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Summary

One of the most critical issues for fusion reagttwsbe studied in ITER (the prototype that
has to prove the feasibility of production of etactenergy by fusion), is the generation of
sufficient energy to the sustainment of fusion tieas as well as to the injection on the electric
transmission network. As ohmic heating, producedhgycurrent flowing in the plasma, is not
sufficient for the operation in fusion conditionis,is necessary to use additional heating
systems. One of these methods, to be evaluatedgdliFiER operations, is the additional

heating of the plasma by means of neutral partielms injected into the core plasma.

At Consorzio RFX, in the research area of the C.MRPadua, the design of the project
PRIMA-MITICA-SPIDER (PMS) is ongoing and construeti of the building has already
started. The PMS project includes two experimediICA is the full-size prototype of ITER
injector and SPIDER, whose operations will stafobe MITICA, is realized with the aim of
optimising the production of the negative ions cosipg the beam. To this scope a detailed
knowledge of the parameters of the plasma insidesiburce and of the beam features is
fundamental, obtained with diagnostic systems @eason SPIDER; one of them is the

diagnostic calorimeter STRIKE, developed in thespré PhD work.

During the thesis the requirements of the caloméave been defined and the design has
been concluded. Verifications of some design smhgtihave been performed by designing and
realizing dedicated prototypes. CFC, a unidire@lotarbon fibre composite with a carbon
matrix, is the main component of the calorimetezvedal samples of 1D CFC have been
purchased from different suppliers, to charactetisér thermal properties by a power laser and
by high-energy particle beam tests. A prototypetlid whole system has been realized,
including the thermal camera, and was used in tA@NBAN ion source at IPP-Garching
(Germany) with the aim of evaluating the diagnosapabilities in conditions similar to those
expected in SPIDER. Non linear transient finitenedat thermal analyses and electrostatic
simulations have been developed for the designephaswell as the test phase. Moreover, the
planning of the activities for the calorimeter ttgg with the preparation and writing of the

whole documentation have been supervised.

The small and flexible NIO1 source, under developimas a collaboration between
Consorzio RFX and INFN-LNL, will soon be ready tady the negative ion source behaviour.
Preliminary studies for the use of CFC prototypesharacterise the NIO1 beam, carried out

during the PhD, are also presented.

The conclusion of this work is that STRIKE shouldye a very valuable diagnostic of the
SPIDER beam characteristics and should allow tesasthe compliance of the SPIDER beam

with the ITER requirements.
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Sommario

Uno degli aspetti piu critici dei reattori a fuserche verra studiato in ITER (prototipo che
dovra provare la fattibilita di questa tecnica dioguzione dell’'energia elettrica), e la
generazione di energia sufficiente sia allautamustimento della reazione di fusione sia
allimmissione nella rete elettrica di trasmissioN®n essendo sufficiente per il funzionamento
in condizioni di fusione il riscaldamento ohmicapgotto dalla corrente che fluisce nel plasma,
e necessario utilizzare delle tecniche di riscalleim addizionali. Una delle vie che saranno
valutate in ITER e l'ulteriore riscaldamento dehgina ottenuto tramite I'iniezione di un fascio

di particelle neutre nel plasma centrale.

Al Consorzio RFX, nellarea di ricerca del C.N.Ri. Hadova, si sta procedendo con
l'ultimazione della progettazione e l'avvio dei tav di costruzione del progetto PRIMA-
MITICA-SPIDER, che comprende due esperimenti: MIAI@ il prototipo in scala reale
dell'iniettore di ITER mentre SPIDER, che sara &®reizio prima di MITICA, é realizzato con
I'obiettivo di ottimizzare il funzionamento dellargente di ioni negativi che costituiscono il
fascio. Allo scopo, € fondamentale una conoscerzaurata dei parametri del plasma
internamente alla sorgente e del fascio, ottermataite i vari sistemi diagnostici previsti in
SPIDER, tra i quali il calorimetro diagnostico S, argomento del presente lavoro di
dottorato.

