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Summary

Neutral beam injection is considered one of thetnefiective methods for plasma heating and
current drive in fusion experiments around the doflhe concept is straightforward: neutral atoms
can penetrate through the confining magnetic fald, via collisions with plasma particles can heat
the plasma and transfer momentum to sustain tisenalaurrent.

ITER, the first fusion experimental reactor undenstruction in Cadarache, will be equipped with
two Neutral Beam Injectors, each of them capabl@ject into the plasma up to 16.5 MW, by
accelerating negative hydrogen or deuterium ionsougnergy of 1MeV. The thesis deals with the
design the electrostatic accelerator of the ITERtNé Beam Injector (NBI).

In particular, the thesis focuses on charged partignamics for multiple beams modelling, on the
issues related to 1 MV dc insulation in vacuum,tloa structural behaviour of brittle insulators.
Finally, an active steering concept is introduced #@s performance and technological issues are
discussed.

An overview on the physics principles behind tiperation of the existing ion sources is given in
chapter one, as well as a discussion on the needgattive ions to produce a high energy and high
power neutral beam. The electrostatic acceleratioich generates the high energy ion beam, is the
second subsystem inside the NBI: chapter two dsg=uthe main criteria adopted to design it and
presents how different issues are reciprocallygraied its design.

Chapter three reports on the structural verificatioat has been carried out on the large ceramic
insulator rings; in particular the R&D activitieglated to the fabrication of the large alumina
insulator rings used for the bushing of the NBIlwi¢ presented. A statistical approach has been
applied to evaluate the failure probability of tiregs during the brazing procedure.

Chapter four explains results obtained on negatimebeam simulation. A Monte Carlo Code has
been applied to benchmark the experimental resbiigined by the Japanese facility; moreover, a
new code to evaluate beam divergence is presented.

Finally, Chapter five presents a conceptual desiggn Electron Dump & Steering System (EDSS).
This subsystem is aimed to filter the electrons #na accelerated together with the negative igns b
the electrostatic accelerator; moreover it shoelfliedt the ions in order to deposit the NB power in
different plasma regions. Two possible solutionsehdeen analysed; for one of them, a
deterministic approach to evaluate the heat flyxodged on the surfaces has been developed and
implemented in an ANSY%routine.

The EDSS study can be considered as the last $teprictual travel inside the NBI electrostatic

accelerator where the conversion of electrical pante kinetic power takes place.



Sommario

Il riscaldamento mediante fasci di neutri € consitteuno dei piu efficaci metodi di riscaldamento
e sostentamento della corrente nei plasmi fusicnidi molti esperimenti mondiali. Il concetto é
semplice: gli atomi neutri possono penetrare il ganmagnetico, mediante collisioni con le
particelle cariche, € possibile riscaldare il plasrsostenerne la corrente.

ITER, il primo reattore sperimentale in fase ditaagione a Cadarache, sara equipaggiato con due
iniettori di neutri; ciascuno di essi sara in gratidrasferire all'interno del plasma di ITER firzo
16.5 MW di potenza mediante I'accelerazione di megativi di idrogeno o deuterio fino ad energie
di 1MeV. Questa Tesi tratta il progetto di dispsiinerenti la tenuta delle alte tensioni in vuoto
per I'acceleratore elettrostatico dell'iniettorergiutri per ITER. In particolare, la Tesi si foeakh
sulle problematiche legate alla modellistica descfadi particelle carichi, sui problemi legati
all'isolamento delle alte tensioni in vuoto e sudlgalisi strutturali relative ai materiali fragger gli
isolatori ceramici. Infine, un sistema attivo per dleflessione delle particelle cariche verra
presentato e discusso assieme agli aspetti tecoobbg lo riguardano.

Una panoramica dei principi fisici che governansdegenti a ioni negativi e fornita nel Capitolo 1
evidenziando la necessita di produrre un fascioeditri ad alta energia e potenza. L'acceleratore
elettrostatico, disposto a valle della sorgenteseémenta I'energia degli ioni negativi fino ad 1MV:

il Capitolo 2 discute i principali criteri progettli sottolineando l'interconnessione tra problemi
fisici ed ingegneristici.

Il Capitolo 3 riporta le verifiche strutturali swel sugli anelli isolatori di grandi dimensioni in
materiale ceramico; in particolare verranno presterie attivita di ricerca e sviluppo riguardaati |
fabbricazione degli isolatori di allumina per ilgsante multistadio dell'iniettore di neutri. Ineltsi

e sviluppata una metodologia per calcolare la itk di rottura durante il processo di
fabbricazione di tali isolatori.

Il Capitolo 4 spiega i risultati riguardanti le sitazioni del fascio di ioni negativi, un codice Men
Carlo é stato applicato per confrontare i risultagierimentali, ottenuti da un acceleratore
giapponese, con quanto stimato dai modelli numenioltre sara presentato nello stesso capitolo un
nuovo codice in grado di calcolare la divergenzh fdscio di ioni negativi considerando |l
problema della carica spaziale.

Infine il Capitolo 5 presenta uno studio concettudi un dispositivo che € in grado di filtrare gli

elettroni dal fascio di ioni negativi e contemparamente curvare leggermente la traiettoria di



guest'ultimi (EDSS). Due possibili alternative sin® studiate; per una di esse si e sviluppata, ed
applicata, una routine ANSYS per il calcolo delsfia di potenza depositato sulle superfici
materiali del EDSS mediante un approccio detesticao.

Lo studio del EDSS pu0 essere considerato l'ultipasso di un viaggio virtuale all'interno
dell'acceleratore elettrostatico dell’iniettore meutri in cui I'energia elettrica viene convertita

energia cinetica di un flusso di particelle cariche



Introduction

Nowadays, more than in every other moment of ositohy, secure and sustainable energy sources
are required for the development of humankind. Aasequence, researchers from all over the
world are working to develop a range of environraintacceptable, safe and sustainable energy
technologies. Nuclear fusion is one of them. Nucfaaion is the process that powers the sun and
other stars - providing heat and light to sustém dn the Earth. While gravity confines the hot
plasma in the stars, on the earth strong magnielidsfcan be used to hold the plasma inside a
chamber (magnetic confinement approach). To harfesen power, light nuclei are forced
together, undergoing reactions that produce a netgg gain. In order to make fusion happen
(fig.1), the fuel has to be heated up to very hieghperatures (in the order of 100 million degrees).

9He + n + Energy
He

Figure 1 The basic physical process of the fusion reactiofi [1]

The hot plasma produced in the fusion reactor shbelconfined and insulated in order to maintain
the high temperature necessary to obtain a sigmifi@mount of fusion reactions. Magnetic

confinement is one of two major branches of fusemergy research, the other being inertial
confinement. The magnetic approach is more devdlape is usually considered more promising
for energy production.

The “Tokamak” has been so far the most successfutapt of toroidal machines to confine fusion

plasmas. Alternative concepts, like Reversed FRilich and Stellarator, are also developed to
prepare for fusion power plants.

The primary fuels for nuclear fusion are deuteriama lithium: the need to use lithium comes from

the absence of tritium on the earth so the follgwieactions could be used to obtain it inside the

fusion reactor:



®Li+n - T+*'He+ 7.7010™" joule

Li+n - T+'He+n+ 4000 joule

Figure 2 The reactions for tritium production [28]

Deuterium can be extracted from sea water andufithis abundant in the earth’s upper crust. In a
power plant, lithium is used to breed tritium whitises together with deuterium. Only 150 kg of
deuterium and 2+3 tonnes of lithium are neededaftull year of electricity supply for one million
persons.

Fusion power plants will be particularly suited f@se load energy generation to serve the needs of
densely populated areas and industrial zones. Thayalso produce hydrogen for a “hydrogen
economy”. ITER is an international tokamak reseapcbject which is intended to be a key
intermediate step between today’s machines, aimedtualies of plasma physics, and future
electricity-producing fusion power plants. It willild upon the results of research conducted with
magnetic fusion devices built across the worldhe last three decades and will be considerably
larger than any of them.

On November 2%, 2006, seven parties (EU, USA, Japan, Russia,aChidia, and Korea) formally
agreed to fund the ITER project. The program iscgrdted to last for about 30 years — 10 years for
construction, and 20 years of operation — and apptoximately 10 billion Euro, which makes it
one of the most expensive and ambitious modernntethentific projects. It will be biult in
Cadarache, France. It is technically ready to startstruction and the first plasma operation is
expected in 2018. The main goal is to produce apprately 500 MW of fusion power, sustained
for up to 400 seconds (compared to a peak of 16 fdWless than a second obtained so far in the
largest operating Tokamak, JET, in Culham, UK) iy fusion of about 0.5 g of deuterium/tritium
mixture in its approximately 840 hreactor chamber. ITER is the acronym for Inteova
Thermonuclear Experimental Reactor, but it alsomaé#rail” or “path”in Latin, and this double
meaning reflects ITER’s role in harnessing nucfaaion as a peaceful power source.

ITER will operate as a power amplifier, with a gamto 10. It is thus necessary to provide a power
in the range 50-70 MW to heat the plasma at the, $tasustain the burn and to drive the plasma

current.



The Heating and Current Drive (H&CD) systems foER are an appropriate combination of
Neutral Beam Injectors (NBI) and Radio Frequencl)(R&CD antennas operating at the electron
cyclotron (EC) and ion cyclotron (IC) frequencydgdagure 3).

They aim at providing an active control on all K&y phases of the operating scenarios:

* the plasma temperature rise, while density iseased to obtain the requisite fusion power,

* the achievement of a steady burn,

* the control of the excursions around the opeggbimint,

* the suppression of instabilities, and

» the achievement of a soft termination at the @naurn.

The neutral beam system consists at present ofhtvading and current drive (H&CD) injectors
(being possible an upgrade to a third injector) and diagnostic neutral beam (DNB) injector.
Each H&CD injector will deliver a deuterium beam 16.5 MW (total 33 MW), with energy of
1MeV, and will be able to operate for long pulsgs {0 3600 s for “steady state” operation).

In order to realize an efficient and reliable NauBeam Injector (NBI) for ITER, a large amount of
research & development, both on physics and engngesides it is required. For this reason, a
Neutral Beam Test Facility is foreseen to be bniPadova. The facility has the goal to address and

solve the main physics and engineering issueserktatthis system.

Heating and current drive NEIs

- Diagnostic N1

(w

1. Meufral Beam Injection system 2. Electron Cyclotron 3. lon Cyclotrom
Antenna (170 GHz} Antenna (50 MHz)

Figure 3 Overview of the Heating & Current Drive systemk [3

This thesis is focused on the design of the highage accelerator and addresses a range of design
issues.

An overview on the physics principles behind theragion of the existing ion sources is given in
chapter one, as well as a discussion on the needgattive ions to produce a high energy and high
power neutral beam. The electrostatic acceleratioich generates the high energy ion beam, is the
second subsystem inside the NBI: chapter two dsg=ughe main criteria adopted to design it and

presents how different issues are reciprocallygiratied its design.



Chapter three reports on the structural verificatioat has been carried out on the large ceramic
insulator rings; in particular the R&D activitieglated to the fabrication of the large alumina
insulator rings used for the bushing of the NBIlIW#g presented. A statistical approach has been
applied to evaluate the failure probability of tivegs during the brazing procedure.

Chapter four explains results obtained on negatimebeam simulation. A Monte Carlo Code has
been applied to benchmark the experimental resbitsined by the Japanese facility; moreover, a
new code to evaluate beam divergence is presented.

Finally, Chapter five presents a conceptual desfggn Electron Dump & Steering System (EDSS).
This subsystem is aimed to filter the electrons$ #ne accelerated together with the negative igns b
the electrostatic accelerator; moreover it shoelftedt the ions in order to deposit the NB power in
different plasma regions. Two possible solutionsehdeen analysed; for one of them, a
deterministic approach to evaluate the heat flyxodiged on the surfaces has been developed and
implemented in an ANSY5routine.

The EDSS study can be considered as the last $tapvictual travel inside the NBI electrostatic

accelerator where the conversion of electrical pante kinetic power takes place.



Chapter 1. Framework of the PhD activities, the Neu tral Beam
Injector for ITER

1.1 Neutral beam heating principles

High power neutral beams for heating high tempeegplasmas are required to develope controlled
thermonuclear fusion as an energy source. The aonces used for such Neutral Beam Injection
(NBI) systems are characterized by high energyeiggvhundred keV) and high current (several
tens of A), and consequently by high power (severad of MW). The term ion source in this thesis
indicates the ensemble of:

1. A plasma source, where the plasma is generated,;

2. An extractor, where the ions are extracted ftbm plasma by means of an electric potential,
forming an ion beam;

3. An accelerator, where the ion beam is accelgrate

This terminology is in agreement with most of tlterhture, since the early times of research
activities on this topic. Nevertheless, in someutioents the assembly here introduced is referred to
as “beam source” while the term “ion source” intiksaonly the plasma source.

The injected beam energy is tuned on the expe@rdtmtion depth inside the target plasma, which
depends on the plasma density. Beam energy hasasemt from about 20 keV for the first
experiments on injection into magnetically confingldsmas in 1974 up to about 500 keV at
present, as the target plasma size and tempefauesbecome larger and larger. In a future fusion
reactor the beam energy would be up to 2 MeV.

The neutrals are created by a charge-exchangeron from an ion beam, but at higher energies,
above 100 keV, the neutralization efficiency fosp@e ions decreases drastically while remaining
at around 60% for negative ions [7].

Thus large scale, positive ion sources were deeelap the 70s and 80s when the required beam
energy was below 80 keV, followed by negative ionrse development for the high energy NBI
system aimed at reactor-sized fusion machines.

In the following, a short summary of the theory méutral beam heating and the technical
background of neutral beam generation is given.

The characteristics of an ion beam are determinethé ion source plasma and the accelerator.
Thus, for example, the ion beam current is detezohiny the plasma density, the plasma electron
temperature, the extraction voltage and the exiraggometry. The beam emittance is determined

10



by the plasma density distribution, the plasma temperature and the extraction geometry. The
beam composition is clearly determined by the casitjpm of the plasma. The physics of the ion
source is thus largely plasma physics.

The production of a neutral beam and its dynanmriesast understood by subdividing the processes
into successive steps, as shown in Figure 4:

» Generation of a powerful ion beam;

* Neutralization of the ion beam;

* Propagation of the neutral beam to the main pdasm

The generation of a powerful ion beam is generattgomplished in a very well known way
mutuated from accelerators in atomic and nuclegsiph: positive or negative hydrogen ions are
electrostatically extracted from a suitable plasoarce and accelerated to energies of several tens
of kV. The essential difference to accelerator beasnthe much higher beam current (tens of
amperes) necessary to achieve the required poeesred MW) and consequently the much larger
beam cross sections (several thousands 6f. dthis extrapolation from the level of milliampere
tens of amperes, while maintaining a reasonablenlspsality, has been obtained as a consequence
of a number of distinct achievements:

» The generation of large-area, uniform, quiespéagmas for ion extraction (arc and

RF sources);

» The subdivision of the beam into many beamletasigg electrodes with multiple apertures;

» The discovery of simple ways of controlling thieedtion of individual beamlets in order to yield
the desired overall beam focal properties;

» The development of the technical means of coddind protecting the delicate electrodes against
high voltage breakdowns.

Fusion device
lon
soWce |

Calommneta

N um‘u?v

*g( “ $

- H
5 l
2 3 e

\;“ |~ Plasma
Magnet coil

Extraction
) “f A lon dump Ton bending
ACCEeralion maosngt cog
gridl system h

Cryo puanp

Figure 4 Neutral beam generation and scheme [6]

11



Charge neutralization of the ions occurs by changgianging collisions of the fast ions with the
neutral hydrogen molecules present in the neugli@old gas is used to create a certain gas target
density inside the neutralizer for the conversibthe ions into neutrals.

The interaction of fast neutral atoms with the plasof ITER includes the following physical
processes, the last three of them occurring simedtasly:

* lonization of the fast neutral atoms by collisasith plasma electrons and ions;

* Drift motion of the fast ions in the magneticldip

» Collisions of the fast ions with plasma ions agldctrons, giving rise to slowing down and
scattering;

» Charge exchange collisions of the fast ions Wwabkground neutral atoms.

All these processes together determine the logaitirates not only of particles and energy (power

and particle deposition profiles), but also of tded momentum and toroidal current.

1.2 The need of a negative ion beam

Positive ion beams, neutralized by charge-exchamgegas targets, have been used in many
experiments to produce the required high powerraebeams. But this is limited to energies below
80-100 keV/nucleon, due to the rapid drop of thargh exchange cross section with energy, while
beam energies in the 200-1000 keV/nucleon rang@aeeded in larger fusion devices. One of the
inherent limitations of neutral injection, using sigove ions, is that the efficiency of the
neutralization rapidly drops with increasing beanergy; this aspect will be clarified in sec.1.6
where the neutralizer features will be presentadtl® contrary, for the negative ion beam the low
binding energy of the additional electron (0.75 evipbles an easy detachment of this electron, so
the neutralization efficiency stays at about 60%&nefor the highest energies. Therefore, for larger

experiments as ITER, which need energies up to \{,Megative ion beams must be developed.

1.3 The negative ion beam production

The development of negative ion-based systemsugiofi is progressing steadily, addressing and
solving the issues found when increasing the redugerformance, and year after year there is an
increasing confidence in this promising field: i®92 the first complete negative ion-based

beamline produced 100 kW of 100 ke\4 Beams in the framework of a collaboration between
JAERI and CEA, 16 A of Hwere produced at Nagoya in 1994, and 40 mAbdams were

accelerated to 700 keV at JAERI in 1995 [8]. Afteese successful small power injectors, large

12



negative ion-based systems have been installedeofdkamak JT60-U and on the stellarator LHD,
that achieved maximum parameters of 400 keV, 17and 180 keV, 34.5 A, respectively [9 10
11]. A negative ion-based system with two 1 MeV,MW ion beamlines is proposed for ITER
[12,13] . Thus, a large negative ion source curoédtO A is needed: the present design foresees 20
mA/cm2 D current density, high performance electrostatoebrators and efficient neutralizers to
convert the D beam into . It will be shown that the attractive feature ebative ions, their low
electron affinity, is a drawback when productionagceleration is considered: firstly it is diffitul

to attach this additional electron; secondly mamgative ions are destroyed (“stripped”) by
collisions with plasma or neutral particles befbeing extracted from the sources or accelerated to
the final energy. The present high performancelsen obtained in particular from large caesium
seeded sources.

The fundamental processes which lead to this kihdegative ion production are well known:
surface and volume production. As far as the negatin production by surface reactions on the
plasma grid is concerned, the probability of elttcapture during backscattering of hydrogen
atoms or ions to the plasma grid depends on thé& fmction of the surface, on the affinity of the

electron and also on the velocity of the impactorg.

H,H?+wall - H- (1)

The negative ion yield per H impact on a wall carpbedicted by eq.(2)

Y(H/H)= exp{— g_w?j o

where C is a constant,, is the perpendicular velocity of the impactingsdo the wall, ang-A

represents the energy difference between the Hewmrl of the surface and the affinity level; it
should be as small as possible to enhance theaiecapture probability. The most widely used
method to lower the surface work functi@rs to cover a metal with caesium. The optimal antou
of caesium was found to be about 0.6 monolayettsctiraesponds to 3.3-1atoms of Cs per ¢cm

For tungsten, for example, the work function isuest from 5.25 eV to 1.45 eV by the
introduction of caesium. For the surface conditiamsch are found in most caesiated sources, the
expected yields Y (H-/H) or Y (H-/H+) are in the 610°* range, in agreement with experiments.

