
output side of the Accelerator Grid Power Supply Current Source (AGPS-CS).

The AGPS-CS shall be designed to withstand the stresses due to the BD, but no protection shall
intervene and the AGPS-CS dc-link voltage shall be maintained at the required value.



Design of a distributed data acquisition system for the ITER's Neutral Beam pg. 33

Figure 2.7: Electrical scheme of the connection of the accelerator grids.

In case of BD of the grids, the DC/AC conversion system shall be switched o� as quickly as
possible and then be ready to reapply the voltage.

2.2.4 Neutraliser

Particles exiting the accelerator include electrons, D 0 and D + as well as D � . FastD 0 and D +

are created by stripping of the D � in the extractor and accelerator. The D 0 and D + that exit
the accelerator will continue along the beam-line and enter the neutraliser, with some D 0 being
converted to D+ by collisions with D2 in the gap between the accelerator and the neutraliser.[3]

Figure 2.8: Computer generated graphics showing a section view of the neutraliser and electron
dumps. [3]

The neutraliser is the component within the HNB tasked with converting the incoming deu-
terium or hydrogen negative ions from the acceleration stage into neutrals to be injected into



pg. 34 Report

the plasma. To do so the neutraliser is composed of a set of chambers where the beam from the
accelerator stage enters longitudinally. The same species as the one being supplied to the ion
source is pumped into the neutraliser chambers, where it interacts with the fast-moving ions
from the accelerator stage.

As the fast-moving ions from the selected species enter into the neutraliser, the following 3
reactions are produced by interaction with the neutral gas being injected into the neutraliser
[3]:

D � + D2 ! D 0 + :::

D � + D2 ! D + + :::

D 0 + D2 ! D + + :::

The neutralizer also includes designated dumping zones where electrons, which might be ac-
celerated in the accelerator stage and present in the beam, can be redirected and absorbed. Elec-
trons with high energies pose a risk to the functionality of the neutral beam as they can collide
with cryopump components inside the HNB vacuum vessel, potentially causing damage. Con-
sequently, the neutralizer o�ers speci�c regions where these particles can safely collide.

In addition, various parts and sections of the neutralizer are actively cooled using water from
the Component Cooling Water Service (CCWS) system. This ensures that the thermal load
generated within the neutralizer is e�ectively controlled and managed.

2.2.5 Residual ion dump

The Residual Ion Dump (RID) is the component located downstream of the neutraliser, where
the beam is �ltered to remove any ion or charged particle still present in the beam after neutral-
isation.

Due to the neutralisation e�ciency of a beam of the characteristics of the one designed for ITER,
a theoretical distribution of neutrals and ions is expected to be 56% of D 0, 22% ofD + and 22%
of D � when the injected species is deuterium [3]. The presence of ions in the beam needs to
be addressed since such charged species will interact with the intense magnetic �eld present in
the tokamak, de�ecting them into the surrounding components and causing intolerable thermal
loads and wear to the surface of components downstream.

In order to eliminate the ions in the beam, the residual ion dump is composed of a set of 5
vertical panels forming 4 vertical channels in line with the neutraliser channels. By applying a
voltage bias between those channels an electrostatic force is produced in the ions perpendicular
to the beam direction, forcing such ions to accelerate toward the RID panels and collide, being
absorbed or neutralised in such panels.

As a result, the residual ion dump vertical panels are subject to a considerable thermal load
due to the energy of the de�ected ions being dump as heat on their surface. To manage such
load the panels are internally cooled by water supplied by the CCWS system. Additionally, to
limit the peak thermal load being deposited on a speci�c area on the surface of the panels, the
voltage source supplying the bias voltage to the panels does so by providing a periodical voltage
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Figure 2.9: Computer generated graphics showing a section view of the RID. [3]

waveform which spreads the thermal load on the panels by modulating the electrostatic force
exerted on the ions and, therefore, their trajectory across the RID.