Durante la tesi si sono definiti i requisiti delar@metro e se ne e concluso il progetto. Si
sono verificate, progettando e realizzando app@sdtotipi, alcune soluzioni costruttive. Si
sono acquistati da produttori diversi alcuni prpiodi CFC 1D, elemento principale che
costituisce il calorimetro, un materiale in fibriacdrbonio unidirezionale su matrice di carbonio,
per caratterizzarne le proprieta termiche mediaigealdamento con laser di potenza e
nell’esperimento GLADIS presso I'lPP di Garchinge@®ania), con fascio di particelle di alta
intensita. Si & anche realizzato un prototipo dgésia completo, inclusa la telecamera termica,
che é stato utilizzato nell'esperimento BATMAN med'IPP di Garching (Germania), con lo
scopo di valutarne il funzionamento in condiziomié a quelle di SPIDER. Sia la fase di
progettazione che quella di test sono state acopmape da simulazioni numeriche agli elementi
finiti, di tipo elettrostatico e termico transitormon lineare. Inoltre, si & seguita anche la pdirte

pianificazione e documentazione relativa al pragdél calorimetro.

Nella collaborazione tra Consorzio RFX and INFN-LNdi sta sviluppando un’ulteriore
sorgente di ioni negativi: NIO1, che a breve e®dtrier operazione. La particolarita di questa
sorgente & di essere piccola e flessibile. In guéssi saranno inoltre presentati i risultati
preliminari sulla valutazione dell'utilizzo di camami di CFC per la caratterizzazione anche del
fascio di NIO1.
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Il lavoro di tesi si conclude pronunciandosi paesithente sulla validita dell'utilizzo di
STRIKE per studiare approfonditamente le caratiehis del fascio di SPIDER e valutarne la

corrispondenza ai requisiti richiesti da ITER.
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Introduction
Nuclear fusion is one of the environmentally acebl#, safe and sustainable energy
technologies researchers from all over the workd v@orking on for the development of the

human kind.

Nuclear fusion is the process (Figure 0.1) thatgravthe sun and other stars, providing heat
and light to sustain life on Earth. While gravitgndines the hot plasma in the stars, on Earth
strong magnetic fields can be used to hold thenm@agside a chamber in a quasi-stable

condition; this is the magnetic confinement appho@ilso inertial confinement is studied) [1].

4He + n + Energy

# He
.

U/ & 20%

Figure 0.1: The nuclear fusion reaction.

To harness fusion power, light nuclei are forcegktber, undergoing reactions that produce a
net energy gain. In order to make fusion happenfukl in plasma state has to be heated up to

very high temperatures (in the order of 100 milldegrees).

Breading Blanket

Heating &

Supply Elaciric
Current drive e ik

Powar to the Grid

Criverbar
4T

Figure 0.2: Schematic of a future fusion power plan
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The “tokamak” has been the most successful corfoepbnfining fusion plasmas up to now:
current flows into the plasma along the toroidakdiion, with a consequent production of a
poloidal magnetic field. A much stronger toroidadgnetic field is produced by external coils in
order to stabilize the configuration [2]. Alternagiconcepts, like the Reversed Field Pinch and
the Stellarator, are also developed to prepartugion power plants.

The primary fuels for nuclear fusion are deuteriama lithium. Deuterium can be extracted
from sea water and lithium is abundant in the Esrtipper crust. In a power plant lithium is
used to breed the tritium which fuses together w#hterium. Only 150 kg deuterium and 2+3
tonnes of lithium are needed for a full year oteieity supply for one million persons.

Fusion power plants will be particularly suited fmase load energy generation to serve the
needs of densely populated areas and industrigiszsee Figure 0.2).

In Figure 0.3 a cutaway of ITER is shown.