The surface process has been very efficiently tspdoduce intense negative ion sources.
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The volume production is the alternative reactionptoduce the negative ions inside the beam

source. It is given by a dissociative attachmerdlettrons to H molecules, described in eq.(3):

H,+e - H,+H._ @)

The cross-section of this reaction is enhanced wherhydrogen molecules are in high vibrational
states, nevertheless the experimental results shatthe introduction of Cs drastically increases
the production of the negative ions, so the surf@aetions (and the contribution of Cs ) are
fundamental to obtain the high current requiredhaneutral beam injectors.

The most common ion sources based on this voluraetiom are the “tandem sources”, as
illustrated in Figure 5. They feature two regiosparated by a magnetic filter, the “driver” and the
“extraction chamber”. The driver contains the atanfients (tungsten) which emit the primary
electrons; Hgas is fed into this region. A number of permameagnets are mounted on the source
walls and create the multi-cusp configuration ftasma confinement. Another set of magnets is

used to create the magnetic filter near the plagmda

Filamentsor RF goil IMagnetic Filter
AN My Oy .
1‘ '
.. Drier Afl Extraction \
Chamber
egnat H? " I
N |
\ eng tH; > H, +e —‘*' > H
o “4“ l
H+H +e , >H
£ l -
S Ty~ 5V Ty~ 1 eV —I;"e

T 1 &1 11

Figure 5 Schematic of a “volume plasma source”.

The main limit for negative ion production is thetracted current: in fact, with positive ions the
electric field, inside the plasma sheath near th#, ywpushes the positive ions toward the wall or
toward the holes of the plasma grid. The situaitsoreversed with negative ions: the electric field
acts both on the negative ions and on the electtangpering the exit of negative charges from the
plasma. From the design point of view, this asp@stimportant consequences on the gap lengths,
dimension and number of holes in the grids. Figummpares two grids respectively for positive

and negative ion beam, the segments L and L’ ampacable. It can be noted that the hole

14



diameter in the positive ion source is smalleramparison with the negative one: this aspect will

be clarified in section 2.2 where the concept o¥g@ance will be introduced and discussed.

Grid (extraction) of a
negative ion source

<:| Grid (grounded) of a
positive ion source

Figure 6 Comparison between the grids of the positive amghtiree ion source,£L’. Photos kindly supplied by
JAEA NBI group.

The “reverse” electric field in the sheath causether complications in the design of the negative
ion source; in order to extract the required negatiurrent, it is necessary to provide a strong
magnetic field in front of the plasma grid to filtthe electrons from the main plasma; moreover, the
plasma grid should be positively polarised withudable voltage to repel the positive ions that are
present inside the plasma.

Figure 7 shows the negative ion beam extraction aouleration in a simulation that considers
only one beamlet. The plasma source (on the kefiepatively polarized, the grid voltages increase

progressively going toward the grounded grid (aright).
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Figure 7 The accelerating grids and the negative ion beamaetion and acceleration

1.4 The two concepts for the NBI lon Source

The generation of a powerful ion beam first requiee suitable hydrogen plasma source, which
should present the following characteristics:

*A typical ion flux density of a few tents of mélinperes per chrover an area of several thousands
of cnf in order to provide the required tens of ampeggsspurce;

« Sufficient uniformity in space (< 10%);

« Sufficient stability over long pulses (tens ofnmies range);

* As high a content of atomic ions as possible;

* A sufficiently low content of impurity ions;

* A reasonable efficiency in term of electric povaad hydrogen gas consumption.

When cesium is seeded into the ion sources, thatgih changes dramatically [17, 18, 19]:

» The negative ion yield is increased by a fact@-b;
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* The stray electron current ratio drops from 1@-fOpure sources to 1+5;
» The production of negative ions in Cs seededsmurces increases linearly with increasing arc or
RF power, and no experiment has yet revealed smtara

There are basically two different concepts: Arcrses and Radio Frequency (RF) sources.

1.4.1 Arc Sources

In an arc discharge, source electrons are emitted a hot cathode and accelerated by a DC
voltage of typically 100 V into the source, whemmization of the gas molecules leads to the
desired arc plasma. Numerous configurations, diffein the way of optimizing the ionization
efficiency of the fast electrons have evolved dherlast 25 years [15]. The arc source (Kamaboko)
proposed by the Japanese team for the ITER NBEsydoresaw to adopt a cylindrical plasma
chamber, several permanent magnets were embeddlee arcular wall (see Figure 8) , they were
positioned at eachzimuthalposition in order to confine the plasma insidegbarce by a multicusp
magnetic configuration.

Figure 8 Kamaboko Arc driven source lay-out
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1.4.2 RF Sources

The RF source utilizes the oscillating electricldjegenerally induced by a RF coil, for the
necessary acceleration of electrons in order taterthe source plasma. A typical frequency for RF
sources is 1 MHz, and typical RF powers 100 kW [Hd} sources have many advantages over the
arc sources, such as:

— Long lifetime due to the absence of filamentsitga limited thermal cycle time,

— Low cost due to the possibility of electricalhsulating the RF generators from the high potential
of the plasma source

Figure 9 Radio Frequency ion source (overview). [14]

— Better control, during beam modulation, of th&@osted ion current due to the fast response of the
ion density in the source to changes of the RFtippwer; this makes active beam current control
possible;

— Simplicity of the source (less electrical conietw compared to arc sources), making remote
handling easier.

Due to these advantages, an RF source has beenlyed®sen as the reference design for the 1

MeV negative ion injectors of ITER. A picture oRd ion source is shown in Figure 9.
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1.5 Negative ion extraction and acceleration

To get sufficient power efficiency, the large cumreequired for fusion can only be achieved via
electrostatic acceleration.

Three steps in acceleration can be distinguished:

* Electrostatic extraction of the ions from the r®e8u

* Full energy acceleration by 2 or 5 steps (up kel as foreseen for ITER).

Besides the difficulties expected with high voiagin particular electrical breakdowns with high
capacitive energy dissipation, the design requarem-depth assessment of negative ion extraction

and acceleration processes.
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Figure 10 Electrostatic aperture lens, electric field (a)l @quipotential lines (b). [20]

The principle that controls electrostatic accelerand beam focussing can be understood with the
aid of Fig.11. The physics describing the accedefdileam has some common points and definitions
with geometric optics [20], the hole illustratedkigure 10 can be compared with a thin lens. The
hole is drilled across a plate which separates riegions: the first one has a strong electrostatic
field; instead the second one is characterizedrbglectric field with the same direction but with
lower amplitude. The beam extracted from the gnidtle left side is accelerated toward the

electrode on the right with a defocusing actiore (Sgyure 11)
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Figure 11 The negative (defocusing) lens [20]

A suitable choice of voltage and gaps between pleetare plates (grids) can be used to focus and to

transfer the energy to the extracted beamlet.
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Figure 12 A typical set of accelerating grids [11]

An ion beam is typically composed of several betsrémd each of them is extracted from the ion
source separately from the others. This is achidyedssembling a set of carefully aligned grids
(see Figure 12), in which cylindrical or conicaledgprres are drilled. These grids are polarized at

various voltages, to achieve the desired beam gn@tge geometry of the accelerating channels
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and the gaps between the grids are carefully dedigo control beam optics. The first grid
(“plasma grid”) separates the source plasma fromaitcelerator. In the second grid, often called
“extraction grid”, permanent magnets are insertedrder to deflect the stray electrons and to
prevent them from being further accelerated. Thegmetic field breaks the axial symmetry of the
acceleration channel.
In Figure 13 the main features that influence thality of the beam optics are shown, in detaisit i
possible to distinguish:
1. The perveance effect is related to the influesfcepatial charge on the beam divergence
2. The presence of the magnetic field for an acatdd beam implies a permanent deflection
of the beam
3. An aperture displacement can deflect the beam plais effect is particular evident if the
displacement concerns the first stages
4. The beamlet-beamlet interaction is mainly dughi® spatial charge effect between each
beamlet
5. A compensation for the beam aiming can be obthiny a local modification of the

equipotential lines, suitable plates can be typidakerted downstream the extraction grid.

(1) Perveance {2) Electron (3) Aperture {(4) beamiet-beamlet |(5) Local modification
suppression displacement interaction by filed-shaping plate
magnet

. ’ . i

: lectric -T ‘ 15

; otential 2

; ool
<) ofo|ofo
e INMD ololo|le

; (EXG.GRG) (EXG)

Figure 13 Main causes that influence beam optics [11]

In order to increase the filter field inside theism®, a DC current can flow through the plasma grid
in the y direction: the superposition of this metic field with the field produced by the
permanent magnets inside the source and embeddiee @xtraction grid produces a magnetic field
that isn’t uniform in space (see Figure 14), resglta non-uniform beam with aberration. This
aspect could lead to deposit the neutral beam poweate the device or in the duct connecting the
NBI with the ITER chamber and as a consequencdetoease the lifetime of the injector reducing

the power transferred to the ITER plasma.
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The figure compares the magnetic field of BATMANKppermanent magnets) with the field of ELISE g(thtter is
the superposition of the permanent magnets anduttient that flows inside the plasma grid) [52]

1.5.1 The two concepts for MeV negative ion acceler  ation: MAMuG and
SINGAP

The development of the accelerator of the ion bapno energies in the MeV range has a mostly
technological nature; it is certainly the majouissoday. Two concepts have been considered:

» The reference concept, the “Multi Aperture-MUGBrid” (MAMuG) accelerator (see Figure 15),
accelerates the ions to high voltage in severarimédiate steps, each having the same aperture
pattern as the plasma and extraction grids. Thyjsires several multi aperture grids at intermediate
potentials, the power supplies to feed them an@maioling to each grid. This system stems from
positive ion accelerator concepts and features kamgj narrow acceleration channels from the

source to the last acceleration stage.
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Figure 15 MAMuG grids scheme [29]

» The European alternative concept, the “SINGle rApe-SINgle GAP” (SINGAP) accelerator
(see Figure 16), pre-accelerates the 1280 beatl&8-50 keV, and then accelerates them to the
final energy in one single step through large apest in the final (ground potential) electrode [22
23]. SINGAP would allow reducing the gas load i thccelerator and greatly simplifying the
design of the accelerator, power supplies, and H¥smission lines, but some difficult issues
should be faced: the high voltage generation (& dlass of 1MV accelerators) by a single gap

device is nowadays the main problem related tddblenical aspects of such accelerator; moreover,
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a large number of full gap energy electrons areslacated together with the negative ions. The
presence of high power carried by electrons inthdeneutralizer can compromise such component
and its work. In case of MAMuG the presence ofitliermediate grids can be exploited to deposit
the electron power deflecting them in vertical diten by the permanent filter magnets embedded

inside the source.
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Figure 16 SINGAP grids scheme [29]
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1.6 Negative ion neutralization and Residual lon Dump (RID)

Negative ion neutralization is relatively easy doethe low affinity of the additional electron of
only 0.75 eV. The neutralizer should:

* provide high neutralization efficiency;

* operate with the lowest possible gas input, oheoto limit the stripping losses of the negatioe i
beam in the accelerator as well as the re-ioniadtisses of the neutralized beam;

* prevent injection of additional impurities intoet tokamak;

* require the lowest possible additional power;

* have a long service life and a high reliability.

All negative ion-based neutral beam projects asethat present on the use of gas neutralizers. The

gas neutralizer is based on collisional detachment:

H +H, - H,+H" @

(the fast particles are underlined). Unfortunatsikgveral reactions compete with that. The main

competitor is the ionization of fast neutrals:

0 + -
H +H, - H +e (5)

The optimum neutralization ratgsax is, in first approximation, a function df = 01/02 the ratio

of the cross sections of the dominant reactionsebo
Muax = f (I’) (6)

Since both dominant reactions correspond to thesgamgsical phenomenon (electron detachment),
r andnuax are practically independent of the beam energef@rgies above several tens of keV;
actually the red line of Figure 17 shows a constahie of efficiency for beam energy greater than
100 kV. A gas neutralizer is a technically simpled gpassive system with a reasonably high
efficiency. It has a major drawback: the requireghhadditional gas load which increases the
pumping requirements in large beamlines by a faoctd or more. In that sense the optimisation
carried out on specific devices without neutralmahas to consider this aspect in order to masch a

much as possible the real scenario.
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The fraction of charged beam that exits from thetradizer is proportional to f): A residual ion
dump (RID) is necessary to filter the negative idhss positioned downward the neutralizer and
uses an electrostatic field to deflect the negatime toward suitable panels.

The RID structure consists of five vertical dummela, a support frame, manifolds and headers for
the water coolant supply in order to cool the pamédiere the residual ions deposit their energy.

A good efficiency of the residual ion dump is imgamrt in order to avoid depositing the beam
power inside the duct that connects the NBI toftiseon reactor vacuum vessel.

Downward of the RID a V shaped calorimeter is poséd, necessary to intercept the beam in
order to test the NBI and to measure the charatitesiof the beam without reaching the ITER

vacuum chamber.
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1.7 The Neutral Beam Injector for ITER
In Fig. 19 the layout is shown for the heating atidgnostic NBI: it can be noted how the

diagnostic injector doesn’t transfer tangential reatom to the ITER plasma, because it should

merely provide a flbeam at 100kV mainly for spectroscopy measurements

NE PORT COMFIGURAT! ON
FROW DRE 10 0088, 11,7

AF T & 4 LA o
FRQU ORG 12.0181.2. % :m;

Figure 18 ITER Heat and Diagnostic NBI plan layout [25]

The ITER H&CD NBI (fig. 19) is based on the accaten of Hydrogen or Deuterium negative
ions up to 1 MV.
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Figure 19 Overview of the NBI for ITER
Each Injector of the ITER Neutral Beam system ddliver a power up to 16.5 MW and guarantee

steady operation for one hour in H or in D. To ifuliese requirements, the NBI must provide a
current up to 40 A of negative ions acceleratetbup MV.

Isotope HD

Extraction Area 2000 enr”

Ton current 404

Total Voltage 1MV

Extraction Voltage ~10 KV

RF Power T20KW (B x 90 KW
Pulse lenght 3600 =

Table 1 Main parameters of ITER NBI [25]

The high particle energy depends on the need tositefhe NB power in deeply inside the ITER
vacuum chamber. The pulse length has been chosandlén to be compatible with the duration of
the ITER operation

The most important components of the ITER NBI are:

* A high voltage bushing, that acts as a 1 MV fdedugh for power supplies, cooling lines and
diagnostic cables;

* An ion source, that provides the negative hydnogredeuterium ions (H- or D-);

* An accelerator, that accelerates the ions upeagbtential of 1 MV,

* A neutralizer, that transforms the negative ions neutrals;
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* A Residual lon Dump (RID) that dumps the remagniregative and positive ions still present in

the beam.

A calorimeter that measures the power of the neb&am; this component is always active in the
Test-bed Facility, while it can be open and closedhe ITER NBI, depending on the operation

phase.

The functionality of the whole system depends @ngérformance of each component listed above,
nevertheless the components appear linked likeseada: the functionality of the upstream parts is
poorly influenced by the downstream ones; this reéhat the R&D activities can be carried out on

the single parts step, by step starting from trehimg and ending to the calorimeter.

1.7.1 The ITER NBI requirements

The neutral beam injection must be optimised twiple

* High overall efficiency of beam delivery to the ghaa; the ratio between the power of the
accelerated neutrals and the electric power thapl®s the beam generation and acceleration
should be maximized.

* The required beam power profile into the ITER plasnvhile limiting the power deposition
onto the surfaces of the beam line components nvisiaife design limits, in order to avoid
damages and aging effects,

The on-axis and off-axis current drive is to beiaebd by tilting the beam axis vertically as shown

in fig. 20.
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The required injection can be achieved by tiltihg beam axis vertically by the inclination angles

listed in table 2

On-axis inclination angle 2.306°
Middle inclination angle | 2.818°
Off-axis inclination angle 3.331°

Table 2: ITER's tilting angle requirements

In order to guarantee the required total tiltinglana mechanical system has been developed, that
should slightly rotate the whole beam source. Ta@uiirement severely complicates the design of
the flexible connections that feed the beam souarethis reason, a valid alternative solution has

been developed. It consists of an active steegisgs, which will be presented in chapter 6.

1.8 The Megavolt Test Facilities at JAEA

The Megavolt Test Facilities (MTF) installed at thapanese Atomic Energy Agency (JAEA)
laboratory of Naka is nowadays a reference pointife technology of the high voltage electrostatic
accelerators. High voltage tests and negative membgeneration are the main features that the
device can offer; the experimental results obtaibgdhe MTF have been extremely important to
develop the ITER NBI accelerator. The MTF is theufeof a long tradition based on positive and
negative ion accelerator research: the experiehtteed\BI group at Naka is considered a reference
in the R&D activities related to the ITER NBI.

The MTF is a vacuum insulated accelerator compdsefive stages, fed through a high voltage
bushing. A Kamaboko arc driven ion source produeceggative ion beam that is intercepted by a

suitable instrumented calorimeter. Neutralizer RiHd aren’t present.
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Figure 21 A summary of the negative ion sources performaocepared with the ITER NBI requirements [31]

. 250.0 ‘ ey . 20 4 6000
< * Dramn currgnt (ma) || ;
£ 200.0 | — Acceleranon vorage (kV) | [{
S : ‘ m
= 38 § ; 800 T
) 150-0 3 3 ’ %}
| -
e i w -
c i& =
© 50.0 400 ié:}
Q an—
R it
0.0 — roo E
- Operation without Cs - I Oporangn with Gs >
(Pura Volums) . {Total amount of Cs = 5.0 g
{ i | i ) 0
0 5 10 15 20 25

Time t(hours)

Figure 22 A time record of an acceleration test, current\amithge evolution [34]

Figure 21 and Figure 22 are a summary of the mesults obtained in the framework of the

research for the ITER NBI; it is possible to notieav the MTF results are the closest to the ITER
NBI requirements. The whole device is placed insid®ncrete bunker (see Figure 23) in order to
limit the x-rays produced by the electrostatic émeor: the x-rays are present during the
conditioning phase and, in particular, during tkear generation.
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Figure 23 Removable top Concrete x-ray shield. Photo kindlypdied by JAEA NBI group.

The 1MV acceleration represents the relevant taimesuch kind of accelerators; the insulating

problems are present not only inside the vacuuth@fccelerator, but also on the outer side where

the pressurized SF6 gas prevents the risk of digehaoth for the bushing and power supply (see

Figure 25). Figure 24 shows the bushing and tbelaator used in the MTF.

Vacuum Insulated
Accelerator

Figure 24 JAEA MTF Vacuum insulated accelerator [31]
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Figure 25The SF6 tank and the electrostatic screen at & {lotential. Photo kindly supplied by JAEA NBI arp.

The vacuum boundary that insulates the main streiatéi accelerator from the SF6 gas is a FRP
(fibres reinforced epoxy) insulator column consigtiof a stack of 5 FRP insulator rings. The

dimensions of each ring are 1.8 m diameter and th3&ight, and hence, the overall size of the
FRP insulator column is 1.8 m diameter and 1.9 ight¢34].

The acceleration grids are insulated by vacuumthant support structures are made of alumina,
these insulators are also mechanical componentibedthey suspend the whole accelerator which

is placed inside the bushing (see Figure 26).
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Figure 26 VIBS (Vacuum Insulated Beam Source). Photo kirsdigplied by JAEA NBI group.

Only the parts crossing the vacuum gap are metal @s to apply the electric potential to each acceletian grid.
The accelerator main structure is insulated and suained from the FRP insulator column, the FRP rings(green
parts in Figure 24

Figure 24) are compressed by the weight of thecgoand by the effect of the S€xternal pressure
(6 bar) that acts against the vacuum inside thelaator.
The KAMABOKO negative ion source is mounted ontibye flange at —1 MV (see Figure 27).
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Figure 27 Kamaboko ion source and components. Photo kingiplged by JAEA NBI group.