2.2.6 Calorimeter

The calorimeter is a commissioning and diagnostic instrument designed and installed in the
HNB units to intersect the beam and provide measures of the amount of power being injected.
This component must be lowered in position in order to provide measurements, impeding the
injection of the neutral beam into the plasma, therefore the HNB cannot be used as heating
source for the plasma while using the calorimeter.

The calorimeter is composed by two panels arranged in a V shape which are made out of an array
of overlapping CuCrZr tubes. Such tubes are actively cooled with water from the CCWS system
to absorb the heat produced at the tubes surface when the beam is active and the calorimeter
is engaged, as the tube surface serve as the target surface for the neutral beam, depositing its
energy as thermal energy on the surface of the tubes.

Figure 2.10: Computer generated graphics of the HNB calorimeter component. [3]
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The main mission of the calorimeter is to provide measure of the power on the neutral beam.
Such measure is accomplished by simply measuring the temperature of the cooling water in the
tubes before entering into the calorimeter and at its outlet and measuring the water mass �ow.
By measuring such temperature di�erence, mass �ow and knowing the thermal characteristics
of the cooling �uid an estimation of the power deposited by the beam into the tubes can be
achieved.

As the independent tubes of the calorimeter are also instrumented for individual inlet and outlet
temperatures of the cooling water, the power dissipated in each of the tubes can also be calcu-
lated and therefore the power deposition pattern of the beam or its shape can also be assessed.

2.2.7 Front-end components

The Front-End (FE) components of the HNB refer to the components downstream of the RID
that do not directly interact with the beam itself. Instead, they serve other purposes such as
safety, component isolation, or geometry requirements. While these components are brie�y
summarized, they do not play a signi�cant role in the control system of the beam itself.

The following are the descriptions of these front-end components:

Exit scrapper is situated downstream of the calorimeter and covers the HNB vacuum vessel
while connecting with the rest of the front-end components. It consists of water-cooled
copper panels that safeguard the vacuum vessel from any beam interception. It also cap-
tures any divergent portion of the beam or charged particles created by residual gas col-
liding with the beam.

Fast Shutter (FS) is located immediately after the exit scrapper, serving as the �rst front-end
component. It acts as a fast-acting metal valve and is part of the primary con�nement
barrier for the in-vessel radioactive inventory. Its primary purpose is to minimize the
transfer of contamination from the tokamak into the HNB vessel. The valve can be opened
or closed within a period of 1 second. Normally, it remains closed except during beam
injection into the plasma. It also acts as a pressure barrier during cryopump regeneration
on the vessel.

Absolute Valve (AV) is positioned downstream of the Fast Shutter and serves as another metal
valve. The AV is designed to completely isolate the HNB vacuum vessel in situations
where the FS cannot guarantee isolation. For instance, it allows venting the HNB vessel
to atmospheric pressure while maintaining the tokamak in a vacuum condition.

Vacuum Vessel Pressure Suppression System (VVPSS) box is not strictly part of the HNB,
but it is installed in that location due to geometrical compatibility. This component pro-
vides a connection to the VVPSS suppression tanks, which serve as a safety measure when
over-pressure conditions are detected in the tokamak. In the event of a water pipe break
in the tokamak, the pressure may increase to a dangerous level for the HNB components.
In such cases, the VVPSS box conveys the excess gas from the tokamak into the VVPSS
suppression tanks, e�ectively reducing the pressure in the reactor.

Drift Duct (DD) is a duct section that connects the neutral beam front-end components to
the NB duct. This section of the duct comprises two sets of concentric �exible bellows
joints, allowing for relative displacement between the tokamak and the HNB vessel due
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to thermal expansions. These components are also actively cooled to manage any thermal
load resulting from charged particles in the beam colliding with them.

Neutral beam duct is the �nal part of the duct that connects the HNB front-end to the tokamak.
It is an actively cooled section of the duct, designed to manage any thermal load generated
from the interaction with the beam.

2.2.8 Power Supplies

One of the most relevant components in the HNB system are the power supplies providing
power to the di�erent parts of the HNB, mainly the accelerator stage, the ion source and the
RID. These components are relevant due to the power needs of the HNB system, which are
regarded as the highest for a single system within ITER systems.