N

—
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Figure 0.3: Technical cutaway of the ITER TokamakuE encasing. Note the human figure for
size comparison.
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ITER is the next milestone towards the developnwna reactor based on the controlled
thermonuclear fusion reactions [3]. ITER is an tingtional tokamak research project which is
intended to be an experimental step between todayties of plasma physics and future fusion
power plants. It will be built upon research cortddcwith devices such as DIII-D [4], TFTR
[5], JET [6] and JT-60 [7] [8] and will be considéty larger than any of them.

On November 21, 2006, European Union, United StateAmerica, Russian Federation,
Japan, Republic of Korea, People’s Republic of @rand India formally agreed to fund the
project. The program was anticipated to last foy&érs (10 years for construction, and 20 years
of operation) and costs approximately 15 billionrda) which makes it one of the most
expensive modern techno-scientific megaprojectwilltbe based in Cadarache, France. It was
foreseen to be technically ready to start constnand the first plasma operation was expected

in the early years of the next decade.

In the years the planning has been updated anfitsh@lasma is now foreseen in 2019. The

cost of ITER has also been revised and it has ineesased of a factor 1.7.

The ITER experiment has the aim of demonstratieg¢lsibility of the fusion power plant; that

means:

« demonstrating the feasibility of creating and nmaiining a confined fusion plasma for

one hour, in order to extract a continuous flueoérgy;
« demonstrating the technical and technological belétgi of the reactor;

e studying the behaviour of the materials, especitdily first wall components which

directly face the plasma;
e testing all the needed auxiliary plants, includimegting and injection components;

» verifying the processes for the recovery and treatnof the nuclear reactor activated

materials;

e obtaining a net production of energy: thermal epargtained from the fusion reaction

> 5-10 times the energy given to the plasma by tixdiary systems;
» testing the fuel injection and heating systems;
» testing the breeding blanket modules;
« demonstrating the safety of this kind of reactors.

So ITER has to demonstrate the operation in stestale regime and with high Q (ratio
between energy produced by nuclear fusion reactimts energy injected into the plasma):

Q=10 during pulsed operation and Q=5 in steadg)stat
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The main goal of ITER is to produce approximated BIW of fusion power sustained for
at least 300 seconds (compared to JET'’s peak df\l6for less than a second) by the fusion of
about 0.5 g of deuterium/tritium mixture in its apximately 840 m reactor chamber. This
configuration requires a really considerable qugrdi energy in order to create the toroidal
magnetic field. In addition, the pure ohmic heatisgiot enough to reach the state where the
fusion power produced is larger than the power tseslistain the reaction. For this reason the
tokamak needs additional heating systems. Thedemsgscan also regulate the plasma density
profile and drive the current to suppress the biktes so as to operate in a steady state mode
(Figure 0.4).

Generalor

onised and Transmission ine
contined ; Generator
particles Wave guide

Antenna

HEATING BY
ELECTROMAGNETIC
WAVES

Plasma current
OHMIC HEATING

Highly
energetic
atoms

HEATING BY
INJECTION OF
NEUTRAL

Deflection Accelerator  PARTICLE BEAMS

of non- )
neutralised Neutraliser
ions

_ lon source

Figure 0.4: Additional heating concept.

The main ITER parameters are reported in the radotet

Total fusion power 500 MW
Q = Exhausted Fusion Power/Plasma Heating Power 0 51
Specific Power from 14 MeV neutrons on the firstlwa>0.5 MW/nf
Discharge duration >300 s
Major radius of the torus 6.2m
Mean minor radius of the torus 2m
Plasma current 15 MA
Toroidal magnetic field strength 53T
Plasma volume 837 m
Plasma surface 678 nt

Table 0.1: ITER nominal parameters.
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Within the tokamak, the changing magnetic fields #re used to control the plasma produce
a heating effect. The varying magnetic fields @eathigh-intensity electrical current through
induction, and as this current travels throughgl@Esma, electrons and ions become energized
and collide. Collisions exchange momentum amongighes, create macroscopic ‘resistance'
which results in plasma heating, but, unlike magdidsconductors at room temperature, as the
temperature of the plasma rises, this resistarared-therefore the heating effect - decreases.
Heat produced by high-intensity current is limitieda level defined by the balance between
energy injection by ohmic heating and energy lassradiation and particle loss, which are
more effective as the particle energy increases. this reason the ITER tokamak needs
additional heating systems that are also usedefgulating the plasma density profile, and for
suppressing some of the plasma instabilities, aman reaching and sustaining the high

performance regime (H-mode) [9], [10].