It is a filament ion source that has produced aatieg ion current density up to 14.6 mAfcrithe
extracted H- ions are directly injected into theederator. The H- ions are progressively acceldrate
by the potential applied to each acceleration gadincrease their energy by 200 keV in each
acceleration gap between grids.

The accelerator can sustain the voltage of 1 M\B8f600 s continuously without breakdown [34].
Although the stable production of the -1MV ion beaas been demonstrated several times, the
repeatability of the results is strictly related ttee cleanliness and the aging of the material
employed on the vacuum side, in particular the simmnsof carbon compounds from the FRP rings
is the relevant aspect in the high voltage holdiagability for the MTF. As well, good and safe
conditioning is necessary to guarantee a stable Watage level. Pressure, voltage, emission of
particles by spectroscopy and X-ray productiontheequantities that the operator of MTF controls

during conditioning.

36



1000 S
Gas injection

800 N
o SINGAP_MTF U
s MAMUG_MTF ) . n s oo shent
S 600 et}
oy wansast .
8 ase o 00, o 00 ©RWee TG C ¢
S 400 : : e
> A ‘P'.‘. .o.
-"'..o
. //'/
200 [+t
.‘.
o
0 |
0 10 20 30 40 50

Time (hours)

Figure 28 Conditioning plots, Voltage vs. time. [48]

Conditioning is carried out by increasing manudtig voltage step by step. In Figure 28 a typical
conditioning curve is shown for MAMuG and SINGAPnéigurations. The MTF has a multistage
Crofton-Walton generator connected to a resistivdtage divider; the stable negative ion
production is due to the coupling between the attarstics of the high voltage accelerator and the
power supply limit. A suitable interlock is placedthe 800 kV stage: the power is cut off if the
current collected by this stage exceeds 15-50 @ choice of this limit is a compromise between
the possibility of damaging the surface of the bre¢or during breakdowns and the conditioning
time.

The information obtained by the Japanese team &éas the basic element behind the final choice
of the MAMuG configuration for the ITER NBI. The mareason is strictly related with the voltage
holding capability. Figure 28 shows the conditi@poiagram for the two configurations applied to
MTF: it is possible to appreciate the limited higbltage holding capability of SINGAP. These
experimental results are very relevant because\leeg obtained in the same device, so it appears
that the difference in behaviour is only relatedhe accelerating configuration. This topic will be
discussed among the high voltage holding issussgtion 2.3.
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Chapter 2: General criteria employed in the design of the 1MV
accelerator

2.1 The road map to the accelerator design

The heating and current drive performance of theuttde Beam are strictly related to the
characteristics (1MeV, 40 A) and quality of thectlestatically accelerated Negative lon Beam.
Achieving a high quality of negative ion beam ufuaheans to produce good beam optics, i.e.
guarantee suitable beam aiming and emittance.

The need of depositing the beam power in diffemrtes inside the vacuum chamber implies to
develop a suitable steering system that allowagilbf the negative ion beam during operation.
Limits on dimensions and the interaction betweeatno@ radiation and insulating materials also
contribute to identify the general requirements thiiuence the accelerator design.

The accelerator design, that implies a close cottiion between physicists and engineers, is still
an open issue, because the physics of some preoghsgeh happen during operation, haven’t been
well consolidated yet. Some design criteria appeavadays to be improved: a typical example in
that sense are the voltage holding issues discussddtail in section 2.3. For these issues the
engineers can identify solutions that satisfy tbguirements as well as possible, referring to the
present knowledge. Sometime, in order to get mondidence and reliability, it is also proposed to
explore new solutions and to carry out specificegipental tests.

However design choices and experimental tests ppasti the design are to be carefully planned
considering the targets and the available fund<iamel

A pragmatic approach based on specific experimeesad sometimes could not completely satisfy
the knowledge process: in that sense, the resutnoéxperimental campaign could be a semi-
empirical formula; so a lot of questions that naliyrarise during experiments might not have a
rapid answer; nevertheless the collected data doeldirectly applied in the design reducing the
time and costs for R&D activities.

The high voltage issues, as well as the mecharandl technological aspects related to the
fabrication of the NBI parts, are a good examplesghthe design of a prototype is the result of a
process that starts from physics principles anch fdata obtained by dedicated experimental tests.
The following paragraphs concern the criteria addph the design of the high voltage accelerator.
The information obtained by the physical studiethesstarting point. They can be divided into two

branches: the first one concern the design of this,gthe second one identifies the plasma-source
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parameters that should be guaranteed to genemtgetired beam. In this work the second point

has been intentionally omitted, nevertheless aflotaterial can be obtained in the literature.

Figure 29 is a flow chart that summarizes the fadwnformation between each NBI design task. As
explained in section 2.2, the beam simulation iy wemplex because many codes should be used
and simplifications and assumptions should be dedem that sense, the highlighted box in

Figure 29 consist of a group of analyses that shéeal well coordinated in order to supply the
required information.

The first point developed in the framework of plegsiactivities has been the definition of the
reference geometry for the accelerator: the bearergience has to be limited by a suitable choice
of the gaps between the grids and hole diametarsrder to simplify the design of the power
supply systems, the acceleration potentials aralgsubdivided between zero and the maximum
level: this means that acceleration gaps must dseralong the beam direction. The thickness of
the grids and the hole diameter can be calculayeoi-dimensional codes that solve the Poisson’s
equation but stripping reactions should be consii¢or a correct evaluation of the electrostatic
field inside the accelerator.

The geometry of plasma and extraction grid (EG) #mel gap between them are important
parameters; the quality of the beam is strictlyuefced by the extractor design: a displacement of
0.1 mm for the EG, due to thermal expansion or ne@d assembly, can influence the beam
divergence; on the other hand imprecision or depizent of the other grid seems not to be so
important [30].

The second point, developed in the framework ofspdsyactivities, has been the design of the
electron suppression system. Some permanent magmetsnbedded inside EG, to deflect the co-
extracted electrons toward such grid; in this waysipossible to filter the electrons from the
negative ion beam: the electron heat flux dependh® magnet configuration and position. For this
reason, the magnets should be designed and irgdgrathe EG together with the active cooling
lines that control the grid temperature.

The design of the grids together with the voltaggpd are the input parameters for the electrostatic
and mechanical analyses; the voltages and the plasorce parameters are the main input for the
power supply design. The technological aspectde@lto the fabrication of such grids must be
considered the very beginning: it is advisableawycout the grid design in close collaborationhwit
the manufacturers, because fabrication technologges constrain some relevant choices in the
design. The voltage hold-off capability, the stuwat and thermo-mechanical verifications are the

last design step.
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The diagram of fig. 29 also underlines the relafops that link the activities defining the desain
the electrostatic accelerator. It is worth notitigat no feedback link is foreseen toward the “aptic

requirements”: it means that the aim of the ace#beris to produce a negative ion beam with

suitable characteristics, and all the other desibnices should be subordinated to the beam

requirements.
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2.2 Physical models and numerical tools

The correct design of the extraction system playsrgortant role in the overall performance of the
beam injection system because the primary positiveegative ion beam receives its final status at
the level of the extraction system: suitable nuoarimodels are thus required to predict the
behaviour of the accelerated beam and to supplintbemation necessary to carry out the detailed

design.

2.2.1 An overview on beam physics and numerical mod  els

The formation of the ion beam occurs through etestétic extraction and acceleration of the ions to
the desired energy. The principle of the electtastéens introduced in chapter 1 allows
understanding the physical reasons that undergfutiotionality of the whole accelerator.

The processes that allow the formation of the basmnschematised in Figure 30. They start in the
plasma source: the power produced by the RF dripasses to the plasma inside the expansion
chamber and the magnetic filter region, that disitlee expansion region from the extraction one,
allows minimizing the flux of electrons while impiiag the negative ion extraction. The main
production of H- comes from the reaction on the ®&Hace where the deposition of a caesium
mono-layer sustains the negative ion productioan tiihe negative ions are accelerated downstream
the PG.

Expansion Exiraction
region region

= - '

@
I
©=-U, +U,

W | | H—o- v
YY) . || |*‘"I’:°
Cs Oven E=31 (cs) (0v) 111
Exiraction
—0=-U,, system

Figure 30 Physical processes inside the source [4]
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A self-consistent simulation of the process desctiabove appears quite impossible at the moment,
because the scale lengths that characterise thptema appear quite different, so more than one
code is necessary to simulate the plasma source.

Instead the physics of the ion beam downstreamPiBeis better understood; in that sense the
simulations of the beam appear more straightforvilaath the simulations of the plasma processes
that happen inside the source, where the trangpordess from the drivers, the presence of a
magnetized plasma and the “chemistry” of the nggatbn production severely complicate the
numerical simulations. This is the reason why tkigeeimental approach, based on tests for the ion
source plays nowadays a dominant role in the rekdar the NBI.

Several approaches allow simulating the chargethbdee beam extraction and acceleration can be
simulated by Particle In Cell codes (PIC) bi-dimenal or tri-dimensional Monte Carlo codes, the
stripping reactions can be included by followingesal ways. Nevertheless the main difficulty in
beam simulation is the meniscus computation: thenistas (see Figure 31) is a curved
equipotential surface, whose radius is determinethb self-consistent space-charge of ions and
from which the ions are extracted [37].

Meniscu:

Figure 31 Analysis of a beamlet with the code SLACCAD

In chapter 5, EAMCC (Electrostatic Accelerator Mei@arlo Code) developed by G. Fubiani [56]
has been used to compare the MTF experimentakseasith the numeric one.

It is important to remember that the accelerateahbes composed by several speciésHe, Ho,

H*, H,") and that a significant fraction of the negatigas can be stripped in the accelerator, losing
their second electron by collisions with the ndugias: the cross section for this reaction is large
10+15 cnf at E (H) < 20 keV, while the gas density in the pre-adeete is in the 18+10" cm >
range.

The beam simulation can start downward the menistus general equations that can be used in
beam simulation are listed in (7): the first eqoiatis the law of motion with relativistic formulati
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wherey, - [1_"2J . The second one is Poisson’s equation, the faméhis Ampere’s law, and the

Cc

last expression of (7) takes into account the r@asthat can occur inside the beam.

d _ .
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D[ﬂnk E/_k):an h ko>
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The cross section effect, underlined in Figurei83pmetimes computed by a dedicated simulation:

the main contribution is related to the strippiegations that imply a loss of beam current inside

the accelerator. These losses can reach 20+4Q@B& ¢f- extracted current and degrade the overall

performance of the system; a good way to reduam iedo decrease as far as possible the pressure

inside the accelerator. The stripping losses careusuated by computing the background gas

density distribution; the simulations for the déydlistribution can be carried out by simple one

dimensional calculations (see Figure 32) that iak® account the conductance calculations along

the beam direction or alternatively it can be claitad by Monte Carlo gas flow codes: in this way

it is possible to evaluate the 2 or 3 dimensiomaisity field inside the accelerator.

Stripping profile
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Figure 32 A typical Stripping profile along the beam directio

The effect of the stripping reactions can be cargid by multiplying the right side of Poisson’s

equation by a suitable coefficient in the rangé.0
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The electrostatic field inside the accelerator barobtained by solving Poisson’s equation (8) and
the particles law of motion; in this case the solutwill not satisfy Ampere’s law. Neverthelessg th
magnetic field produced by the current is one omfemagnitude lower than the magnetic field
produced by the permanent magnets embedded itgd®tirce and PG.

eln +qln)
gO

DZU — ( (8)

By adopting a 1D model, it is possible to evaluthie weight of the extracted electrons on the
computation of the right side of Poisson’s equafiéh.In this model the beam is composed by
negative ions and electrons, the ratio betweenctieent of H- and electrons has been assumed
equal to one. In case of absence of stripping fofse ratio Je/Ji remains equal to one along the

beam direction.

J. =elh, Ve J =qh ¥ ©

By these assumptions, the right side of Poissajugton can be re-written as shown in (10),

0% = n Lo,

1+a) n me — ‘Je El\i (20)
J.

where -
€o n; mi

Considering a relativistic formulation expressed thg energy equation (11), it is possible to
evaluate the weight of the electrons on the rigtié ©f Poisson’s equation: a little value @f

implies a negligible effect of the electrons.

me’ {y-1)=qU 4
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Figure 33 Electron effect on charged particle beam for thematation of right side of Poisson’s equation

Figure 33 shows the relationship betweeand the accelerating voltage: the evaluation leas b
done by a mono-dimensional approach considerirtgvtiacities are strictly related to the
electrostatic potential. Figure 33 shows that thartbution of the electrons is negligible becaase

is lower than 0.025 in the extraction region.

This explains the reason why the simulation ofltdreely H- can be done to evaluate the potential
inside the accelerator; a multiplicative factor Icbbe used to correct the computation. In any case
the co-extracted electrons are mainly present lmiwsasma and extraction grid, their effect is
surely negligible downstream the extraction grid.

The most convenient way to obtain information abibvet beam behaviour consist of 2D (mainly
axial symmetric) analyses, where the beam simulaten be obtained alternating the ray tracing
and the Poisson’s equation solver. The convergehtlee equations is not straightforward, since
oscillating solutions can appear.

Although the electron contribution can be negligibi the evaluation of the electrostatic potential,
their presence plays a dominant role regardingotiveer load deposited on the extraction grid and
their contribution is surely not negligible for thewer supply design.
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The simulation of the electrons can be done byidnte-Carlo codes (EAMCC) , which take into
account the secondary emission and the backscattefielectrons. In the relevant energy range,
5+10 keV, the probability of electron backscattgron a metallic surface can be as high as 30%. If
the magnetic configuration of the suppression systenot appropriate, an electron can escape after
one or two reflections and can be accelerated divgars. On the other hand, the low energy
implies a small Larmor’s radius which prevents thfeom progressing far along the accelerator.
EAMCC performs the integration of the particle moatiinside the accelerator; the code allows
evaluating the currents on the grids by countirggdharges that impact on the grids, as well as the
heat flux on the area. The heat flux deposited en durface can be evaluated by dividing the
surface in many pixels: the flux on each pixelldamned dividing the total power deposited on the
pixel by the area of the pixel. This procedure iepkhat a good evaluation of the heat flux can be
done if the number of particles involved in the giation is quite high; this number has to be
compared with the pixel dimension and with the iesspatial resolution. Typical values adopted
in the simulation foresee a pixel dimension of 235 mm and a number of primary particles
larger than 200k.

2.2.2 A deterministic approach to evaluate the heat  flux deposited on the
surfaces

An alternative way to estimate the heat power ldeposited on the surface has been developed by
using ANSYS. In this approach each single beamlet has beecribed as a flux tube which
undergoes a deflection due to the magnetic fietdleu the hypothesis of a laminar beam. The
power load on the surface intercepting the fluxetutan be therefore estimated by the map
transform of the flux tube section. For this pugadke surface has been divided in several portions
(24 portions in Figure 34) and for each one theigardensity and velocity distribution has been
evaluated by a simple expression and the powerdedued accordingly.

The starting point for each portion of the flux éutbas been assumed on a region where the particle

velocity is known. The end point of each trajectisrpn a plane that contains the hit surface.
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Figure 34 Heat flux computation by Jacoby matrix

By calling S and T the starting surface and thalfsurface where the power is deposited, each
point of S has been mappedtte m(s)DT as shown in the scheme in Figure 34. The heatgdarx

unit surface q [W/rfj can be evaluated as:

J
q=E, B (12)

E; is the kinetic energy evaluated at the final stefeonsidering the relativistic effects; it results

E, =mCe® fy-1)

(13)

The Jacobian factor R of the mag m(s) can be used to evaluate the ratio between a smelin

S and its image on T; it can be easily computederigally by using eq.(14)

ne IS 0si

- |am(s,) Dam(s, ) (14)

where § and g are points ofS adequately near tg, andAm(s) and Am(s,) are the respective

images.
The current density jn (12) can be evaluated from the current densith@“starting zone”sjand
by using charge conservation (15)
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Jit TAY = Jis [ A (15)

The subscripts “i” indicate the subdivision in ae&omputing the Jacoby’'s factor for the i-th
subdivision, eq. (15) can be rewritten:

j'f — J S — J HSD DS&H
AT ands, ) 0o )

Combining (12) with (13%nd (16), we obtain eq.(17):

a =mie(y 0BG

(s,) 0am(s, )| 0

It is worth noting that, because of the magnegtdfi electron trajectories can focus resultingah h
spots (Figure 35). This effect is seen in the mad®—x , (see eq.(14)).

Bz uniform #0

YL q wimy = I

X

Figure 35 Example of hot spot due to electron focusing

A better calculation of the power load can be pented by taking into account the effect of a non

uniform particle energy distribution. A simple mottackle this aspect is illustrated in Figure 36
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As a consequence the heat flux has to be recatcliet

B wg s DSll.k
q=me, kl ﬂAm )0Am(s, ), (18)

The contribution of each energy range has to bepotea separately and this means to increase the

computing time against a better power load estonati

2.2.3 Relevant quantities in the physics of the acc  elerated beam

The beam emittance

Emittance is a measure of the parallelism of a beaeplane Zp normal to the beam direction z.
The emittance allows us to compare the qualitysainbs for specific applications.

Beams with random components of transverse velbete a spread in angle relative to the axis of
propagation. It is possible to define the quartigyplotting the trajectory information in a suitabl
phase space called trace-space, where the holizpngaidentifies the particle position and the
vertical one identifies the ratio between the tvanse velocity and Vz; the emittance is proportiona
to the area filled by the points.

The definition of emittance comes from the necgssitidentifying the disorder level inside a
beam; actually a beam with good parallelism isezasi transport and to focus than one with large
random transverse velocity components.

An ideal lens can focus a laminar beam to a pdiaeoo dimensions. Figure 37 illustrates focusing

by a lens of focal lengthin the configuration space; the parallel incidegdin has a half widthyx
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After deflection, the particles converge to a p@ina distancéfrom the lens. Figure 37b is a phase

space view of the same process. In this case titeaaoe is 0.

fa} {®)

Figure 37 Focusing a laminar beam, relationship betweepdtajies and emittance diagram. [20]

Particles in a non-laminar beam have a randomildligion of transverse velocities at a certain
location this means that at the position x theyehdiferent values of, and a spread in direction.
Because of the disorder of a non-laminar beans, ilnpossible to aim all particles from a location
in the beam toward a common point. Lenses caniofilence the average motion of particles.
Figure 38-a shows the trajectories of a laminau$owy beam. Figure 38-b is a configuration space
view of the focusing process for non-laminar beante beam has a uniform spread of transverse
velocity, v, at all positions in the cross-section. The beatareng the lens is almost parallel; the
average transverse velocities at all positionsegreal to zero. Individual particles have inclinatio
angles in the ranged¥,/v,. Passing through the lens, particles acquire aergence angle that
sums with the angular spread. The best focus o@uapproximately a distanddrom the lens.
Figure 38b shows that the trajectories at the fapread over a non-zero spatial width. The half

width for the focal spot iso OAv, [f /v, so the width of the focal spot is proportionalthe

transverse velocity spread of the incident bean [20
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Figure 38 Example of focusing of a non laminar beam. [20]

In this example the beam emittance is representedebyellow area of Figure 38c: a smaller phase

area occupied by the beam implies a better quafitthe beam; where the term quality means

focusability or parallelism. The minimum phase-spaolume of a distribution is determined by the

characteristics of the beam injector. Processésrtb@ase the phase-space volume are undesirable.