The power supplies for the HNB can be divided into three main groups depending on their na-
ture and their supply needs. Such three supply groups are: the Accelerator Grid Power Supply
(AGPS), the Ion Source and Extraction Power Supply (ISEPS) and the set of Ground Related
Power Supply (GRPS). See Figure 2.11 and Figure 2.13 for reference on the disposition of these
power supply components.

Figure 2.11: Computer generated 3D view of the HNB power supply system. [5]

Both the AGPS and ISEPS supplies share a common reference voltage and a maximum negative
voltage of around -1 MV DC for the AGPS and a little higher voltage for the ISEPS in RF. These
exceptionally high voltages demand for special treatment in order to guarantee electrical safety
and avoid phenomena such as arcing. In order to do so, a component has been designed to feed
the output of such power supplies into the HNB, the transmission line.

The transmission line is the component which binds together the high voltage part of the HNB
by supplying such voltages into the HNB through a set of specially designed conductors im-
mersed in a dielectric SF6 atmosphere acting as insulation barrier. The transmission line also
feeds the instrumentation connections from the High Voltage Deck (HVD) (where the ISEPS
and the Ion Source instrumentation are located) and cooling water supply into the HNB through
the MV HVB, a specialized connector interfacing the transmission line to the HNB vacuum ves-
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sel. [22]

On the other side, the GRPS supplies are referenced to ITER ground voltage and therefore do not
need special considerations as the ISEPS and AGPS do regarding special measures for protection
on its voltage levels. Therefore these power supplies are much less complex and in most cases
COTS components. The feed from GRPS supplies is not fed through the transmission line due
to its low-voltage nature.

Accelerator Grid Power Supply (AGPS)

The Accelerator Grid Power Supply (AGPS) is the power supply feeding the accelerator stage
and responsible for the biggest load on the HNB.

Figure 2.12: AGPS schematic view. [6]

This component architecture is divided in two main sections [6]:

Accelerator Grid Power Supply Current Source (AGPS-CS) is the part of the AGPS in charge
of generating the excitation voltage for the AGPS-DCG to generate the 1 MV feed voltage.
This section of the AGPS is composed by a controlled AC/DC recti�er system rectifying
the 22kV AC input into 6500V DC voltage with a central voltage point available at 3250 V.

The recti�er supplies a set of 5 inverter stages, each one containing 2 inverters and supply-
ing a separate AGPS-DCG transformer. These inverters are neutral-point-clamped inverter
designs which are fed from the output of the recti�er and feed a sinusoidal modulated
voltage into the AGPS-DCG stage. Each of the inverter stages supplies the bias voltage be-
tween two adjacent grids through the AGPS-DCG, the two inverters integrating each stage
are connected in parallel at their output increasing their total current supply capacity.

Since this part of the AGPS is the one in charge for power delivery it is also responsible
for protection and power modulation of the HNB. Power modulation is performed in an
on/o� fashion, where the HNB is enabled and disabled at a certain frequency and duty
cycle to achieve the needed operating conditions. An accelerator voltage modulation is
theoretically possible to achieve by modulating the output of the AGPS-CS inverters but
it is not foreseen for operation due to the unknown behavior that modulation mode could
cause in the HNB components.

Accelerator Grid Power Supply Direct Current Generator (AGPS-DCG) is the part of the AGPS
where the AC voltage fed by the AGPS-CS is converted into the 1 MV DC voltage. Firstly,
the AC voltage is fed into a set of transformers (one per inverter stage) where the voltage
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is stepped up to 200kV.

The output of the transformer, being an AC voltage, is fed into a recti�er and a �ltering
stage where it is conditioned to a 200kV DC voltage. Such voltage is then fed into the
transmission line for transport to the HNB vessel through the 1 MV bushing.