The Heating and Current Drive (H&CD) systems foOER are an appropriate combination of
Neutral Beam Injectors (NBI) and Radio Frequency{)(RI&CD antennas operating at the
electron cyclotron (EC), ion cyclotron (IC) and lemhybrid (LH) frequencies (Figure 0.5) [11].

They contribute, together, at providing an activantool on all the key phases of the

operating scenarios, acting on:
« the plasma temperature,
« the achievement of a steady burn,
« the suppression of instabilities, and

« the achievement of a soft termination.

Heating and cuntrent driva MN3E
I
[

8

1. Neutral Beam Inection systam 2. Elactron Cyclotron 3. lon Cychatran
Antenna (170 GHZ] Anteanna (50 MHz)

Figure 0.5: Overview of the Heating & Current Drisggstems.

The neutral beam system design for ITER consistpresent, of two heating and current
drive (H&CD) injectors and one diagnostic neutrahim (DNB) injector. Each H&CD injector
will deliver a deuterium beam of 16.5 MW (total BBV), with energy of 1MeV, and will be
able to operate for long pulses (up to 3600 s tieady state operation). A third H&CD NBI is
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foreseen to be added in a second stage, in ordecrease to 50MW the heating power to the
ITER plasma [12], [13].

In order to obtain an effective and reliable NeluBaam Injector (NBI) for ITER, a large
amount of research & development (R&D) is requiteath on the physics and the engineering
side. For this reason, a neutral beam test fagdsitigeing built in Padova [14]. The facility is
named PRIMA (Padova Research on Injector Megavotteferated); it will host both SPIDER
(Source for Production of lon of Deuterium Extracterm Rf-plasma) and MITICA (Megavolt
ITER Injector Concept Advanced) test-beds that hheegoal to address and solve the main

physics and engineering issues related to thigsyst

This thesis aims at solving important engineersguées and proposing design solutions of

one component of the ITER NBI test-bed, the diatioasilorimeter for SPIDER.

In Chapter 1the basic concepts of ITER NBIs are described. FREVA test facility, and
the two experiments MITICA and SPIDER, under depaient at Consorzio RFX in Padua
with the purpose to study the physical and enginggsroblems of neutral beam injection, are
then presented. In the final section of the fitster the physics of negative ion formation and

the effect of caesium seeding in negative ion sssiece described.

In Chapter 2the conceptual design of the calorimeter is inicadl together with its
requirements, part of which coming from the phyisglaenomena occurring inside SPIDER;

moreover, the previous design has been described.

In Chapter 3the final design of the calorimeter and of its giiastics is discussed,
considering all design solutions and the simulatiesults performed to verify and to develop

the design.

Chapter 4describes the production process of the CFC 1B,ntlain and most delicate

component of the calorimeter as well as the analgssde on the purchased CFC prototypes.

Chapter 5focuses on a particular study made on CFC pro¢stythe laser tests, together
with the data analysis to characterise the thebmbhviour of the prototypes by comparing the
experimental findings with the simulation resulesreed out to reconstruct the experimental
data.

Chapter 6oresents the verifications of the project, inahgdihe documentation produced and

the assessment of some design solutions by meansabfup tests.