The adimensional parameters necessary to idehgfphysics of the accelerated beams

The Buckingham theorem can be used to identify rflevant adimensional parameters that

describe beam physics.

The simple example shown in Figure 39 is sufficiemtdefine the adimensional parameter that

controls the motion of a particle in an electrastdield without taking into account the spatial
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charge effect: a sphere of radius R, placed &tartte L from a grounded plane, is kept to a fixed
potential U; on the left side of the sphere theran emitter of charged particles g, the partiakes
emitted with an initial velocity ¥, they hit the horizontal plane at the coordinate The

electrostatic field that determines particle motican be calculated by solving Laplace’s

equatiord?U =0

Particle
trajectory

]

Emitter : L
]
]

Figure 39 A patrticle trajectory for a generic electrostateld

The coordinate X can be simply calculated by irdégg the motion law for a charge particle in an
electrostatic field with no space charge effect.
An alternative approach uses adimensional parametethis case the dimensional analysis can be

useful to supply information about the physics tattrols the phenomena.
X =f(M,v,,qU,R L) ¢(X,M,v,,q,U,R L)=0 a9

The aim of the problem can be expressed by eq.ré€spectively in explicit and implicit form.
The adimensional analysis is a technique to idemtituitable number of groups of adimensional
guantities that could describe the physics phenanstarting from the implicit formulation as
shown in (19).
In this case, each quantity is composed by thevalig absolute units:
> X [kg’mts A%
M [kg' m° & A9
Vo[kg® m' s* A%
q [k’ m' st AY
U [kg' m*s® A™]
R [kg” m' L A9

VvV V V V VY
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> L[kg°m' AY
Identifying an adimensional parameter means to &rglitable set ofi;, ay, ...., 0, exponents in
—_ Q. a a a. Q, a, a-
order to obtain a grou!)_I =X*IM™ m/o ’ EJ U™ R™ ™ without any units. The

search ofy; means to solve the linear and homogeneous sy&@m (

fal\
~ —aZ (A
kgfo 1.0 0 1 00| " (O
mi1 0 1 0 2 1 1|]° |0 2
Ba,r=4 ¢ (20)
110 0 -1.1 =3 0 0] | | |0
A:l0 0 0 1 -1 0 0|]| | |O
! g,
La7)

The rank of the matrix (20) used in the adimendiamnalysis is 4, instead the number of variables
of @ is 7, so the Buckingham’s theorem [32] (and intipalar the Rouché-Capelli's theorem)
assures that 7-4=3 adimensional parameters exisstfve (20) and that describe the phenomena.

In this case we have® solutions that can satisfy (20), neverthelessaaaeable choice is to assume

nlzl and p, -R | and the last group can be obtained by assurhatgeither R nor L appear in
L L

the latter adimensional parameter. This meansda#ter two rows to (20), so obtaining (21)

- —al (A
01001000/ 0
1010211a20
_ _ 3
00 -11 SOOEa4$:<O> o
0001—1000/ 0
00000100/50
00 0 0 0 O01|]|° |0
i I a,
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The linear system (21) has" solutions; this means to identify the last setational exponents;

The last adimensional parameter for the proposekbllgm is|-|3 _MO s possible to rewrite the
qu

implicit formulation forg as proposed in (22)

¢(n1’n2’n3)zo #2

A possible choice dfli is nlzl M, = MO, M, - R In other words: for a fixed “shape factor”
L qu L

R/L the whole physics described by eq. (22) candreentrated in the form shown in eq. (23)

_ézf[Mf%z] 23)
L

qU

As said before the described problem doesn’t take account the space charge effect. When the
contribution by the space charge effect is not igére, the same analysis can be repeated

addingl/&, that is the ratio between the extracted curredtegnand d, which is the diameter of

the emitting hole. So for a fixed shape factorg thelude the ratio between the diameter d of the
emitting area and L, eq. (19) can be rewrittenhasvs in eq. (24)

X =f(M,v,,qU,R L,d,J/g,) @4)

In this case the number of independent adimenkipasameters is 5; following the same

dimensional analysis, it is possible to obtain(2§)

x_f M v, &ﬂlﬂ%ﬁhy2 Rd (25)

L qU ’JD]_ZDM%’I’L

The results obtained in eq. (25) are general; t@mgtry can be always described by a finite
d
number of adimensional ratios Iiklie, Ietc. Instead, in the physics of the accelerateanbéiae

£ 72 [

guantity
JiLzim

called “Perveance” is very important, becauseidences that it is possible
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to obtain similar beams if the ratiéJE is kept; similar beams means beams with the séuages
and convergence.
In general, any accelerator geometry can be idedtiby a conventional length L and by the

“shape”, where the shape is the group of adimeasi@aiios between spatial dimensions.
So for a certain shape the equation can be reenrés follows:

3
Mngwém% (26)
AU " jm2mm’2

d_y
D

where d is the beam diameter outside the accetei@td D is the diameter of the emitter in the
plasma grid.
Equation (26) suggests that the accelerator betacian be expressed by a surface or by several

curves like those sketched in Figure 40.

M v,?
qu

Ola

£OD1J%qu2
JI2 M

Figure 40 Map that characterizes the operational conditioa fagction of accelerator shape.

For a given extraction geometry there is an optinmatch between the ion flux density delivered
by the plasma generator and the electrostatic pated. Because the matching condition for
optimum beam divergence has to be met in everylesiagerture, the plasma generator should
produce an ion flux density which is reasonablyfanm in space and time.

Non-uniformities larger than 10% usually lead egradation of beam divergence.

The concept of perveance can be useful to exph@nmdasons why the characteristic dimensions of
a negative ion source are larger than those ofdiy®ion source. Let us consider two accelerators
with the same shape and same level of voltagdijrgtéas a positive ion source, instead the second

has a negative ion source. We know that the exmactirrent density in the positive ion source is
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about 10 times higher than in the negative ion emud”® 0100]" ; this means that, if the

accelerators should work under nominal conditiorth wminimum beam divergence, the two values

W 5 4 > U - ZEM 51 this means that the reference
(L, M J "M

N
of perveance should be quite S|m|!%.+

dimensions Land L have to satisfi.™ 0+/10[L", quite in accordance with Figure 6.
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2.3 Insulation criteria employed in the accelerator design

As mentioned in 2.1, the electrostatic high voltageelerator is necessary to achieve the energy of
1MV for the neutral beam injected into the ITERgoie. Good performance of the high voltage
accelerator depends on several conditions to bamwatier to guarantee a reliable voltage holding,
necessary for a stable beam generation.

The following sections describe the insulation gegiriteria for the spacers and the electrodes;

In particular, the aspect regarding the electroekggh are analysed in depth because the processes
that control insulation in vacuum across long gaesstill unclear.

It must be also highlighted that the accelerat@igieis driven by beam optic optimization and by
thermo-mechanical requirements (e.g. presenceadingppipes, electron dump shields, presence of
cryo-pumps, etc.) rather than voltage holding aspethe consequence is complex electrode
geometry, as consequence the electrostatic desigimecaccelerator has to be addressed first to
identify the most critical regions in terms of \age breakdown risk and second to proceed with the

local optimization of electrode geometry and maleri

2.3.1 Vacuum insulation

The design criteria to identify the voltage holdecapability of vacuum insulated systems are not so
straightforward, although the vacuum is, in prihejghe best insulating medium. Several physical
phenomena can occur in a vacuum insulated systbmfiiist quantity to be specified to verify the
voltage holding capability of a device working iacuum is the product between the residual gas
pressure p and electrodes gap d.

The most known and consolidated theory used toysthd low pressure gas discharge is the
application of the Townsend criteria [33] whichdeao the Paschen’s curve. Figure 41 shows the
experimental points obtained in hydrogen in plaaraltel geometry with a gap of 270 mm; and in
magenta the operating ranges for the ITER NBI &ca&dr are shown. The high negative slope of
the left Paschen’s curve side indicates that tleegure controlling has to be carefully controlled i
order to keep everywhere the pd product below @86on the contrary, a rapid degradation of the
voltage holding capability happens due to the Temdss discharge inside the residual accelerator
background gas, this issues should be taken intouat also in material choice: anomalous

surfaces outgassing could lead to a breakdown.
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Figure 41 Paschen’s curve for Hydrogen. Data obtained wighmof 270 mm. The left side has been extrapdlat
the lower pressure [25]

The gas discharge could be then considered adtactmdition, for the ITER NBI accelerator; for
this reason the study of phenomena that controN®iehigh voltage capability will be addressed in
the following to understand the mechanism of inaifein high vacuum (pd < 13).

The electric breakdown phenomena in high vacuumemigpon the gap length between the
electrodes. In the literature, the definition afigogap or short gap devices is not precise bedhese
physics processes that control the discharge away Histance haven’'t been consolidated yet;
nevertheless the “long gap” phenomena are supposecur when the distance between electrodes
exceeds 5-8 mns8p].

The theory explaining the breakdown for short gapsuch better developed: in this case the basic
initiation process is the emission of electronsrfrihe cathode surface. The theory of field emission
was proposed firstly in 1928 by R.H. Fowler andNordheim [36]; it allows calculating the
emission of electrons necessary to obtain the drgehacross short gaps. Eq. (27) is a simplified

version that allows evaluating the current dendipj/cn¥] extracted by the electric field E [V/cm],

from a cathode, whose material has the work funapip/]:
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(27)

2 2
1 080x0° CF- Eéxp{— 642x107 d%j

4

Further improvements have been necessary in oodéake into account the thermo-ionic effect
[42]. Formula (27) was used to validate the meabuargrent in short gaps high voltage devices
[43]. It is worth noticing that the electric field in eq. (27) is the actual electric field on the

cathode surface, determined by the surface irregeka 3 takes into account this aspdet= S [E,

being B the electric field of the ideally smooth electraieface. The breakdown initiation process
is due, for the short gap case, to a thermal ifgtabccurring mainly at the cathode when the loca

current density J exceeds a limit. The thermalalnifities cause a disruption on the electrodes
surfaces, and the vaporized material is throwrhandap forming the discharge channel. In some

case the thermal instability occurs at the anodase. [43] (See Figure 42).
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Figure 42 Geometric model for the chathodic electron emissioth anode bombardament . [43]

When the electrons heat flux at the anoderdaches the limit Whax (Which deepens on the anode
material and its heat dissipation characteristie) ¢q. (28) can be used to identify the maximum

electric field.

_ iV _hGE _h[(B,E,)E,

Al 4B 4B (28)

The different behaviour (anode or cathode thelinsthbility) for the breakdown in the short gaps

case depends on eq. (27) and (28), so the mininhectrie field between the two formulas give the
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electric field calculated. If we have two identitagh voltage short gap devices that differ only fo
the cathode surface roughness (this means diffeedaé off3) it could happen that the breakdown
initiation process appears at the cathode in chlege3 and at the anode wh@nis small. for the
same electrode condition (safig in [43] it is demonstrated the existence of dical distance
above which the breakdown occurs due to the anibelet.e
The short gaps case has been explained with partidetail and several improvements has been
developed and implemented since 1928 [39, 41, &a?d the common conclusion of these
researches can be summarised as follow:
The initiation of breakdown is related to the elentcurrent density extracted from the cathode: the
Fowler-Nordheim’s formula, eq. (27) , allows retatithe current density with the electric field on
the cathode surface; this means that the breakdaovenion is based on a limit on the electric field
at cathode. The electrodes materials, the surfatghiing of cathode, are important parameters
defining such limit.
In the NBI accelerator, the short gaps situatiopgear in few positions, but in most cases the
voltage applied is much lower than the breakdowslle
On the contrary, electrodes separated by large @apsLO mm), are majority involved for the NBI
electrostatic configuration but a satisfactory tiyethat explains the physics controlling the
breakdown is absent, this fact results the magaredor the NBI operation.
In fact, there are some experimental evidencesimmdd mainly by plane parallel electrodes and
following listed, that demonstrate why the theoagé&d on eq. (27) can’'t be extended to large gaps
cases:

1) The electric field necessary to obtain the bdeak is not constant with d (as foreseen in

the short gap theory) but it follows eq. (29).

~

a-1
E,=d"" withoz<a<0s8 (29)

2) The pre-breakdown current decreases dramatiogligcreasing the gap (e.g:10%° A with
d=5 mm, £10%° A with d=6 cm) [45].

3) The pressure does not affect the results pestlibly the short gap theory; instead, the
experiments show a remarkable effect of the pressuthe long gap cases, the pressure
sensitivity increasing with the gap length [45].iFIpractice it is commonly utilized to
increase the voltage holding capability. As pradtexample, Figure 43 shows the pressure
effect for the JAEA MTF in MAMuUG configuration.
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Figure 43 Pressure effect in a long gap device. [48]

Since the fifties, experimental data have beenractated about the breakdown in vacuum with for
large gaps L. Cranberg, observing that the breakdamitage was nearly proportional to the square
root of the gap leng¥t O d*?, proposed that the breakdown would occur as aecpresice of the
detachment by electrostatic force of a clump ofenal loosely adhering to one electrode, but in
electrical contact with it (see Figure 44). He ased that the breakdown occurs when the energy W
per unit area deposited by the clump exceeds &\@luThe quantity W is the voltage V multiplied
by the charge of the clump. The latter is propodido the field E at the electrode of origin, batt

the breakdown criterion becomes simply:

VIE=C (30)

In the case of plane parallel electrodes whereV/d the criterion becomeg:? > C[dl, and

Vz=4Cld .
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The relationshipv [ dy2 underlines actually the multistage structure (MAMuBas been chosen
for the ITER NBI: if we have the two systems showed Figure 45 by simple algebraic
consideration using the Cranberg’s formula it isgble to understand how the subdivision in
stages favours the voltage holding.

The Cranberg’s approach leads to conclude how thii-stage structure should have a voltage

holding capability N2 greater to the corresponding single stage one.
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Figure 45 A simple model to compare a Single stage with atiBihge High Voltage device.

Although the Cranberg’s explanation appears simph useful to be directly applied in the design
of a high voltage vacuum insulated system, when paoing the formulaV O0d“ with the
experimental results, the exponentis not exactly equal to 2 but it results in thage 0.5-0.625
[40,43]. Nowadays the Cranberg’s proposal can’tabeepted as self consistent theory, because
there are still some open points concerning theiphyof the process:

1) The value of C is quite difficult to be predidttom theory, it should take into account the
physics of the microscopic clump formation and detaent, and as well the impact on the
opposite electrode should be modelled to obtairctiedficient C.

2) A regenerative process for the clumps is necgssa fact the micro discharges occur
independently even if the voltage is decreased wa$pect to the maximum voltage
reached.

3) The theory does not explain the above mentigmessure effect.

Nevertheless, the matter transport phenomena atptbedisruption phase (demonstrated by

experiments in which breakdown has been inducedhbydeliberate particle insertion between

electrodes) associated to thed d” law makes the micro-particles theory as the beatlale
candidate for the long gap case.

More recently, it has been observed [35] that dtages in the MV range (¢ 30 cm) the

breakdown voltage curve (14’2 appears to saturate and the pre-breakdown cuesrgin at very
low values. Actually the breakdown event results@dy a matter of time. Upon than observation,
breakdown mechanism is supported to be relateletenergetic electrons (hundred of KeV) hitting
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the anode and penetrating deeply below the surfadjs way, the surface dissipation is difficult
by gas desorbtion, particle detachment and healumiion mechanism. A thermal instability can
take place, with the occurrence of micro explosibthe anode surface. Such hypothesis solves also
the issues of the regenerating process for thepduthe weak point of the Cranberg’s theory.

Finally the special case of the long-gap breakdoteracterized by large pre-breakdown currents,
typical of “industrial vacuum” (i.e. presence ofllption and impurities on electrodes) has been
treated by Van Atta et al. [39,43]: they suggebteakdown mechanism based on the regenerative
interchange of charged atomic particles betweehocd& and anode, a chain reaction in which
particles emitted from one electrode produce, upgract onto the other electrode surface, particles
of opposite sign. Breakdown occurs when the regeioer coefficient, product of the yields for the
generation of secondary particles at the respestiviace exceeds the unity. This hypothesis has
been considered by other researchers [43] but thegwd that the secondary emission yields
coefficients are much low to sustain a chain reacti

As previously stated, Cranberg’s theory appearntlost suitable basis for the electrodes design;
such theory has been also improved to take intouatdhe electrodes curvature [43] leading to the
formulation shown in eq. (31), being Ehe electric field at the cathode ang the electric field at

the anode.

V[E, [E <C -

To complete the overview of the mechanism goverrimg breakdown, an important quantity
should be addressed and understood in the NBIrestatic accelerator design: the area effect. In
fact in the NBI accelerator, the electrodes ateddht potential have a very large area extension,
approximately tens fn

The experimental results suggest that increasirgy dlectrodes area the breakdown voltage
decrease, Rohrbach [43] shows the empirical forralib. (32) to predict this effect:

v dAY
VAl _VAZ [EK] (32)

where \s; and \s; are respectively the breakdown voltages for plaarallel electrodes with area
Sy and $, p is a coefficient variable with the gap length avith the electrodes materials.

As matter of fact, very recent results in MTF ofkidahave shown that the voltage breakdown
difference between SINGAP and MAMuG cannot be arpld only by the original Cranberg’s
relationship. Actually if we consider the voltagsio, from Figure 28, it is possible, at the end of
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conditioning procedure, to calculate from the expental resultsV% = 132 being My and s
S

the maximum voltages obtained respectively by MAMartd SINGAP; while the application of eq.
(30) leads toV% =187.
S

If we compare the last accelerating and more sttestages of MAMuG and SINGAP, we can
consider as first approximation the electrode gapsl to the grid gaps, in Figure 46, are show two

sketch with the respective formulas that has beed to obtain eq. (33)

| B;Im dlreclﬂ MAMUG AV =5V,
—]

= O AV, =K [4/dg,

—P > € @ N
AV AVi  AVny AVq, AV,
dlm d2m d3m d4m d5m

] AV, = 4DV,
Beam directiot SINGAP
— AV, =K Ofd,.
— AV, =~ [V,
<> | >
AVsy AV,
dls d25

Figure 46 A simple model to compare a Single stage with atMithge High Voltage device to study the experiraen
results of the MTF.

AV _ SIK L/ dsy =40 %21.87 (33)
AVs 5 K [fd,, d,s

The difference between the experimental and numlerisults could be attributed only to the
remarkable difference of the areas for the twoteddes configuration (SINGAP and MAMuG)

being the other experimental conditions identiéa.a matter of fact, the simple eq. (32) refers to
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two planes electrodes with the same gaps and ralstesp it isn’t directly applicable to complicate
multi electrodes geometries.

The area effect should be instead taken into a¢cooimbining the statistical Weibull's formula
with eq. (31) it leads to eq. (34), a similar agmto has been proposed by [78]. In this way a
generic configuration could be studied, under thiatpof view of the breakdown probability.