Ion Source and Extraction Power Supply (ISEPS)

The Ion Source and Extraction Power Supply (ISEPS) is the unit that supplies RF (Radio Fre-
quency) power to the plasma drivers on the Ion Source. These power supplies are situated in the
High Voltage Deck (HVD) area of building 37 to enable the provision of biasing voltage for the
extraction grid and power feed to the ICP plasma drivers. This voltage needs to be referenced
to the -1 MV voltage supplied by the AGPS. To prevent arching and ensure electrical isolation,
the power supply's output is transmitted to the HNB through an isolated transmission line.[23]

Ground Related Power Supply (GRPS)

The Ground Related Power Supply set is composed by a group of power supplies which are
referenced to the ITER global ground voltage and supply a variety of systems in the HNB.

Among such power supplies we can encounter the power supplies used to supply the RID com-
ponent, the magnetic �eld active correction coils, the vacuum baking resistors on diverse vac-
uum components of the HNB among others.

These supplies are usually COTS components which are integrated into the control and instru-
mentation system of the HNB.

2.2.9 Buildings

Due to the sizeable dimensions of certain components, particularly the power supplies, the HNB
systems are distributed across various buildings within the ITER site.

The neutral beam itself is con�ned within the Neutral Beam Cell (NB-Cell) due to the inher-
ent risks associated with its operational environment in such close proximity to the tokamak.
This environment involves high neutron radiation �ux, leading to material activation, potential
contact with the tritium inventory in the plasma, and signi�cant radiation levels.

Consequently, the neutral beam cell serves as an enclosure for the HNB units. Once plasma
operation commences, these units can only be operated remotely and maintained through re-
mote handling. Access to this area becomes restricted due to the presence of neutron radiation.
In Figure 2.13, the HNB units can be observed enclosed within the tokamak unit, speci�cally
within the NB-Cell.

In addition to the NB-Cell, the neutral beam systems are housed in buildings 34 and 37, where
the power supplies and instrumentation for the neutral beam are installed.

Building 37 accommodates the High Voltage Deck (HVD), which serves as a Faraday cage. The
HVD contains the ISEPS power supply and various systems that control and provide instru-
mentation for the ion source and other components referenced to -1 MV voltage. These systems
require enclosure in a metallic box because they are referenced to a -1 MV voltage supplied by
the AGPS power supply. The HVD is completely isolated from external voltages through a 1
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Figure 2.13: Computer generated view of the buildings and systems within such buildings at
ITER site. [7]

MV transformer supply, optical �ber communication channels, and a de-ionized cooling wa-
ter supply. To prevent arcing through the air, the HVD is suspended 5 meters away from any
potential metallic contact. The power and instrumentation from the HVD are connected to the
transmission line and directly into the HNB through the 1 MV bushing.

Building 37 also houses the dummy load for the AGPS, which is an electrical load used for
maintenance and commissioning purposes and designed to mimic the load encountered by the
AGPS at the HNB. Additionally, the AGPS DC �ltering and generation stages are located in this
building.

On the other hand, building 34 is dedicated to housing the AGPS-CS stage, which provides
power to the AGPS-DCG stage. The instrumentation and control systems for the AGPS are also
situated in this building.

2.3 Neutral Beam experimental facilities

Given the technical challenges that arise from a �rst-of-a-kind design such as HNB for ITER, a
set of experiments have been developed to help in the research and development e�ort towards
the design and operation of HNB.

The most relevant experimental facilities for HNB components are SPIDER and MITICA exper-
iments, which aim at researching the ion source for the HNB and the HNB electrostatic accel-
erator respectively. From the results of this experiments the researchers can understand and
better develop the �nal ITER HNB design.

These two facilities are of great importance to the current work and will be referenced later on
as they are the only facilities where the di�erent components of the neutral beam have been
assembled and a �rst control system has been developed to control and diagnose such experi-
ments. Therefore, part of the study developed in this work will be based on the understanding
and research of what has been done and achieved in such control systems, as it may be of certain
relevance when designing the control system for the ITER HNB.



Design of a distributed data acquisition system for the ITER's Neutral Beam pg. 41

In the following two subsections, both experimental facilities will be described.

2.3.1 SPIDER

The Source for Production of Ion of Deuterium Extracted from a Radio frequency plasma (SPI-
DER) experiment is a research project that is part of the ITER program. It is speci�cally focused
on developing and testing the RF ion source for the Neutral Beam Injector (NBI) system of ITER.