Finally, in Chapter %he tests of the CFC prototypes under irradiatiprparticle beams are
shown, in particular, experiments have been madéesb the diagnostic capability of the

calorimeter project and to assess the thermo-méddabehaviour of the CFC, due to its
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importance in the design. The most important caichs of the thesis work are summarised,;

some open issues to be addressed in the nextiasti@ie also described.
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1 Neutral Beam Injector systems

The concept of the neutral beam injection is toothlice high-energy neutral particles into
the plasma: these energetic particles, by way Hisioms, will heat the plasma by transferring
their energy to the plasma patrticles; the momenratithe energetic particles is also transferred
to the plasma particles, resulting in the injectioh current in the plasma. Particles are
accelerated by electrostatic fields and are nésélbefore being injected into the vessel to
avoid that the high magnetic field produced to genthe plasma deflects beam particles before
they reach the core plasma, where they are expéatddposit their energy. All these steps,
from the production of negative ions up to the étifn into the discharge chamber, happen

inside the vessel of the injector and the duct eoting it to the machine vessel.

The beam power deposition in the plasma principadigpends on the beam energy and the
plasma density and it is necessary to deposit g@mbpower inside the so-called H-mode
barrier, this means some meters for ITER (see §heeRd in Figure 1.2) so, as shown in Figure

1.2, the beam produced should have deuterium [esrtiath en energy of about 1MeV.

Ton Neutraliser Resdual 1on Plasma
Accelerator - Dump (RID)

BT m
T

Injector

efficiency 50 MW 40 MW 36 MW 17 MW

Figure 1.1: Beam production and neutral beam iigect

At this high energy level, it is necessary to ugedtion based on negative ions. Currently,
most of the operating injectors are based on tleel@@tion of positive ions: having then a
beam source producing positive charges. The drawidtaving a positive ion beam is that the
neautralisation is more and more difficult as tlagtiple energy increases (good neutralisation
efficiency is obtained up to particle energies 60KeV) [15]. The neutralization efficiency
measured in negative-ion based NBI for the Japao&aenak JT-60U is shown as a function of

the beam energy in Figure 1.2 [16].

A beam of negative ions can thus fulfill the ITE€quirement on beam energy to penetrate
deep enough into the plasma and in this way t@asutiie plasma current and to maximize the

power per injector, permitting a neutralizationi@éncy of 60%. So it was decided to use
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negatively charged ions, which are easier to nkzgrat 1MeV. On the other hand they are

more difficult to create and to handle than positimes.

Each ITER NBI delivers a deuterium beam of 16.5MWhwarticles energy of 1MeV which
will be injected as fast neutrals into the plasma.
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Figure 1.2: Hydrogen ions neutralisation efficiemasya function of energy.

Initially ITER will use two heating neutral beantdNB) that are designed to inject 33MW of
either 1MeV deuterium (f) or 870keV Hydrogen (B into the ITER plasma, depending on the
discharge gas used in the specific operationalephaghird heating beam may be added later,
bringing the total  power that may be injected into ITER up to 50 MMhother different
Neutral Beam injector will be used for diagnosticgoses (DNB). They can be seen in Figure
1.3.

Figure 1.3: ITER and the NBI cell with DNB and 3 BN
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The neutral beam injector technology for the rezplienergy and power is well beyond the
present performance reached by similar systemstlardfore it is necessary to create a new
experimental facility addressing all the curresuiss and to fill up all the residual technical and
scientific gaps.

The realization of this laboratory, with the finealsupport of ITER, European Union and ltaly,
has been committed to Consorzio RFX in Padova. &merimental devices hosted in the
facility will be realised with the contribution amportant European research institutes (from
France, Germany and United Kingdom) and the camiob of international ITER partners,
Japan and India.

Some of these contributions are limited to the glegihase, others will extend to the supply,
installation and commissioning of components anwises. At the end this facility will be
available to all ITER parties for the exploitatiand the development of the high energy neutral

beam injectors for plasma heating and current drased on negative ions.