The meaning of the probabilistic approach is bageddea to ideally subdivide the electrode
surfaces in several elementary areas dA. The ehdach particle trajectories identify two points
on the electrode surfaces where the electric figjdand E (electric field at cathode and anode
respectively) can be reciprocally related and usedtie formula of breakdown probability obtained
by the Weibull's distribution:

% m
R, =1-ex —j[—v — J A (34
A

where C is the quantity that causes a breakdowapibity of 0.632 on a couple of faced electrodes
whose area is equal to unit. The coefficient mhis ¥Weibull's module, taking into account the
statistical dispersion of the data; it is easy ésndnstrate that eq. (34) is compatible with eq) (32

and m= 3(831): actually if we have two system, x and y, compo&y two plane parallel

electrodes differing only for the electrode aresp(34) leads to eq.(35) in case of equal breakdown

probability.

m

(VX |:ECX EEA;)/%) Db‘x = (VY |:ECY EEZé) DA\( (35)
eqg. (35) can be written as shown in eq (36) in chsame electrode gaps=d, it:
ViR A, =VeTs A, (36)

The previous equation is compatible with eq.(3Eurther details about the statistic approach will
be discussed in sec 2.4 where the same approachenmised to carry out the structural analyses

about the ceramic insulators.
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In a complex multi electrode system the associdf®and E could appear not univocally defined,
but if we consider the possibility to exchange geaparticles from the electrodes surfaces starting
with zero velocity, the eq.(23) (Chapter 2) shoWwat tthe ratio X/L is univocally defined by the
electrodes shapes (see Figure 47). Although wet #apw exactly the particle (clump) mass, if we
assume that the initial velocity is zero, we cdirrafthat the trajectory doesn’t depend on voltage
or particles mass; therefore, each point on thetrelde surfaces has a corresponding image which

doesn’t depend on mass or applied voltage V.

X

Figure 47 Univocal correlation between cathode and anoda &imple electrode configuration.

The procedure to validate the eq. (34) is to compseveral results obtained with different
geometries and to check if the Weibull's coeffitee@ and m are constant; being fixed all the other

“boundary condition” , e.g. materials , surface&atments, pressure and conditioning procedure.
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As mentioned before, another important factor dilmiws reaching higher voltages in a large gap
system is the pressure effect. Figure 48 showgptessure influence for three gap lengths. It is
worth noting that in range pd= 0" [Pa-m] there is a maximum in voltage holding. Ha¢a

represented by the green and blue curves havedigamed at Naka in the MTF experiment with

SINGAP configuration and without VIBS, although atedes configuration is far from being
simple.
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Figure 48 Pressure effect for three gap length [79, 25]

The conditioning process is the treatment to irsgeide voltage from zero up to the maximum.
The procedure consists to apply the voltage steptdyy (see Figure 49). The current at each step
reach a limit; as mentioned above, the long gap sasharacterized by very low currents that flow
thought the electrodes (< 1®\), nevertheless repetitive random micro-dischsrgppear raising
the voltage: this phenomenon is compatible withdlunps hypothesis, where the micro-particles
transfer energy and electric charge across théretecgaps.
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Figure 49 A schematic illustration of the conditioning procieel

Time

In practice the conditioning operation, is composéd first conditioning phase at low pressure
where the DC voltage is applied slowly, typicallyr fseveral hours before to reach the limit
(corresponding approximately to the Cranbedg's K G/d theory); then a gas inflow allows (H or

He) allows to reach quickly the maximum. An exampiehis procedure is shown in the MAMuG
plot of Figure 28, after 46-47 hours of conditiaiat lower pressure the gas injection allows to

increase the breakdown voltage from 650 to 800rkiéw time.
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2.3.2 Solid insulation

Any high voltage system adopts solid insulatorseparate different environments, or to support
high potential electrodes. The accelerator forlT#eR NBI utilizes several solid insulators made of
high purity alumina, to withstand (200kV) in eaattelerating stage, in order to reach the voltage
of -1MV by 5 stages. The voltage hold-off capapilif such solid insulators placed in vacuum is
commonly less than that of a vacuum gap of simiemensions and it depends upon many
parameters: the material choice, the geometry, taadsurface finish, the interface between the
insulator and the electrodes, the vacuum level ptieeence of ionized particles; as matter of fact,
insulation breakdown occurs mainly along the swfdte surface flashover is widely assumed to
begin with the emission of electrons from the cdthtréiple point [51].

/ >
I | -
)

Vacuum

Anode

\

Figure 50 A sketch of the triple point junction

The triple point, shown in Figure 51, is the inéed where insulator, cathode, and vacuum are in
close proximity: the electric field at this poistintensified in comparison with the electric fiehd

the presence of vacuum only. In order to understhisdcritical aspect, a simple model can be used
starting from Figure 50: the interface between lasu and metallic electrode isn't a perfect

contact, small and irregular gap always existinggveen the materials. A simplified electric model
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consists of two plane parallel capacitors conneateskries: the first one has a gap lengthdl
and a permittivityes; the second one is characterized pyrnlde, respectively.

The electric field in the small vacuum gap is arfigdi by a factor equal to the ratg/e,: in this
case, with an insulator made of alumina, the ratiabout 10. But the effective geometry is more
complex and needs numerical approach. In appendiReAFEM approach to simulate the triple
junction is discussed with more detail.

The mechanism [51] that explains the dischargeauah £onfiguration, is an electron cascade along
the insulator surface (see Figure 51): the elestremitted from the triple junctions strike the
surface of the insulator producing additional elmts by secondary emission, some of these
secondary electrons will again collide with theullagor surface producing tertiary electrons and so

on until the breakdown occurs. This phenomenommmonly called Secondary Electron Emission
Avalanche (SEEA).
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Figure 51 Scheme of the most confirmed mechanaout the surface flashover

The big amount of charge on the insulator surfaugses distortion of equipotential lines and the
non-linearity of the described phenomena implies oy several difficulties to simulate the
physics that controls the discharge, but also a tiependent mechanism that influences the voltage
holding of the whole system, including a memoryeeffas concern the conditioning procedure.
Some authors [51] suggested a model where the l@yadsorbed gas that normally cover the
ceramic surface plays an important role in the fdrom of the discharge; the electron avalanche
extracts the trapped gas forming a substrate dfaigrionised gas around the insulator, positive
ions drifts toward the cathode to enhance the ftaneof electrons from the triple point. The
trigger for the breakdown along the surface of ldsasulator is the particles emission from the
triple points. As concern the design point of vidwe criteria adopted are essentially two:

1) To limit the electric field at the triple poirthe limit of 0.1MV/m [53] has been considered

for the triple point between alumina and stainkts®l, for DC application in steady state. It
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is interesting to note that the angle between ceramrface and electrode influences the
electric field at the triple point and as consegqeenthe voltage holding [51]. In the
electrostatic accelerator of ITER cylindrical ceramsulators have been adopted.

2) To limit the tangential electric field on theramic surface. A conservative limit of IMV/m
[53] has been considered along the insulator seirfiaés important to observe that the limit
should decrease with insulator diameter [43].

The ceramic-metal junction should be well designatticular attention shell be paid in order to
avoid the presence of voids in the interface ceranetal, e.g. with the use of a compliant layer.
The simple insulator, as shown in Figure 51, suhely a rather low voltage hold-off capability: a
possible solution to increase the performance chssystem is the application of a couple of
electrostatic shields on both electrodes. The oblde shields is to reduce the electric fieldre t
triple junctions. Although the previous explanationolves only the emission of electrons at the
cathode, it has been demonstrated that also thdeaim some circumstances can initiate the
discharge, thus it is necessary to shield alliipéetjunctions both for cathode and anode as well.
An example of electric shield is shown in Figure §Be equipotential lines are in red) it is poksib
to see that the shields reduce the dielectricstethe triple junctions but, in the central prthe
ceramic insulator, the electric field is intengifie

o 1
8—) LS

Anode
Cathodi

Figure 52 A proposal of electrostatic shield to screen bhthttiple junctions

Application of the triple junction shielding is shio in Figure 53, where the numerical results of the
electric field distribution in the MTF without VIBS8re reported.
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Figure 53 The electrostatic shields in the MTF (design infation kindly supply by JAEA NBI group).

It can be noted that the electrostatic shieldshatesymmetric at the top and at the basis of thE FR

rings, because in this case it has been prefesrgddrove the shield effect at the cathode.
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2.4 Mechanical design criteria and analyses

The mechanical analyses performed for the acceleestRFX have been mainly focused on the
thermo-mechanical aspects related to grid coolimththe design of electrical insulators.

With the first activities, suitable cooling circsiihave been identified to guarantee the extraction
the power deposited on the grids, also with sinmutat of the coupled hydraulic and thermo-
mechanical behaviour of the grids. The grids matd®BEHC Cu have been verified against the
oligo-cyclic fatigue and a substantial work has rbelevoted to identify a suitable criterion to
evaluate the fatigue life for these components.[#7f also important to remind that the aperture
displacements due to grid heating strongly inflgetie quality of the beam; suitable apertures pre-
offsets can be foreseen to compensate for thisguhenon, but the results of numerical analyses
and physics simulation should be also supportegkpgrimental campaigns.

The following sections concern the design of eiealrpost-insulators and the related procedure
generally applicable to brittle components. Theeda and procedures have been developed to
carry out in particular the analyses of aluminat pesulators that sustain the 5 acceleration stages
and of the large 200 kV insulating rings inside 1MV bushing connecting the accelerator to the
high voltage transmission line.

The 1 MV high voltage bushing for ITER NBI is congeal of five stages each of them insulated by
means of concentric rings respectively made ofefit@inforced plastic and advanced ceramic
material brazed to metal plates.

The fabrication of large ceramic rings, having ow@ameter of about 1.6 m and brazed to metal
plates, is a technological challenge for the prekanwledge, capabilities and production lines of
manufacturers all over the world.

The main efforts during the PhD period have beetcaéed to studies, thermo-mechanical analyses

and optimisation of large ceramic rings during bh@zing procedure.

Design of brittle ceramic components by statistical approach

Ceramic materials are generally brittle, and notlyndentical specimens of brittle materials may
exhibit large variations in the fracture stresse Thain differences between ceramic and metallic
materials are the large dispersion of ceramic natstrength and the absence of plastic stress
redistribution for brittle components. If the sardoeal criterion used for metallic materials is
applied to verify a ceramic component, the requsafkty factor would not be guaranteed, being

strongly affected by the statistical presence éécts in the volume of the brittle material.
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An approach based on the volume stress integratgpisally proposed to verify the ceramic
materials [57].

On the basis of experimental tests on a limited lmemof specimens uniformly loaded in simple
tension or pure bending, the probability of faillwen be calculated for structural members of
different sizes and shapes and under completelferdift loading conditions. The tool for
accomplishing this is fracture statistics. Thetfingportant contribution to this subject was givsn
Weibull in 1939 [58] and his theory is still thedmfor most calculations in this field. He expéuit
the analogy between a stressed brittle structuleadnaded chain, which breaks when the strength
of its weakest link is exceeded. The equationghferWeakest Link Theory (WLT) can be obtained

dividing the stressed component in infinitesimalunoes; each volume has a failure probability

(APy);, so the survival probability iéPS)i =1- (APf ) ; the overall probability of survival Ps is the

product of the individual probabilities of survived;,
_ _ F{ ]_ (37)
Ps=TPs =[]{1-(aP,);} O[] exd- (8P |=exq - > (AP;),

The failure probability in the infinitesimal volun{APf)i can be expressed by the product between

the failure probability in the unit volumef(a) and the infinitesimal volume dV,

so(AP;), = f (a) [dV.. Thus the probability of failure of the whole cpoment is given by (38)

P. =1-P, :1—exr{—j f(0) V| (38)

In the case of a unit volume subjected to a unifstirass field eq. (38) can be simplified

P, =1-exf- f(0)] (39)

The failure probability?, (0) is an increasing monotonic function of as well the %% ) is the
00

distribution function for the material strengthédégure 54).
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Figure 54 Example of distribution function for the mono-axsatength of ceramic material

At first one might be inclined to expect this funct to be Gaussian. Actually it is possible to
demonstrate that the Gaussian distributions a@mpatible with the WLT.
By deriving eq. (34) we obtain eq.(40):

‘;iaf = t!(o) exd- f (0)] (40)

0P
If eq.(40) was the Gauss’s distribution, it shob% = AI]BXF{—aﬂJ—b)Z]; but the latter is

incompatible with eq.(39), because fif (0) is a constant (equal to A, (0) cannot be a quadratic
function. Weibull introduced the distribution furant that satisfies the previous requirement: he
assumed (J) = (J/ g, )m. In this case there are two parameters that destne materialop and

m, the first one is the stress that correspondsfalure probability of 0.632=1-exp (-1) for a tni
volume subjected to a uniform mono-axial stresidfigvhile the second one is the Weibull's
module. So eq. (41) becomes

P, =1-P, =1—ex;{—j(ij uuv] (1)
JO
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oP
The distributions of failure probabilityaT‘f are shown in Figure 55 for different values of nda

Op.

Figure 55Weibull's distributions: influence ohsnd m

It can be noted that higher values of m imply lowl&persion ofo: from the numerical point of
view this means to amplify the local effects of #igess field in the failure probability calculatio
eg. (41) ; in other words the limit A/ o corresponds to the punctual criterion discussedeab

On the other hand, the proposed approach takesandount the spread in the strength that is
strictly related to the size and distribution @wis and defects inside the material.
Fracture mechanics, using a deterministic fieldraggh, affirms that the necessary condition to

propagate a defect with initial dimension equélktbis (considering only the first mod&) > K. .

The coefficient Kis representative of the stress field amplitudproximity of defect, while Ik is
the correspondent limit dues to the material.

This inequality can be rewritten, in case of a defeat does not interact with the others, as fadlo
ovmla =K, , whereo is the mono-axial stress that would be presethiifdefect would not exist.

If in the unity volume there are several defecthwlifferent dimensions and oriented to be stressed

by first opening mode, the failure stress in th# wolume is reported in eq.(42)

(42)

Where “a” is the largest dimension of the defelotd aire contained in such volume.
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Combining Weibull's equation (41) with eq. (42)sipossible to obtain a new expression, where P
is not the failure probability but the probabilttyat a defect whose dimension is larger than “a”

exists inside the unit volume.

K m
P=1l-exp-| —F—= 43
[00 1/71@} @)

So Z—P represents the statistical distribution of defeitsension inside the material. Figure 56
a

shows a possible distribution evaluated for Alumiritn m=10 andso= 312 MPa for 1 mrh
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Figure 56 Crack length distribution estimate

The average dimension of the defects can be siayaiuated by the first moment of the cracks

distribution:

aaverage = T a % [Da (44)
0
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In this case the average cracks dimensions sheuldd® mm and this result seems consistent with
experimental observations [59,60].

Up to now we have considered only the mono-axiaisstfield, while in reality the stress field can
be multi-axial. In order to take into account tagpect, the Principle of Independent Actions (PIA)
has been adopted for the calculation of failuréophbilities. The stress tensor is transformed itgo i
three principal stresses and each of the threeipahstresses is assumed to act independently [57
and 62]. Thus equation (38) is transformed int@4ex):

mven- ) e leie) ®| @

whereg; i=1,2,3 are the principal stresses, anaiH({s a function considering that compression
stresses lead to lower failure probability thanstienstresses. H is equal to laif >0 otherwise
H(oi)=-8.

The design based on the proposed criterion reqthee&nowledge of m andp; these parameters
should be obtained by specific tests on materidie. material properties should be obtained from
available statistical data of mechanical strengtlvith proper mechanical tests on small samples,

as indicated by Standards for qualification of asbesl ceramic materials [67-77].

Numerical models to simulate the brazing between ce  ramic and metal

Although the procedure to evaluate the ceramiarailprobability is well consolidated, several
numerical and practical complications come from taealyses of metal-ceramic brazed
connections.

In brazing only the added brazing alloy melts arelliase material is wetted in its solid state ley th
liquid brazing alloy. A prerequisite for brazingasgood and uniform wetting of the base materials
by the brazing alloy.

During the brazing process the components are dhegiger vacuum up to the melting temperature
of the brazing alloy and then cooled down to ro@mperature. The difference between thermal
expansion coefficients of metal and ceramic iscngse of thermal stresses in both materials during
the cooling phase and of residual thermal stresgisesom temperature.
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Then the stress field inside the ceramic matesidheé superposition of the stress field induced by
the external loads and the residual thermal stsems&ing during the brazing procedure.

This is the reason why the complete numerical amalyf the brazing cycle (heating and cooling)
has to be carried out.

The following three phases are considered for sitrans:

* heating of the detached parts with free therrefdiinations up to the maximum temperature;

» coupling of nodes at the brazed sections asatispl after heating;

* cooling down of the “brazed” model.

\ Filler material

Metal plate brazing alloy

Figure 572D axial symmetrical model adopted to simulatelifezing procedure for the large ceramic rings msiee
NBI bushing

The 2D axial symmetrical ANSY’Smodel that has been adopted to simulate the lygeimcedure
between the alumina rings and the kovar plate eavehin Figure 57; the model and the related
results will be introduced and described with mde&ail in section 4.2. A suitable routine has been
developed in order to couple the nodes at thefaterbetween the different materials and to run
several step by step analyses through the whokgraycle shown in Figure 58.
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Figure 58 Brazing cycle, temperature vs. time

For each step it is possible to evaluate the sfiglgisand the failure probability by eq. (45).
A simple 1D model illustrated in Figure 59 canused to understand how the material proprieties

influence the stress field in each part.
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Figure 59 A simplified 1D model to determine the influence of material patamia the stress field

The cantilever bars showed in Figure 59 are made twio different materials and they have the
same initial length at room temperature. When émepierature increases up to the melting point of

the filler material the bars have different disglments Al =1, [&r(T) (T -T,,) because the
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materials have different thermal expansion coedfitsa, being the thermal expansion coefficients
evaluated by the secant method starting frgsn T

When the filler material is solidified, the ends tfe bars are kept at the same relative
positionX :|0[la’1(Tme|t)—02(Tref )J[(Tmelt —T.4). The relative distance X is also kept

during the following cooling down phase and theatieh X = X1+ X2+ X3 js valid for any

intermediate temperature during this phase. Iniquaar, looking at Figure 59 it is possible to

write X1=— 1o x3=_Flo  gpg X, =l l|a (M) —a, (T )T -T,,) . After few simple
A [E, A, [E,

calculations eq. (46) and eq. (47) are obtained:

_ |.al [(Trren)_az(Tref )j[(det T )_[al(T)_az(T)][(T _Tref)

F

1 1 (46)
(AlﬁEfAZEEJ
o, :i: lal[(Tme't)_UZ(Tref )J[(Tmelt ~Te )_[al(T)_az(T)][(T _Tref)
A (1+ A ] .
E, AlE

The general result that can be obtained by thegsexgb model is that each stress fielfibr two

linear elastic materials is proportional to thevedn term D.
D= |_a1(Tmelt ) - a, (Tref )J [(Tmelt ~ T )_ [al(T) - a, (T)] [(T T ) (49)

The proportionalityc [0 D has been verified by FEM analyses (Figure 60).Mbedel has been
developed in presence and in absence of the tteériager material that simulates the brazing alloy,
the figure shows the linear correlation betweeerrgegc stress component and D, being the results

obtained by finite element analysis.
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Figure 60 Linear correlation between D and a generic stresgponent in a suitable FEM

Imposing null stresses at room temperature (Trel)ldzmean to set equal to zero the numerator of
eg. (47) when T=Tref. It is then possible to codelthat the condition with no stresses at T=Tref is
obtained cancelling the relative displacement at gblidification temperature; in other words, a
criterion to choose the couple metal-ceramic ireotd minimize the stresses at room temperature
is represented in eq. (49)

aceramic (Tmel ) = ametal (Tmelt ) )

Singularity treatment and estimation of the crack | ength

The stress distribution in correspondence of treezdut interface presents high local stresses and
stress gradients at the edges of the joint interfahe numerical values calculated with F.E.
analyses are affected by large errors due to nealeapproximations. The errors can be almost
negligible or very important depending on geometngterial properties and mesh refinement. It
has to be noted that the stress values shouldthallgcnfinite in case of linear elastic materials
[61] and anyway highly localized in case of noreln materials and/or non-linear complying

interlayer.
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Since the failure probability calculated using W#ils criteria is influenced by stress singularstie
and mesh refinement, a specific procedure is netmledercome the problem. A method to adjust
the local peak stresses has been proposed inTB&]main assumption is to limit or neglect stresses
at a distance from the edge lower than half ofaWerage flaw size in ceramic material (hundredths
of mm). In fact the statistic Weibull's method ca@& only applied to volumes that contain a large
number of flaws or defects, and would give wrongnegtes considering very high stresses in
regions having dimensions comparable with the @eeflaw size. Anyway a perfect sharp corner
as adopted in the model does not correspond tat¢hel geometry where a smoothed corner is
indeed present and local plastic deformations drodding can adjust the peak stresses in very
small areas. For these reasons the failure protedibf the rings have been calculated taking into
account the whole ceramic volume with the exceptibtihe elements located inside two small edge
areas identified by a circle centred on the coam&t having a radius equal to the average flaw size
in ceramic material. Figure 61 shows the effecthsd excluded area on the failure probability
computation. If the failure probability is constamthin a radius lower than the average flaws size,
the criterion affirms that this is the actual fadyprobability.
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Figure 61 Effect of the exclusion area on the failure probgbtomputation

The critical flaw size of ceramics can be obtairegberimentally or by a numerical approach
adopting eq (44). Checks have been carried oupaanyg the results obtained with different mesh
refinements and radius of exclusion area. Indepsrelef failure probability on mesh refinement is
achieved neglecting a corner volume having thernskd® comparable with the critical flaw size as

shown in Figure 61.
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Chapter 3: Structural analyses of accelerator ceram ic
insulators

3.1 Introduction

The high dielectric strength, the chemical stahilihe vacuum compatibility and the relatively high
mechanical strength, make the advanced ceramiagheopriate material to link parts at different
potentials. The high purity alumina is the matetiadt satisfies the mentioned requirements. It is
commonly used to fabricate small and medium siztsgar vacuum applications.
Several ceramic components are parts of the ITERad8elerator and high voltage bushing.
In detail there are:

» five large ceramic rings in the high voltage bughio insulate each stage;

* 64 post insulators, placed inside the acceletatorsulate the grid support frames;

» Several little ceramic breakers and feedthroughshen plasma source and the vacuum

vessel.
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3.2 The large ceramic rings for the 1MV bushing

The high voltage bushing shown in Figure 62 isitierface between the gas insulated
transmission line and the ITER primary vacuumrdtvdes all the electrical, gas and cooling water

services to the beam source coming from the trassan line.
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Figure 62 HV bushing cutaway isometric view

The high voltage bushing is composed by five inedatages; each stage includes:

* An inner insulator ring joined and sealed to tlardess steel flange;

» An outer insulator ring joined and sealed on thedke using an elastomer o-ring seal.