The neutral beam injection system in a fusion reactor, like ITER, involves the injection of high-
energy neutral particles into the plasma to heat it and sustain fusion reactions. To generate these
neutral particles, an ion source is required to produce and accelerate the ions before neutralizing
them.[5]

The primary objectives of the SPIDER experiment are:

ˆ Developing and testing the RF ion source: SPIDER aims to design, build, and test a proto-
type RF ion source for the ITER NBI system. The ion source is responsible for producing
a beam of high-energy deuterium ions that will be accelerated and neutralized for injec-
tion into the ITER plasma. SPIDER focuses on optimizing the performance, e�ciency, and
reliability of the ion source.

ˆ Validating the ion source concept: The experiment aims to validate the concept of using an
RF ion source for the neutral beam injection system. It seeks to demonstrate the feasibility
of generating and extracting high-quality ion beams using RF technology, as opposed to
traditional arc-based ion sources. The RF ion source o�ers advantages such as higher
e�ciency, longer operational lifetime, and better control over beam parameters.

ˆ Addressing technological challenges: SPIDER addresses various technological challenges
associated with the RF ion source, including plasma generation, extraction and accelera-
tion of ions, beam shaping and control, and long-term operational stability. Solutions to
these challenges are crucial for the successful integration and operation of the NBI system
in ITER.

The SPIDER experiment is located at the Consorzio RFX facility in Padua, Italy, and is a collab-
orative e�ort involving contributions from the European Union, Japan, India, and the United
States, among others. It serves as a test-bed to validate the performance and reliability of the
RF ion source design before its implementation in the full-scale neutral beam injectors of ITER.

The insights gained from the SPIDER experiment help re�ne the design and operation of the
RF ion source, ensuring its optimal performance in the challenging fusion environment of ITER.
Successful results from SPIDER contribute to the advancement of fusion research and the de-
velopment of practical fusion energy.

In summary, the SPIDER experiment focuses on developing and testing the RF ion source for the
neutral beam injection system of ITER. It aims to validate the performance and feasibility of the
RF ion source concept and address technological challenges associated with it. SPIDER plays a
crucial role in advancing fusion research and the development of fusion energy technologies.
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2.3.2 MITICA

The Megavolt ITER Injector and Concept Advancement (MITICA) experiment is a major project
within the framework of ITER. It focuses on developing and testing the Neutral Beam Injector
(NBI) system for ITER, which is a critical component for heating and controlling the plasma in
the fusion reactor.

Neutral beam injection involves injecting high-energy neutral particles into the plasma to heat
it and sustain the fusion reactions. The MITICA experiment aims to demonstrate the technical
feasibility and performance of the NBI system planned for ITER. It serves as a prototype and
test-bed for the full-scale NBI system that will be implemented in ITER.[5]

The main objectives of the MITICA experiment include:

ˆ Developing and testing the key components of the NBI system: MITICA focuses on de-
signing, manufacturing, and testing the critical components of the neutral beam injector,
such as the neutralizer, accelerator, and beam-line. These components need to withstand
the high-energy particle beams and operate under the extreme conditions present in a
fusion reactor.

ˆ Assessing the performance and reliability of the NBI system: MITICA aims to verify the
expected performance of the neutral beam injection system, including the e�ciency of
particle acceleration, the neutralization process, and the control of beam parameters. It
also evaluates the reliability and operational characteristics of the system under realistic
fusion reactor conditions.

ˆ Addressing technological challenges: The experiment addresses various technological
challenges associated with the NBI system, such as beam shaping and control, vacuum
compatibility, materials and thermal management, and remote handling. Solutions to
these challenges are crucial for the successful operation of the NBI system in ITER.

The MITICA experiment is being carried out at the Consorzio RFX facility in Padua, Italy. It
involves a collaboration between various international partners, including the European Union,
Japan, and India, who contribute their expertise and resources to the development and imple-
mentation of the experiment.