The inner ring has the function of electrical irsdidn and containment barrier withstanding the
pressure difference between vacuum and the integggaard gas (N2 at 1.0 MPa pressure).

The internal insulator ring of the HV bushing iamm in Figure 63.

It is composed of:
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» an alumina cylinder (outer diameter 1.56 ngkhess 50 mm, height 290 mm);

» Two kovar® sheets for vacuum sealing, to be wetidesitu to the SS massive flanges;

* two alumina back-up rings (50x29 mm), havithe function of limiting residual stresses
during brazing.

1560 mm

Metal

Insulating
material

50 mm

Figure 63 3D isometric view of the internal ceramic insutatimg for the high voltage bushing

The challenging problem related to the fabricatidmarge insulator rings has been recently solved
by the JAEA NBI team. An innovative process for thbrication of large ceramic rings has been
developed in close collaboration with the manufeets a new procedure for the Cold Isostatic
Pressing CIP, necessary before sintering, has pegposed [63]. A comparison between the
conventional and the new CIP is shown in Figure 64:

Water pressure_
vessel

__—Before CIP —__

S,

™

$2.3 m

powder

Conventional CIP New CIP

Figure 64 Schematic diagrams of the conventional and the @EW63]

Although the realization of large ceramic rings bagn achieved, the problems related to the joint
between metal plates and insulating materialdlisustder investigation and tests.

The two metal plates brazed to the alumina cyliratet to the back-up rings are shown in Figure
65.
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Figure 65 Detailed cross section for the brazed and weldedections of the ceramic insulator ring

High-temperature vacuum brazing is considered asn#atest and most reliable solution for the
metal — ceramic joints, as also experienced by faatwrers of high quality insulated feedthroughs.
The brazed metal plates are then joined to the ineassainless steel flanges of the bushing by
welding.

Although Titanium alloy metal plates would be a d@wlution for active brazing to ceramic rings,
Kovar® has been preferred for the metal platesesiihcan be easily welded to SS flanges.

The rings are mainly subjected to the stress fiatdliced by the brazing procedure and the
compressive hoop and bending stresses appliedgdoperations, as explained in sec. 2.4. The
difference of the thermal expansion coefficientJ &L between ceramic and metal is the cause of
high residual stresses in both materials afteribgazDue to the poor thermal conductivity and the
relatively low tensile strength of ceramics, caas ko be taken to prevent cracking in the joint and
in ceramic.

These are the reasons why the activities have toeeised on the metal-ceramic joint by brazing.
Applying the criteria and tools developed to caot the simulation of the brazing procedure

explained in 2.3, analyses started from the reter@esign of Figure 63 and Figure 65.
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Figure 66 Axisymmetric finite element model for the dms&s of ITER reference design insulator ring

The finite element model used to evaluate the failprobability during the brazing process is
showed in figure 73.

The thermal expansion coefficients of alumina aodak are shown in figure 66.

12

10 A

o Hig&purity alugaha

c
Kovar®

CTE * 10°¢°C!
FAN

0 200 400 600 800
Temperature [°C]

Figure 67 Thermal expansion coefficients of alumina and kovar
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Figure 68 Failure probability during the brazing procedure

The failure probability calculated during the whoteoling phase of the brazing process is shown in
figure 75. It is relatively low hence no cracks axpected. Similar analyses carried out considering
different geometries (smaller rings) and materjplsrcelain and titanium alloy) showed quite high
failure probabilities during the cooling phases.m® R&D done in EU during past years
demonstrated failures of such small prototypesnduitie cooling phase of brazing process.

Figure 79 and Figure 70 show respectively the adefbion of the kovar plates during brazing and

the Von Mises stresses at room temperature aféeiriy.

o
o0

A

K

S

A}

:I E R

ZavaXl

- RS
KD

Figure 69 Amplified deformation of the kovar plates during brazing
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Figure 70 Von Mises stresses in the koVaslate at the end of the brazing process

3.3 The ceramic post insulator between the accelerating stages

The insulators between each flange (see Figure il Figure 72) are not only electrical
components, but they have also a mechanical fumctotually they withstand the weight of the
whole accelerator and for this reason analyseglasidn optimisation are necessatry.

Aim of the analyses performed as PhD activity vieeswvterification of post insulators (PIs).

An analytic calculation of the maximum load actmg each Pl has been first carried out and a FE

numerical analysis of a single Pl has been themechout.
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Figure 71 Post insulator reference design
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The functionality of the post insulators from a tm&aical point of view is shown in Figure 72.

o
-

Figure 72 Isometric view of a vertical section of the bearmarse and accelerator

If each mounting flange is considered as a rigidybahe static equilibrium equations (50) allow
estimating the axial i and tangential j[ loads acting on each cylindrical insulator. Thessuipt
“k” indicates the stage to which the insulatorsobegl. The subscript “i” indicates the insulator

position inside the stage.

;\.f — ‘1‘!:{ ’ b!&'
s an.:z 3 (50)
2 Y
i=l
T. = ”‘Emr "By
ik
i

Myt IS the total mass of the acceleratpisithe distance between the plane k of the mogritamge

and the gravity centre of the whole source. A yafeargin assumption has been taken considering
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the gravity centre of the system coincident wite tme of the source alone, so the valug biak
been overestimated. The gravity centre of the sobas been assumed in the middle plane of the 1
MV mounting flange (see Figure 72). Mk is the momeue to the weight force evaluated in the
plane Kk, N is the axial load acting on the i-th insulatotlod k-th plane, as wellylis the tangential
load acting on the i-th insulator of the k-th plamal g is the acceleration of gravity.

The post insulators A and B (see Figure 73) arentbst critical because they are placed at the
longest distancejdrom the middle horizontal plane and for this mashey are subjected to the
highest axial tensile force. While A is placed isextion with the highest value ofMB stays in a

section which has only 10 insulators.

Figure 73 Isometric view of the beam source and accelerator

Insulator HAT “B”
Axial Load N [kN] 37.34 24.25
Tangential Load T [kN] 14.17 255
Li[m] 1.8 1.4
By [m] 1.320 1.320

Table 3 Main parameters of ITER NBI

The material adopted for Pls is High Purity AlumiBd grade A456 in accordance with the
reference design. The material properties assumedrty out the analysis asg=250 MPa for a
volume of 1mm and m=10. While the value of can be easily obtained from materials data sheets,
the Weibull's modulus m is hardly found in literegu The Weibull's modulus depends both on
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material composition and fabrication procedure; iiin@st conservative value for alumina (m=10)
has been adopted.
To reduce the computing time, a linear FE analyasbeen first carried out.
The load acting on each insulator can be thouglht lagar combination of two cases: the first one
is the case with only a pure axial load, while $eeond one is the case with a load orthogonaleto th
axis; moreover the FE model has been reduced tothalinsulator, taking into account the
symmetry with proper boundary conditions.

o, =a,lo;, ta,lo;,

1° load case 2° load case
(Symmetric load ) (Antimetric load)

ELEMENTS
< > RFR 24 2007 RER 24 2007
MAT NOM > 18:19:31 MAT NUM 18:13:47
£ ~ PIOT NO. 1 PLOT NO. 1

Post insulator MBI Post insulator NEI

Figure 74 Symmetric and anti-symmetric load cases on Pls

al anda2 in Figure 74 are the weights adopted to calcuteeapplied loadsijk (k=1, 2) in Figure
74 are the stress fields for each load case wreeaghplied loads N and T are equal to 10000 N.
The general results are reported in Figure 75 wtierdéogarithm of failure probability is showed as

a function of T and N.
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Figure 75 Failure probability vs the weight coefficient$ ando2

The picture appears symmetric because the failuoleapility doesn’'t change if the tangential load
is oriented upward rather than downward. Instea fehlure probability Pf changes il has
positive values rather that negative; in other wdefinl,02) # Pf(-al,02) because the compression
states ¢1 <0) are less dangerous than the tensile ones.

The volume integral in eq.(41) required a mesh ifigitg analysis in order to guarantee that the

mesh size is sufficiently small for a correct eaion of the failure probability.
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Figure 76 Failure probability vs the mesh size, for insuld®'t (al1=2.42 andx2=2.55)

Figure 76 shows that the failure probability tet@l®n asymptotic limit, for insulator “B” the limit

is 3.4e-04, while for insulator “A” it is 6.4e-&) both cases the value can be considered acceptable
The failure probability, as described above, isuaction of 6, m and the stress field. A good
estimate of the failure probability could be catrieut knowing a precise value of the Weibull
modulus m. Actually this parameter has a big infleee on the calculation and the value can be
measured by means of tests on a significant nummbsamples. Nevertheless the adopted value
(m=10) appear to be conservative.

It is also important to note that the stresses e computed considering only the effect of dead
weight, neglecting the residual thermal stressdadad by the brazing process. However the most
critical state induced by the brazing process shdnd achieved in the oven during the cooling
phase, when the different thermal expansion caoeffts between metal inserts and alumina could
cause the maximum stresses. The qualification efbitazing procedure and mechanical tests on
base material and on insulator prototypes has twab@ed out during manufacturing phases. These
tests will support design and manufacturing and winfirm results obtained with numerical

analyses.
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Chapter 4. Charged particle dynamics and beam simul  ations

4.1 Introduction

In this chapter we discuss the results of the megdieam simulations. The Monte Carlo Code
EAMCC [56] presented in chapter 2, has been appbesimulate the Megavolt Test Facility of
Naka (MTF) during the experimental campaign to gttiee SINGAP configuration. EAMCC can
simulate several physical phenomena as beam aateterthe atomic reactions inside the beam
and on the surfaces. The code requires the fiefgsrfram external codes to calculate the particles
trajectories and the electric field maps solving law of motion coupled with the Poisson’s
equation. SLACCAD is nowadays a reference cod®leghis problem: it evaluates the meniscus
and the potential field map in 2D axial symmettizen the results are the input for EAMCC.
Another similar code 2D Beam Orbit is used by thpahese team to evaluate the space charge
effect inside the beam. Recently a new code, Bypwhich the particles trajectories is solved in a
self consistent way with the electric and magnééld has been developed [65]. All these codes
can simulate only one beamlet, so they can not atenghe reciprocal interaction, inside a group of
beamlet due to the spatial charge. At present arangial code (Vector Fields Opera) is applied to
evaluate the beamlet-beamlet repulsion in a 3D rraprder to assess the results of Opera in a
simplified geometry, | have developed a Matlahol to evaluate the reciprocal interaction between

the negative beamlets: IRES.
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4.2 EAMCC applied to the MTF in SINGAP configuration

Within the effort dedicated to investigate the parfance of the accelerator in SINGAP
configuration for the ITER NBI, two experimentalngpaigns at the 1MV have been carried out at
the MTF in Naka. A device sketch is shown in Figuré it has adapted to host a two step
accelerating system (SINGAP). A group of 3x5 beasnleave been accelerated from the plasma
source toward the grounded grid. The currents et stage was measured by ammeters, while an
inertial and movable calorimeter positioned 2.3 owdward the grounded grid allowed the power
deposited by the accelerated particles to be etin@ suitable system of permanent magnets is
mounted 150 mm downward the grounded grid (seer€&ig8), to filter the stripped electrons from
the negative ion beam. The deflected electronsliageted toward a couple of electron dumps while

the negative ions and neutrals are interceptetidynstrumented calorimeter (see Figure 77).

Kamaboko ion
source

Plasma &
Extraction grid

VFP.’-I
Pre-accelerating
grid
: Electron
Grounded grid dump plates
Y
Calorimeter En | <€
Electrons
Beam dump Negative ions & neutrals

Figure 77 The MTF adapted to the SINGAP configuration. [26]
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Figure 78 The permanent magnets adopted to deflect the aatateelectrons toward the electron dump plateés. [2

The experimental results have been analysed ftwo®& svith similar perveance; the measured data
are shown in Table 4 where the voltages, the guideats, the pressures and the results of the

instrumented calorimeter are shown.

Shoth # Vext lex Vreal | lacc | |AG1 lthermal Psource | Prank
kVv) | (mA) | (kV) | (mA) | (mA) (mA) (Pa) (Pa)
437 2.77 365 700 310 5.9 109.5% 0.15 0.0
414 2.8 352 603 280 9.6 113.8 0.1% 0.08]
390 2.81 322 433 269 -3.9 114.% 0.1¢ 0.0

Table 4: Main measured data for 3 pulses

For all the shots the pulse duration is 0.2 s b&zdle device wasn't actively cooled; this duration
is sufficient to study beam physics without introohg the cooling pipes at high voltages. The
terms Veq is the minimum (negative) voltage supplied by @refton-Walton generator (see Figure
77): the voltages at each grid are fixed and egsalhced by a resistive divider.

The current collected by each grid is measuredrbgneters; only the Extraction Grid current is
calculated by the other grids information by impgstotal charge conservation. In the SINGAP
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case the currents collected at the intermediateestdAG2, IAG3 IAG4) are negligible because the
grids are not present (see Figure 77).

The data obtained by the instrumented calorime®uaed to definel(thermal current) which is
the ratio between the beam power, measured by tuauples, and Vreal; both charged and neutral
particles contribute to form the thermal current;separate the two contributions the information
coming from the stripping profile is necessary &icalate the negative ion current. The pressure is
measured in the tank in one point (see Figure Whijle the pressure in the sourcgqRecan be
calculated by the conductance equation.

A comparison between experimental and numericalltsetas been carried out implementing the
geometry of SINGAP in EAMCC V2.84; this version tbie code simulates two beamlets among
the group of 3x5 beamlet that are really presenhéndevice; couples of periodicity conditions are
applied on each rectangle side as shown in theketch of

Figure 79: a particle that exits on the upper siuilebe re injected with the same velocity on the
bottom. This process is repeated for a numbernoégi equal to the number of apertures in such

direction. Of course in this way the outer holes ot well simulated.
Extraction Grid

Plasma Grid Pre-accelerating grid
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Figure 79 EAMCC simulation domain (orthogonal projectiongrit and lateral view, z axis directed along thenijea

The present analysis has been carried out consgdariimited domain inside the accelerating gaps.
The main results obtained by EAMCC concern the adgatpn of particles trajectories together

with the beam power load deposited on each gritllAdeam simulation, carried out by EAMCC,

is composed by two independent simulations: the fine calculates the trajectories of negative
ions extracted from the plasma grid, while the sécone calculates the trajectories of the co-
extracted electrons. Figure 80 summarizes bothlatious, it is worth noticing how the permanent
magnets embedded in the extraction grid are vdigiazit to trap the co extracted electrons in the

first gap between plasma and extraction grid.
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Figure 80 The patrticles trajectories computed by EAMCC
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The red co-extracted electron trajectories, shaweédgure 80, orbit around the magnetic field lines
produced by the permanent magnets embedded inxtrecon grid thus they are trapped by the
magnetic field lines and then they are drained H®y Extraction Grid (EG) which is polarized
positively respect to the plasma (grid previous)gri

Figure 81 shows the reconstruction of the heat fiox the whole group of beamlets at the
accelerator exit (about 500 mm downward the plagmd); the information obtained from the
couple of beamlets has been replicated in spacedier to obtain the heat flux map for the whole
5x3 array of accelerated beamlets . It is posdippreciate from Figure 80 and Figure 81 , how
the EG permanent magnets interacts not only wighctirextracted electrons but they also deflect
the negative ion beamlets in horizontal directitire white rectangle of Figure 81 represents the
front view of the integration domain (see Figurg B8th peaks of heat flux are displaced from their
nominal position, because the magnetic field, Whicts mainly in vertical direction, has opposite

orientation passing from the first beamlet to teeosid one.
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Figure 81 The beam heat flux reconstructed at the acceleexior

It is important to note that both grid voltages axtiracted current density are input parameters in
the numerical simulations. While the grid voltages treated as independent variables (and for this
reason it is an input quantity), the current shoulde a free choice for the numeric simulations:

following this, the way to calculate the currenhsgiéy should foresee a coupling between the physic
inside the source with the one that controls thgatiee ion extraction. As mentioned in chapter 2,

this kind of simulation is quite prohibitive becauthe power distributed inside the source, the
formation and the transport phenomena for eachiepeihe pre-sheath upward the meniscus have
different length scales, so nowadays the physiosilsitions are mainly carried out separately . The
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whole EAMCC package hence requires not only the goltages but also the extracted current; if
we want to benchmark the code with the experimamtllts, it is necessary to obtain the current
density information from the experiment. In thiseathe extracted current has been reconstructed
from the calorimetric measurements and by estirgdtie stripping profile.

Figure 82 shows the procedure adopted to carrghmutomparison between the experimental and
numerical results. The red boxes represent thenmdbon coming from the experiment, the blue
box gives the cross section data for the beamiogsctthe magenta box shows the assumption of
the ratio between the ion and electron current ilerstracted from plasma. The green boxes
represent the main steps carried out in the simouldtom the numerical point of view.

The yellow ellipses represent the comparisons bEtwaformation coming from different points,
while the £ and 29 benchmarks are between intermediate steps ofuthreric simulation, the'
one has a patrticular relevance because it compheesurrents collected at each potential, and
measured by ammeters, with the ones obtained byl &2

The analyses have been carried out considering® sthose experimental results are reported in
Table 4, although the voltages and the extracteceots are different, the conclusions are similar

for all the cases.
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Figure 82 Flow chart followed to validate the numerical résaf EAMCC by the data obtained on the MTF with th
SINGAP configuration

The 1st benchmark compares the emittance diagramtnoquced in chapter2) obtained by
SLACCAD (the 2d axi-symmetric Poisson’s equatiolveg and by EAMCC, Figure 83 shows the
two diagrams: although EAMCC can also simulate ithital beam temperature by a spread of
initial velocity that will increase the beam enite, (actually the blue cloud of data has a bigger
dispersion) the two diagrams are similar, so tleetat field maps imported into EAMCC (and
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produced by SLACCAD) can be considered self coesistvith the trajectories integrated by
EAMCC. The double solution in terms of velocities the left side of the second diagrams depends
on the periodicity conditions that are not include&LAC.
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Figure 83 The emittance diagram evaluated by SLAC and by EAMCst comparison) . (The results show a bad optic
case with a divergent beam)
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As far as the 2nd comparison is concerned, taBledmarizes the last value of the stripping profile
obtained by EAMCC and by the program Strip.exe [3#F code estimates the reduction of
negative ions current along the beam integratingabgne-dimensional approach the equation

dan

— =N [wldx described in chapter 2 (see Figure 32 ). It istvaoticing that, the information
n

concerning the stripping profile evaluated by stape an input parameter for SLACCAD (see.
Figure 82) such information should be consisteri wie results obtained by EAMCC.

Shot EAMCC Strip
# 437 67% 68%
# 414 62.5 % 63%
# 390 57.3% 63%

Table 5 Comparison between the last value of the strippiadile (IH-out/IH-extracted) evaluated both EAM@@d
Strip as well

The table shows the results are comparable. Orcdh&ary, the last and more important cross
check shows that a discrepancy exists.

Figure 83 is a sketch summarizing the results ot #414 in terms of currents collected by each
grid: both electron (red) and negative ion (bluejrents, obtained by EAMCC, are shown; black
currents indicated in figure are the linear combomaof the two simulation (red and blue ones).
The ratio between the electron and negative iomiebed currents has been assumed by the user.

In this case the ratio has been chosen equal ty; uhis means that for each negative ion one
electron is extracted [4].
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Figure 84 The current collected by each grid (shot #414)d (®mparison)

The currents measured by ammeters are shown in.dtexan be noted that a difference of 100 mA
exists between experimental data and numeric g2ghls difference is present more or less also for
the other shots. The presence of positive ions #@@sah the grounded grid and their acceleration
toward the plasma source could justify this mistnatehile the negative ions are directed toward
the grounded grid, a considerable amount of pasitims (formed by the ionization of background
gas due to the negative ion beam) travel downstrs@naccelerator. It is important to notice that
although EAMCC considers the background gas iommafor this reason it could follow the
positive ions trajectory), the limited domain adapin the simulation isn’t sufficient to correctly
simulate this aspect: the domain length in the &tran is about 0.5 m, while the distance between
plasma grid and calorimeter is about 2.8 m. Furédmalysis should be carried out in order to assess
this hypothesis: an analytical model could be dgwetl to estimate the positive ion density
downward the grounded grid and the classic shdetbry could be used to estimate the positive
ions flux toward the source, in this manner théedénce between the numeric and measured results

(showed in Figure 84 respectively in black and gye®uld be justified.
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4.3 The code IRES

The beamlet-beamlet interaction is a process whahan important impact on the design of the
grids for a multi-aperture electrostatic accelerato

The charge effect leads to beamlet deflection, thereasing the divergence of the whole beamlet
group. According to the beamlet deflection, thel ggpertures should be properly aligned in order to
provide the correct aiming of the beamlets and/tmchexcessive thermal load on the grids.
Although Vector Field Opera (VFO) is the commeraatle written to solve this problem [30], this
code appears time consuming. A preliminary evanabf the beamlet-beamlet interaction could
be a useful way to focus the attention on importhetgils concerning the beam optic, than further
information, if necessary, could be obtained by #dch can solve the Poisson’s equation for the
whole 3D problem considering more detailed geometry

A new tool called IRES (lons Relativistic Equati®@olver) has been developed in Matlab® to
simulate the 3D trajectories of a whole group ddrokets by integrating the relativistic equation of

motion.

4.3.1 Code description

From the operational point of view, the IRES cotdets from a three-dimensional map (at iteration
0) of magnetic and electric fields calculated biyentsoftware packages (e.g. ANSY& Comsol
Multiphysics®) or, in case of simple configurations, it can tfired by the user; than the code
computes for the particle trajectories.

The equation of motion (written in the laboratoeference system) has been solved taking into

account the relativistic effect eq. (51) , wherg is the relativistic factor
1 A
v2) 2 VZ+VZ Vi) 2 _ _
y=|1-—| =|1-———=| ,cisthe speed of light.
o c

— d — E@ dy . -
F=—(ymy)=yOm +—— [y

ot ymss)=y dt ot D
Second addend of eq. (51) has been developed eoingjceg. (52) which leads the time derivative
of y.

dv dv
dy_oy v oy Ny oy (i, vy (M (M,
d v, dt adv, dt dv, dt c? d 7 dt dt (52)

z
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Thus the eq. (51) has been rewritten expanding@aov components:

1 0 0] (v, vi v, v, v v, | (v v,
d(ymi)=mygo 1 oldy, +" oy, v v =[M]dv,t=F
ot y =mby Vy c2 Vy e Yy VY, vy~ Vy (= (53)
0 0 1 |v, v,V vV, V2 ] v,

where F represents the electric and magnetic thateacts on the charged particles, eq. (54).
E,+v,[B,-B 1V,

F=qEE, +v,[B,-B, Y,

E,+v,[B,-B v,

(54)

By inverting the matrix M of eq. (53), it is poskahio solve in term of acceleration, as in eq. (55)

| [nal= (55)
v, b =[m|F
where M! is:
_C2+y2[6v§+v)2/) _ywxwy _ywxwz |
my LB mCB mCB
wao| Y, SrpEe)  ym D,
m
P mytp . E 56)
_ywzwx _ywywz C +y Eﬁvy-i-vx)
T mp iy B

B=c?+)> [QV§+V§+V§)

Therefore the equation of motion has been intedratdopting the Matldb ODE (Ordinary

Differential Equation solver) functions rewritinget three equations of motion (51) in a first order

system of six equations.

Then the code updates the field map by taking adoount the effect of the spatial charge; the

fields are updated in equally-spaced nodes in agB® During the trajectories integration, the

electric and magnetic fields are obtained by asrpulation between the data stored in the grid

nodes. The process is repeated up to final coemesgwhich is monitored by the displacements of
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the last particle positions step by step, the camteverges when no appreciable difference between
two successive steps appears (lower 3-4%) givinghis way, the self-consistent solutions ofdiel
maps and trajectories of each beamlet centre.
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4.3.2 The analytic model to validate the code

The code has been validated by comparing the tseswith those obtained for a simple
configuration, where the analytical approach hasnbesed to estimate the beamlet-beamlet
interaction. The simplified approach used to camwy the simulation by IRES has been suggested
considering the conclusion of the Gauss’s theorboutathe electric field produced by symmetric
spatial charge distribution (e.g spherical andngiical) : the field, in the charge-free space,sidte
depend on the charge concentration . If we considerray of accelerated beamlets, in the general
case, there are no particular symmetry conditibas ¢an be utilized, but if we assume a system of
accelerated beams in paraxial approximation, th@atkan of the transverse dimension is not so
significant, so we can imagine the beamlet compdwsed series of charged disks (or rectangles in
2D approximation) elements placed along the bemettibn (see Figure 85 a), each rectangular
element has a thickness dz and a height D(z) fbatlys changes along z. To approximate the

beamlet with a line, each rectangle should be oepldby a charged point (lumped approach, see
Figure 85 b)

Figure 85 Two possible models of charge elements inside daenitet: distributed and lumped approach
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As usual the lumped approach scheme introducesserto estimate it, we can compare the
potential map produced by each element in bothsgdlse analytic calculation has been carried out
considering the 2D planar symmetry for the casm d@his manner an analytic expression for the
electrostatic potential has been delivered. In bcdlse the potential can be obtained by the

elementary eq. (57) where r is the distance betwee elementary charge dq and the point P in the

space (see Figure 85) where we want to evaluatpdtential V, r :fo) + z"‘;

av = L
AT, O (57)

In case a) ifA is the linear charge density along D and if weuass thatA is constant for each
rectangular element shown in Figure 85, we havéss):
Aldé

dv =
A0T(E, B/ (Xp - &)% + 22 (58)

The integration of eq. (58) between —D/2 and +Dd2@¢ leads to eq. (59)

A D-2z,+(D-20X, +4%

— lo (59)
= g
Alnle, | D2z, -(D+2X, ] +4

This equation represents the contribution to theeqteal due to a single rectangular element whose
charge is\ D=q . On the other hand the potential map forltimeped approach is simply expressed
by eq. (60)
AID
2 2
ALTLEy X, + 2, (60)

V

lumped —

\/Iumped _V

The contour plot of the relative errér= is shown in Figure 86 where both axes have

been normalized to D.
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0.012

Figure 86 Relative errok on the potential Map

In the case of the ITER NBI in SINGAP configuratiothe distance between holes is
approximately 20 mm both in the y and in the >ediions, while the beam diameter is about 10
mm [21] in the pre-accelerating grid; this medmat xp/D is greater that 2 and the error, for only
one element, is lower that 2% (see Figure 86).thes evaluation of the electric fields, concerns the
relative errors on the transversal component Exclivbauses the beams divergence, it is some

percent at the most, see Figure 87.

Xp/D

Zp/D

Figure 87 Relative error on the field component Ex
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A more precise evaluation could be mad by integegatll the contributions of all the rectangular
elements; the charge §H on each rectangular element becomes functianawfcording with the

spatial charge obtained by the Poisson’s equatforsimplified approach can be carried out
analytically considering the relationshgg :dzi where | is the current of the beamlet and v is
Y

the particle velocity, the latter is related to thkectrostatic potential by the energy equation

V= \/v§ +%[ﬂuo —U) (the ions are not relativistic so the motion egpratan be written in the

classic way) while the potential U distribution dpthe beam follows the solution of the Child-
Langmuir’s formula (which is the one dimensionalluson of Poisson’s coupled with the
conservation of the total energy equation) ; ofrseuhe beamlet squeezing is not considered by
this mono-dimensional approach, thus the beam dinerD became constant with z.

The effect of the magnetic field self produced bg beam currents is negligible for ions; on the
other hand this field should be considered when phaeticles velocities are relativistic. A
demonstration of this aspect could be developedidernng the two indefinite parallel beamlets of
Figure 88, both beamlets are schematised as in@efWuires crossed by a current | and placed at a
relative distance d. The current on each beamletmids on the motion of charge particles g, the

particles have constant and parallel velogity, flowing in the same direction.

Figure 88 Two indefinite charged beams

A couple of external reactions are necessary tp kee beam parallel otherwise the charge particles
can not travel along straight lines.
The effect of magnetic field is to attract the wiré@ can be calculated by the Ampere’s law in the

laboratory reference system, see eq. (61).
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_ 1 (61)
207

The electric field can be evaluated by the Gausi#orem considering that the spatial charge
A=1/v,, [C/m].

E= | (62)
27k, MV,

Combining eg. (61) and eq. (62) and remembering¢taionship between the speed of light, the

dielectric permittivityeO and magnetic permeabilif0 ¢ = y, [£,; the total force can be express

by eq. (63) which proofs that the electric fieldiae is always greater than the magnetic field one
as \par< C.

2
F=q{E-v,, B)=q3 EEl— V"jJ (63)

20mlE, MV,

2
In case of Dions, accelerated up to 1M{Y"%j << 1 in this case the second addend of eq. (63)
(due to magnetic field) became negligible and theed can be computed considering only the
2
electric filed effect, moreover Wheﬁvp%j << 1 the Newton’s equation of motion can be used.

As concern the validation procedure to integragelibamlet trajectories, the same simple case has
been analysed.

If we cancel the external reactions (that keephth@ms parallel) for a distance S along the wires
direction, the beamlets will diverge as shown igufe 89.

.0

/T Vpar

<+“—r

Figure 89 Two indefinite beam, lateral view
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The parallel velocityv,,, will not change so much, instead the perpendicugtocity will change

from 0 to V,, . The time to cover the distance SA$§ = % , in the same time, the particle will

par
be pushed outward by the electric field producedhayother particles, as first approximation (if
vpe,/vpar <<1) we can calculate the electric field acting oa tharge particles by eq. (62). On the

other hand, the velocity,, can be computed integratifg- q (E = m[&a,,, from O toAt so it is

possible to obtain the eq. (64) and (65)

v, =9Eq - auLs 64)
m 20mV2, [E, [d [in
Vv
per _ qd s _ tan(é?) (65)

Voo 2070V, (E, 6 On

par

If the particles had been preventively acceleré@oh O to v, by an electrostatic accelerator with a

1
difference of potential U, we would havzeﬂn El';‘;ar =ql and so the eq. (65) can be rewritten in

eg. (66)

m®
tar‘(H) - 22.5 DTDE‘O mo.s w 15 d (66)

It is interesting to notice that the last expressincludes the perveance P as defined in 2.2.3

£ 72 [
JI2IM P

does not change as well.

(P= ) ; this means that if the ratiell—5 doesn’t change the reciprocal beam divergence
U =

In case of 4 beamlets equally spaced, (see FEfyrehe beam divergence for one beamlet have to

take into account not only the effect of one bearbig three forces component should be added,

this means to multiply the eq. (66) ,by a facte@.12 («/12 +12 +}/f2): 212.
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Figure 90 The 4 beamlet case , (top view) each force comgametimg on one beamlet is shown by red arrows

Figure 91 shows the beam deflection obtained botnalytical and numerical code for several

(200 W
parallel velocities V, = L , the figure shows that analytical and numeriesutts are
m

compatible confirming the reliability of the trajedes integration of IRES.
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Figure 91 The beams deflections evaluated by the analytmaiaach and by IRES
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4.3.3 The beamlet-beamlet interaction: the SINGAP ¢  onfiguration

IRES has been applied to the 1MV ITER accelerator wisiingle gap configuration (SINGAP) to
study the trajectories of negative ions. In thisecéhe simulation domain is included between the
pre-acceleration grid and the grounded grid (segur€ 16). The electrostatic field is not exactly
uniform because the grounded grid of SINGAP is edrlgoth in horizontal and vertical direction in
order to focus the beamlet group (see Figure &2)cbde has been tested starting from an uniform

electric field map wheree, =E, = (@nd E, =C everywhere. The analyses reported here don't

reproduce the experimental conditions and are aitmethderstand the importance of the beamlet-
beamlet interaction in the SINGAP accelerating ghpfore to proceed with more accurate
simulation by OPERA.

The code, exploiting the double planar symmetryhef &ccelerator, simulates a quarter of the
whole 1280 beamlets, it integrates the particlegettories in the space between the pre-
accelerating grid and the grounded grid. FiguresB@ws the front view of the grounded grid in

SINGAP configuration, the vertical and horizontginsnetry planes are highlighted by the dotted

lines.

s=0.08 m

Figure 92 Grounded grid, front view
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If the beamlets do not interact reciprocally, tleenponents of displacements (respect to the initial

position) in XY plane for the last particle posi®is O.
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Figure 93 Displacement vector plot in the plane x-y (orthogido the beam direction) evaluated at the endiohe
trajectory. On the grounded grid
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Figure 93 and Figure 94 shows the displacementdaltize beamlet-beamlet interaction, where a
vector plot and a contour plot are respectivelywsho

In both figures is shown a quarter of the wholenbles group, the axis x=0 and y=0 correspond to
the dotted line of Figure 92. It can be apprecidted the xy displacements are bigger in the outer
part, in general, the beamlet deflection can besidened the sum of two effect: the first one

concerns the interaction inside the beamlet greumy of 5x16, see Figure 92) while the second
one considers the long range effect due to theaaten between each beamlet group; this is the

reason why the beamlet closer to the symmetry plaage no lateral displacement.

¥ [m]

Figure 95The integrated trajectories (red lines) and theerfod the field computations (blue points).

Figure 95 shows a 3D plot of the integrated ttajeées (red lines) while in blue are showed the 3D
uniform grid of nodes where the electric field gated at each code iteration.

The deflection in terms of /vpar evaluated at the final position of each trajec®ii@here the
particle reach the grounded grid) are shown imféi®6 and Figure 97, respectively r=v, /v,
ande, :vy/vz. Although the simulation was carried out for them@e case where the external

electric field was uniform and directed only alangthe results show a beam divergence of 20-25
mrad. This value is not compatible with the NBI negments because it means not only to defocus
the beam but also to deposit the beam power ondimponents placed downward the electrostatic
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accelerator. To compensate this divergence a seitail shaping is applied to the grounded grid,

in this manner, the equipotential lines insidedbeelerator are curved.

ex [rmrad]

Figure 96 The deflection ma®, =V, /Vz evaluated at the end of each trajectory.
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Figure 97 The deflection mape, =V, / V, evaluated at the end of each trajectory.

The effective geometry of the grounded grid is shawrFigure 98 where a curvature of few

degrees is foreseen to focus the whole group ahlets. In this case the effect of this offset sdoul

be calculated by IRES. The most convenient approactatry out this effect is study the grid

curvatures by 2D simulations, for this purpose, 2Beelectrostatic finite element models solving
the Laplace’s equations should be used to carrytfmtanalyses by IRES. The results of such
models should be imported at iteration 0 and ssieely updated by IRES.
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Figure 98 The SINGAP grounded grid design.

The electric field at the iteration 0 has been dated by ANSYS, the results are shown in the
following figures where both for the horizontal atite vertical accelerator sections, shown in
Figure 99 and Figure 100, a two bi-dimensionaltéirelement models has been developed. The
figures from Figure 101 to Figure 104 show respetyithe equipotential line and the electric field

distribution for the horizontal and vertical crastion.
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Figure 99 A 3D vertical cut view of the accelerator for tH&ER NBI

Figure 100A 3D horizontal cut view of the accelerator foe fTER NBI
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Figure 101Equipotential line on the equatorial plane of élceelerator
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Figure 102Electric field amplitude on the accelerator equatglane
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Figure 104 Electric field amplitude on the vertical planetioé accelerator
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By Figure 103 it can be noted how a slight grounded curvature bends the equipotential lines
inside the accelerating gap.

The results obtained by the finite element codeallshbe sampled by an equally spaced bi-
dimensional grid and than they will be importedair2D version of IRES, in this case the beam
divergence will be estimated considering both tpatial charge effect than the grounded grid

curvature.
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Chapter 5: Beam steering and thermal load handling

5.1 Introduction

The possibility of tilting the beam both in the weat and on the horizontal planes, without opening
the vessel, is the main motivation for the concalpstudy of an active steerer. A steering system
based on magnetic fields generated by internak azdh in principle allow these operations. The
conceptual design of such a system should demdomdtra capability of providing steering for the
angles required for the on-off axis injection artdttee same time should demonstrate that the
steering is accurate enough to correct for smadlatignments of the components. Such a system
should also demonstrate the capability of handinegpower load due to the electrons generated by
stripping and ionization losses [55] inside the edexator. These electrons are subjected to a
stronger deflection by magnetic field, so that g8ystem should be equipped with an in-built
Electron Dump system. In order to be effective sauslystem should be placed in the space between
accelerator and neutralizer. In this way an integtd&lectron Dump and Steering System (EDSS)
can also protect the Neutralizer leading edge.