The successful demonstration and validation of the NBI system through the MITICA exper-
iment are essential for the progress of the ITER project. It will provide valuable insights and
data for optimizing the design, performance, and reliability of the neutral beam injection system
in ITER, contributing to the eventual realization of practical fusion energy.

In summary, the MITICA experiment is a major research and development e�ort focused on de-
veloping and testing the neutral beam injection system for ITER. It aims to validate the technical
feasibility and performance of the NBI system and address technological challenges associated
with it. The experiment plays a crucial role in advancing fusion research and the development
of fusion energy technologies.



Chapter 3

Instrumentation and Control System

In the �rst part of the present work, the objective of the author is to give insight on the control
system being currently developed at F4E for the overall Neutral Beam system. The presented
information will comprise mainly the functional overview and architecture of the system rather
than the technical aspects and details about control strategies since those have not been properly
detailed at such level at the time when this work was carried out.

Prior to start learning about the details and design of the speci�c Neutral Beam control system,
the author considers opportune to explain how the ITER control system and network are de-
signed and organized at the top-level, as such knowledge is necessary to understand how the
control is exerted on the Neutral Beam from the upper control levels.

The term ITER Instrumentation & Control (I&C) includes everything required to operate the
ITER facility. It comprises three vertical tiers: conventional control, interlock system and safety
system; and two horizontal layers: central I&C systems and plant system I&C. The vertical tiers
are introduced for segregation reasons and allow di�erent levels of QA to be applied to each tier.
The Control, Data Access and Communication system (CODAC) is the central (supervisory)
control system for the conventional plant control systems of the ITER I& architecture. [8]

3.1 CODAC

The ITER project is broken down into 36 �plant systems,� and the individual plant systems are
in many cases themselves large, expensive, and complex facilities. Each of these subsystems are
delivered with its own control system (�Plant System I&Cs�) and all of these must be integrated
at Cadarache, �rst with each other and then with the common control services provided by the
CODAC (Control, Data Access and Communication) System.

To enforce a uniform interface to plant systems CODAC provides a standard I&C integration
kit including the Plant System Host (PSH) for each Plant System (PS) which is used as an
essential development station for plant system I&C. CODAC also includes the networks that
connect these subsystems. CODAC is responsible for temporary storage of scienti�c data, but
permanent storage and distribution to ITER member states is out of the scope of CODAC. [8]

CODAC does not interface directly to any plant system actuators or transducers (I/O or in-
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put/output). It communicates over its own networks with plant system controllers, but it does
not provide any plant system speci�c application software or hardware.

CODAC's most important function can be summarized as the integration. CODAC is responsi-
ble for integrating all plant system I&Cs and enabling operation of ITER as a single integrated
facility. CODAC provides overall plant system coordination, supervision, plant status moni-
toring, alarm handling, data archiving, plant visualization and remote experiment functions.
It also communicates with plant control systems using CODAC networks. CODAC is an in-
frastructure system that is �rst and foremost the �glue� that binds the disparate hardware and
software components of ITER into one, functioning system.[8]

On the other hand, CODAC has a very important requirement: �exibility. ITER is a research
facility and not all possible uses of CODAC can be foreseen. For that reason, the design must
be both �exible and scalable. It must be easy to add new and unanticipated applications. Small
subsystems will be commissioned independently, and their control systems must then be com-
bined into larger and larger systems without degradation of performance or reliability.[8]

Figure 3.1: ITER I&C system top-level overview. The three segregated control systems are dis-
tinguished : CODAC, CIS and CSS.[8]

3.1.1 CODAC architecture

Figure 3.2 illustrates the physical architecture of the complete ITER I&C system. A plant system
I&C is a unit which interfaces to CODAC and which includes a set of tightly coupled controllers,
with one and only one PSH implementing a set of plant-speci�c and generic (common) func-
tions. A control group is an assembly of plant system I&Cs and central coordination. This
architecture is characterized by a �at physical network organised as a hierarchical functional
system. [8]

It is worth mentioning that the monitoring and con�guration of the CODAC control architecture
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