5.2 Scheme of an active steering system
The active steering concept is based on a systewhimh negative ions and electrons are deflected

by a magnetic field produced by a suitable setctiva coils. The system should provide negative
ion steering both in vertical and horizontal diress and at the same time should remove the
unwanted electrons produced and accelerated intkideaccelerator. To provide this double
function, two different schemes have been consiljetiee Single Stage Steerer (SSS) and the
Double Stage Steerer (DSS).

The Single Stage Steerer (SSS) is a system basedingle deflection. In
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Figure 105 a top view of the SSS scheme appliéontasteering is shown. The electrons leaving the
accelerator are also deflected and intercepted dyn@p. The main advantage of such a system is
the limited space allocated for magnetic field €oiThe main drawback is that the electron
deflection changes with the negative ion deflectiverefore the ion steering capability is

constrained by the dimensions of the panels inptirog the electrons along the beam direction.

Electrons dumg

LT Electrons
-
L i

L A J

A A i

Ions

Magnetic field

Figure 105Electron dump and steering system concept for ihgle&SStage Steerer

The scheme of the Double Stage Steerer (DSS) isrshowigure 106. In this scheme, the first
stage magnetic field filters the electrons deflegtthem towards the electron damp, while the
second stage compensates the deflection undergotieemegative ion trajectory to the selected
value.

This scheme allows the electron heat flux deposiiiobe decoupled from the beam steering as the
two set of coils can produce different magnetidde a misalignment of the order of 6mm is

produced between inlet and outlet.

Magnetic field

Tons

i

Electrons

Electrons dump
Figure 106Electron dump and steering system concept for theble Stage Steerer

In both schemes an iron yoke is necessary to ptelerstray magnetic field produced by the active

coils from penetrating the acceleration regioms Mvorth noting that the iron yoke could also &t a
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a protection for the cryo-panels, intercepting$beondary electrons emitted by the electrons dump
panels.

In order to verify the feasibility of a steerer &ym, three key aspects have been addressed: the
compatibility with the available space between tBeound Grid of the Accelerator and the
Neutralizer, the coil size requirements to prowide magnetic field configuration necessary for an
uniform steering of the beam and the cooling resqugnts to handle the heat power load deposited
by the electrons on the dump plates. These aspectsldressed in the following.

5.3 Overall dimension requirement

The system should be placed between the Ground(G@GJ of the Accelerator and the Neutralizer.

The SINGAP configuration and the corresponding meiciad support designed for the grids have
been taken as the reference design. In Figure A@Fmure 108 a horizontal and a lateral cut-view
of the whole accelerator and of the neutralizer slitewn. Since the active steerer should be
integrated with the Accelerator, it should be fixedhe Grounded Grid (GG) support structure, so

that the lateral and vertical dimensions are cairstd by that.

EDSS

1200 max |

1900

Figure 107Beam source, accelerator and neutralizer top @wrvi
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Neutralizer

Figure 108Beam source, accelerator and neutralizer latetaliew

According to the present design of the acceler@e reference [64]) , the maximum dimensions of
the steerer are 1910mm in the vertical directiosh BBi70mm in the horizontal direction, in order to
position the system inside the grounded grid fraifiee distance between grounded grid and
neutralizer leading edge is 1900mm. According tguFé 107, a maximum extension of 1200mm

has been assumed, but further investigations orppunefficiency should be carried out.

5.4 Magnetic field and related coil requirements

An analytical study describing the electron andatieg ion deflection in an uniform magnetic field
has been carried out in order to estimate the nimgfield necessary for a deflection compatible
with the maximum dimensions of the system derivirgm the considerations in the previous
section. The model cannot deal with the effect efribn uniformity of the magnetic field; however
it can provide useful guidelines to design the leingtage steerer. For this purpose, a model
describing the deflection undergone by electrort reggative ions in a uniform magnetic field has
been developed and applied to the horizontal dgflecin particular the model has been applied to
horizontal steering, to study the effect on thectetss of an ion beam deflection of 3 mrad. The

analysis is aimed to verify the feasibility of dearon dump system in a space compatible with the
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maximum dimensions available for the dumping platé®e model is based on a simple evaluation
of the trajectory made by using circumference arasre the uniform field applies and straight line
elsewhere. The incidence and deflection angles akated through the relationship:

R, Bin(a,)=AZ =a+R_Bin@,).

The Larmor RadiuR} = 4 [?EEV includes the relativistic factoy:]/,/l—sz . It is worthnoting
q

that in this casg is constant as the particles are subjected omyagnetic field. The minimum and
maximum magnetic field corresponding to the minimamad maximum deflection angle for a given

incidence angle can be derived by geometrical denations

By . = y Om O, ljswi%? min)_Sin(al)] By, = y On O, [ﬁSina(lE max)_Sin(al)] 67)

The consequence of the horizontal steering of the io the SSS is that the electrons are also
deflected, so that they can be intercepted by daghplates placed in a suitable position.

The model for ions and electrons is shown in Fidi®®. In particular in Figure 109 the trajectories

are shown for the ions in a range of magnetic fagtgplitude By. In this case the uniform magnetic

field is assumed to apply in the region O<z<a
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Figure 109lons trajectories (dotted lines) with high and lmagnetic field By for the single stage steerer
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As the location and extension of the electron duphgte are constrained by the dimensions
discussed above, the magnetic field required taemehthe ion deflection and to intercept the
electrons has been estimated by substituting thasebers in eq.(67). For this estimate the ion
energy has been assumed 1MeV, while the electrenggrhas been assumed to be 0.96 MeV,
according to the results of numerical simulatiohSINGAP at 1MV (pag.33 of [22]). The beamlet
group width “s” and the distance between beamletjgs ‘Ax” have been set equal to those in the
Grounded Grid (GG) design (shown in Figure 92), elgrs=0.08 m andx=0.16 m.

As a consequence, the space between each couglectbn dump plates “c” must be lower than
the horizontal periodicitjx=0.16 m, and in this case it has been set to 2.1

Therefore the study of the SSS has been carriedatfunction of two parameters: the incidence
angle of the beam; and the extension a of the area where the magfeltcBy is applied. By
setting a=0.6 m to minimize as much as possibleothexall dimension of the electron damping
plates, the minimum ad maximum values of magnegid fequired for ion deflection , the max and
min Z and relative incidence angle for the elecrbave been obtained for minimum ad maximum
ion deflection anglesizmax andazmin. The results foo,ma=+3 mrad andi;min=-3 mrad are shown

in Figure 110.
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Figure 110Results of the analytic model for the single stsgjetion

All the diagrams of Figure 110 show two plots éachal , the green lines belong to the case with
ions deflected by +3mrad, while the blue ones apwead to the case with ions deflected by -3mrad
in the horizontal plane. It is found that the magnield has to be within the range 0 to 10mTislt
also found that for an incidence angle lower thaild rad, the electron trajectories exceed the
overall dimensions of the electron damping plalése model gives useful indications about the
criteria to be applied to design the system, aetovalues of al mean longer dump dimensions,
while higher values of al could cause excessivefheadeposition due to the smaller impact angle
of the electrons on the plates.

A model has also been developed to study the beslaction on the horizontal plane due to the
combination of two set of coils as in the Doubladst Steerer. In this model a limited number
(nine) of trajectories has been calculated usingABIBYS macro (PLTRACK) and a Newton
Raphson algorithm has been implemented to compateparticle trajectory inside each element.

The exit point from an element is the point whehne particle trajectory meets the plane of
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bounding surface of the elements; the algorithimaised on Gyimesi et al. [66] and applied to each
array of beamlets. This tool allows particle traciwithin an element accurate up to machine
precision. In this model no spatial charge effexg heen considered. In Figure 111 a scheme of the
Grounded Grid as seen from the neutralizer is sh@we ions exit orthogonally to the plane that
contains the grounded grid. The ratio between W ttansverse velocities (vx, vy) and vz, has
been evaluated in a plane located 3.66 m downstvatimrespect to the Grounded Grid (GG).

9

3.66 [m]

A
v

Figure 111Scheme of the Grounded Grid, of the DSS and opliiee where is computed the emittance.

The ion trajectory, for the double stage soluti@sults in a double bend; in Figure 112 the results
are plotted as a function of the current differencéhe two sets of coils. The central point with
Al=0 corresponds to equal and opposite currenthiencbils (namely 1780A), the corresponding
deflection is near to 0. The diagram also showsetiher bar that represents the standard deviation
evaluate for the whole set of 144 proof beamlexd §8144). Although the results shown in Figure
112 has been obtained with a laminar model, itossiple to appreciate how the influence of the
magnetic field produced by several discrete calsses a spread of the beam on a large scale: this

surely means an increase of the beam emittancefiaed in chapter 2.
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The results shown in each diagram indicate thathtbrezontal steering capability of the system
easily fulfils the requirements, the standard diweo is 0.796 mrad foAl=0. The non vanishing

o has been interpreted as due to the non uniforofitite magnetic field, so that a suitably shaped
coil system is needed to reduce this effect. Thalte presented in this section have been obtained
by the particle tracing implemented in ANSYS, ferthmprovements could be carried out using
IRES; the code could be applied to re-calculaterdéisaelts shown in Figure 112 taking into account

the effect of the spatial charge on the beamletrdgence.

5.5 The conceptual designs

In order to study the optics uniformity of the s&ethe magnetic field produced by realistic coils
should be considered to take into account the tsfidee to the non uniformity of the magnetic field
and neglected in the analytical model. The froetwand a 3D view of the scheme of the SSS are
shown in Figure 113.
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The single stage steerer is a system based onetwmtcoils: the first one, as explained above, is
aimed to generate a vertical field that filters #hectrons and deflects horizontally the ions, enhil
the second set of coils, integrated with the ebecttump panels, is aimed to generate a horizontal
magnetic field B which controls the vertical tigrof the beam.

In Figure 114 the Finite Element model for the D&Seloped for the emittance and thermal load
analysis is shown. The DSS consists of three datsils, two sets are aimed to generate a vertical
magnetic field to deflect the electrons and toligrathe beam in the horizontal plane and onesset i
aimed to produce a horizontal magnetic field fatical beam steering.

In both concepts, coils and plates are surroungtexhbiron yoke.
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Figure 114Finite element model for the double stage solution

The resulting magnetic field distribution for a D&Sshown in Figure 115. In the region close to
the coils the vertical magnetic field appears narfoum so that some effects on the beam optics
and electron power deposition are expected.

ANSYS 11.0

1019699
022161

[T]

Beam <4—— Beam
direction direction

Figure 1153D Magnetic field vector plot for the DSS showrFigure 114. The vector field plots are shown
respectively for a front and lateral view
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5.6 Uniform beam steering and magnetic field requirements

The deflection angle of a charge moving in a magnéeld can be described in paraxial
approximation considering the sketch of Figure Wwh@re the ion deflection has been considered in
a zone where the magnetic field exists and it taogonal to the plane defined by the trajectory

curvature.

Figure 1161lon deflection scheme in paraxial approximation

The small deflection angle g, in paraxial approxiora can be approximated by the velocity ratio
vy/vz, in principle it should be obtained integratithe law of motion in time. It is possible to
demonstrate that the same result can be obtained aq. (68), where the velocity is derived by

energy conservation q xU = nxg(y-1) , U is the particle acceleration voltage, q feeticle

charge andl, = J B, Lz .

c-signiq)-T.
Af;: = Al X

: 2 (68)

| U +2-m-c’ »IE-?q

It is worth noting that in the presence of a noifarm magnetic field the deflection angle depends
on the integral of the magnetic field T, so if vadatilate T for each beamlet it is possible to obtai

map in the plane x-y (orthogonal to the beam dimec) which is proportional to the beam
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deflection. Optimising the Steering System meartainimg a uniform deflection for each beamlet;

this requires producing obtain a uniform map of T.

Tx [T*m] with |=-1KkA, integration on vacuum and z>0

X le-3
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1 Tx
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Figure 117 Map of T(X,y) .Uniform deflection for the vertical beam deflectiit]
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Figure 117 shows the map of T calculated for théicad deflection of the negative ion beam. It can

be noted that T appears uniform; the grooves irfithee depend on the fact that the integral has

been interrupted inside the colils, so are not coirethese two zones.
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5.7 Power load deposition on the electron dump plates

In order to estimate the heat power load depositedhe electron dump plates, the deterministic
model explained in chapter 2 has been used. Thellaibn has been performed according to eq
(17). In Figure 118 a top view for the DSS is shottre red trajectories hit the plate for which the

heat load power has been evaluated.

Figure 118Top view for the double stage solution

Figure 119 shows the footprint map for the 5x1&yaof beamlets: the mapped points appear bent,
as the magnetic field (By), which deflects the &tmts on the horizontal plane, is lower in the mid
plane between the coils so the electron curvaadris is higher.

Figure 119Power load deposited on the electron dump plate
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In Figure 120 the map of the power load is shownthke figure the two hot spots, highlighted in
Figure 119 by the red circles, have been cut, tepeéts depend on the focalisation effect as shown
in Figure 35 and by a non uniform magnetic fiflde map shows that the remaining peaks in the
power deposition are below 10 MW/me. compatible with the cooling system. It is thonoting
that non uniformity and hot spots have been caledlavith mono-energetic electrons at 1MV, so
that a different energy distribution of the eleoBas expected to spread the power load. In that
sense a more detailed analysis can be performqatiageeq. (18) shown in chapter 2. Finally the
optimisation of the magnetic configuration is exjeelcto result in a better power load uniformity,

possibly mitigating the hot spots.

x 10

0.4

y[m] 2]

Figure 120Heat flux on an electron dump plate

5.8 Feasibility and remaining issues for the EDSS

Two concepts for an active steerer have been studi&ingle Stage Steerer (SSS) and a Double
Stage Steerer (DSS). Both concepts have been dawmteds to fulfil the beam deflection
requirements and to be feasible. In both casesystem shows several advantages and appears to

be more flexible if compared with a non active sgstIn particular:
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» No mechanical tilting and positioning for verticakering are required to the Beam Source
(BS), so that no flexible connections between ngland BS must to be developed and
implemented.

» The electrons can be efficiently removed from tegative ion beam reducing the risk of re-
ionisation inside the neutralizer and the assodihtat power deposited on the dump plates
can be removed by a cooling system.

» A higher operational flexibility with respect todlsolutions based on permanent magnets (in
particular for operations with voltages differerdrh the nominal one) can be achieved.

» The iron yoke necessary to confine the magnetld Bereens the cryopanel from heat and

secondary electrons emitted by the plates.

In the case of the Single Stage Steerer (SSSyder ¢o deflect only the electrons it is necessary
rotate the ion source by a suitable angle. In Eidi21, two different source rotations by an angle
al are compared. In both cases the system allowisiiseto be accelerated along the axis z towards
the confined plasma. As shown in the figure, thennmapact is on the location and incidence angle
of electrons deflected towards the plates. Forsttieeme “a”, with an anglal lower than the
scheme “b”, the electrons impact on the plate witbmaller angle so that the heat flux is spread

over a larger surface. On the other hand the schaihtequires longer plates.

A x
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Figure 121 Two configurations with different source rotation
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An optimum anglen; =12 mrad results the best trade-off between theatlvdimensions of the
system and the heat flux deposited on the plates.

As far as the double Stage Stereer is concernedhither complexity is compensated by a better
flexibility; actually the main advantage is the pidity to work with ion energy different from the
nominal one. The two stages of coils for horizordeflection can always produce a suitable
magnetic field to accommodate both ions and elastro

In conclusion, the main drawbacks of the SSS aetlerall dimensions and the limited flexibility
in case of different acceleration voltages. Morepwethe case of ITER an ion source rotated with
respect to the other Beam Line Components couldtrigsdifficult installation mounting and poor
accessibility for maintenance.

The successive steps in the EDSS design shoulddeorasother important aspects: first of all the
evaluation of the decreased conductance betweepamgls and beam source is necessary not only
to verify the pressure profile inside the accetardbut also to evaluate the gas density levetimsi
the steerer. In case of high density, the strippeagtions could enhance neutralization before the

action of the magnetic field; in this case abeoratf the negative ion beam can result.
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Conclusions

This Doctorate Thesis has presented models studietl analyses addressed to design the
electrostatic accelerator for the ITER Neutral Bdajector.

The voltage holding and the negative ion beam acatbn issues are considered the most
demanding to converge toward a reliable electriastatelerator design.

The ceramic components needed to insulate the stage accelerating grids are certainly among
the most critical: they has been analysed fromsthectural point of view. Two aspects have been
treated: the first one concerned the studies arglicagion of the design criteria for brittle
components by a statistical approach, the secoadnenR&D activities related to the fabrication of
large ceramic insulated rings brazed on metallitgs. These studies led to develop an ANSYS
routine to estimate the failure probability durithg brazing process.

The insulations system has been also investigated the point of view of the voltage holding
capability. The high voltage electrostatic accetarss insulated by vacuum; the investigation was
oriented to understand the physics processes bémnigh voltage holding in vacuum, in order to
adopt reliable design criteria for large gap, meléctrode high voltage vacuum devices. Moreover,
the statistical approach used to evaluate ther&ifwobability for the brittle materials has been
proposed and adapted to estimate the breakdowrmlpiity of a complex multi electrode system.
The research activity concerning the voltage hgdgsues has been completed by the participation
to the MAMUG experiments at the JAEA Megavolt TEatility in Naka (Japan), with particular
involvement in high voltage conditioning, measurateeand related operational issues.

Concerning the beam acceleration, numeric simulataf charged particle dynamics are important
not only to predict the negative ion beam quality #lso to carry out the accelerator design; ia thi
context, a Monte Carlo code was adopted to bendhnha experimental results obtained at the
Megavolt Test Facility in SINGAP configuration. Maver, a new code IRES has been developed
in order to integrate the equations of motion fbarged particles, also considering the beamlet-
beamlet interaction due to the spatial charge.

Finally, the need to filter the high electron flppoduced inside the accelerator and the requiresment
of beam steering were considered in the concejpkesign of an active magnetic steering system;
an ANSYS' subroutine has been developed and applied to @stithe heat flux deposited on an

electron dump plate by a deterministic method.
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Appendix A

The triple junction can be schematised with différkevels of accuracy. Figure 122 shows three
possible approaches to carry out the finite eleragatyses.

Legend:

Purple=Vacuum

R

: ..&'..C&!’.ﬂ.ﬂ.:um&w.q
AR

b)

Figure 122Three meshes used to estimate the electric fielth@triple junction by FEM

The presence of a singularity in the interface letwinsulator and vacuum should be carefully
considered for the Finite Element Analyses.
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Figure 123Changing of direction for the electric field thrdugn interface

The sketch shown in Figure 124 illustrates a edsere the numerical model finds a singularity at

point “A”: this is due to the well-known relatioriph% =4 sketched in fig. 122, and to the

tand, &,

sharp interface corner. Whas- A andC . A we should have in Figure 124 bafh+6, - %

and 6,+6, - % , but these constraints are not consistent wighparmittivity relationship. In

other words, the FEM for this case is mesh-semsitiv

€1>6

Figure 124 An example of numerical singularity in the elecfie@dld computation

This means that the local FE model of Figure 12@vast not only take into account the little gap
between the materials, but also it should condiger‘real” fillet radius on the corner as shown in
Figure 122-c; unfortunately, the accuracy of thalysis is poor because the little gap, and thel loca
geometry, are difficult to fix in the design phasdo measure.

For these reasons, these more sophisticated meéshes significantly improve information, so it

IS suggest to treat the triple points as showngure 122-a.
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