1.1 PRIMA

In order to finalize the development of the ion rees required for ITER neutral beam
injectors, to test all the essential aspects ofdihgnostic accelerator, and so to achieve the full
performances, a full-size test facility will be liead. It will allow the acquisition of an adequate

operational experience before the manufacturingogedation of ITER injectors.

PadovaResearch orl TER Megavolt Accelerated (PRIMA) [17] identifies all the R&D
facilities that will be realised and hosted at Goa® RFX in Padova in the framework of
international agreements with all the differeniast ITER Organization, Europe and the Host,
Consorzio RFX, with contributions from the otherER Parties, Japan and India, directly
involved in the neutral beam systems procuremditte. PRIMA activities include the design,
construction, installation and exploitation of tewperimental devices in a new building whose

construction is ongoing.

The laboratory that will host the prototype expemal injector, for the technical and
scientific development of the injectors to be itisthin ITER, is located in the site of the
National Research Council (C.N.R.) of Padova insGdstati Uniti, 4. The facility is being built
in the Southern side of the research C.N.R. ar@d, to the 400kV power station that supplies
energy to the existing RFX-mod device and that aftlo supply energy to the experimental
plants of PRIMA.

The facility will host two experimental devices: MCA (described in Section 1.3) and
SPIDER (described in Section 1.4), all the expenitaleservice plants and the control rooms

necessary for the operation of the two devices. Bligdings will be built on a surface of
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approximately 17500 whereas the area covered by buildings is of apmately 7000rf

The tallest building will reach 26m in height. Ataway view can be seen in Figure 1.4.

Figure 1.4: PRIMA experimental hall cutaway view.

Figure 1.5 shows the building layout. The main diat is subdivided in two bodies having
different height, but the same length of 110m. Ten single-span building (1) will host the
mechanical parts of the two devices; it will comesurface of 3000frand is 26m high. A single
crane having a total capacity of 50tons and cogetimee whole building area will allow
manoeuvring and placing of all components to béallesl in the experimental devices. The
second body (2) is adjacent to the first one arslehaurface of 2100mit is partially divided
into rooms that are distributed in two floors. Makeole height of the building is 18m. The body
is divided in two spans to host on the roof soméhefexperimental apparatuses. In particular
some components of the cooling and of the cryogglaiats will be installed here. To move the
components inside the buildings, two cranes (10totad capacity) have been foreseen for each
span in the single floor rooms. A second body dfdings is composed of two rooms; the first
one (3) with a surface of about 80band a height of 26m will host a -1MV shielded deck
containing power supply systems and other devipesabing at -1MV voltage to ground. The
second room (4) having a surface of 46Gmd 17m height has two floors; it will host other
power supply systems and utility devices. A finailding (5), connecting the previous ones,
will host two experiment control rooms; computarstwork devices and data storage systems.
In the external area, other systems and componamiessary for the experimental plant
operation can be seen: the MITICA acceleration goaver supply, including five secondary
200kV transformers series-connected in order talrahe voltage value of -1MV (6), the
underground -1MV transmission line (7) and two ugdeund water basins which serve as heat
capacity of the cooling system (8).
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Figure 1.5: PRIMA buildings, layout and side views.

1.2 RF Source concept
The Radio Frequency (RF) source, whose concepthahse is shown in Figure 1.6 consists
of three parts [18]:

thedriver, that is mounted on the back of the source bodheresthe RF is coupled to the

plasma;
theexpansion region where the plasma expands into the actual sourdg b
theextraction region, where negative particles are extracted from thenpa;

and theacceleration region where negative ions are accelerated.

filter

g ee field .
Foed e 0 NN e I i
[0 Crrounded

g

magnetic | |

>
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REGION REGION gyTrRacCTION  REGION

REGIOIN

Figure 1.6: RF source scheme.
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The extraction of the ion current is affected bgcgcharge forces [19]: if electrical charges
of the same signs accumulate, they repel each lthiing the extracted current. The negative
ion current at the exit of the accelerator plarmat  given by the Child-Langumuir law:

4 2ed

Iq =2 e [~ 52032
L 9 0 m

* & = vacuum permittivity;

e e = electronic unit charge;
e (=ion charge state;

e m=ion mass;

* Sis the aspect ratio r/d between the radius ofjtlteholes at the plasma grid and d

the distance between plasma grid and extracti@h gri

So, the extraction current is proportional td?and the proportionality constant P is the

perveance:

Pozion gsz
9 \'m

The perveance of an ion beam is:

_ I
p= 312
The perveance is related to the optic of the béam:condition of perveance match the beam

is parallel.

The driver is mounted on the back of the sourceybard consists of a cylinder with a
winded RF coil connected to a 1MHz oscillator. Aternal Faraday screen protects the cylinder
from the plasma. Due to the Faraday screen thatvalbonly inductive coupling, a so-called
starter filament is necessary in order to ignite flasma together with a gas puff of a few

100ms length. The starter filament is switchedsofihe 100ms after the plasma ignition.

At the end of the expansion region (Figure 1.6)agmnetic field is present, parallel to the
plasma grid, which extends into the extraction oegithe so called filter field. This field is
necessary in order to keep the ‘hot’ electronschiaire generated by the RF and have energies
larger than 2eV, away from the extraction regiantreese electrons efficiently destroy negative
hydrogen ions by collisions [18] and [20]. At 2eNetrate coefficient for electron collisions
equals the one from mutual neutralization. Electemperatures below 2eV are necessary for

minimizing the destruction rate of the negativerogen ions by electron collisions.



CHAPTER 1 | 25

The extraction grid is biased positively with restp® the plasma grid: the resulting electric

field extracts the negative particles from the seyrlasma through the plasma grid apertures.

The cool-down from the expansion region is furthesisted by magnets embedded in the
extraction grid which are primarily there to defléae co-extracted electrons. The filter field

also helps to reduce the co-extracted electrorentrr

The plasma grid (Figure 1.6) can be biased pos#gaenst the source body. This is found to
enhance the negative ion yield and to suppressdfextracted electrons. This biasing requires
the addition of a so-called bias plate, electrjcainnected with the source body to enhance the

surface area at source potential in the neighbauatlod the extraction apertures.

A fraction of the ions passing the plasma grid tispped in the extractor/accelerator,
consequently, the source has to deliver more negatns than the amount exiting the
accelerator at full energy. Some of the negatives iexiting the accelerator exhibit bad optical
properties; they are extracted from the sourcbatetges of the plasma grid apertures or they

are generated on the downstream side of the plgach§21].

The production of negative hydrogen-like ions igplaied according to two important

formation processes, the surface and the volunauption [22].

Volume production: the production of negative ions occurs in theuwm of plasmas
generated in molecular gases (hydrogen, deuteriihg.main formation process of negative

hydrogen ions in pure hydrogen plasma is dissaeiaitachmenof low energy electrons to

highly rovibrationally excited molecules:

HtekleV)—»H +H

Three volume destruction processes are the most important ones: mutual neutralization

collision with positive ions

H +HH, H3)>H+e+ ...

electron detachment in collision with electrons

H +e—>H+2e

and associative detachment in collision with atoms

H_ + H — H2 +e
Among the H ion destruction processes the most important ®neutual neutralisation.

The electron detachment can be reduced by lowéhimgensity of energetic electrons. Since
low energy electrons (<1 eV) are required for ptoduction by electron attachment, an ion

source denoted as tandem or magnetically filteoedsburce is proposed, in which the plasma
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production region (containing a group of energetactrons, with an energy of several tens of
electronvolts) is separated from the negative ioodpction region, which contains a cold

plasma, by a transverse magnetic field, called miggfilter.

The H ion density exhibits a dependence on the presSaweeral studies [22] have shown
that there is an optimum pressure for theidh density: this density increases with hydrogen

pressure up to a maximum and then decreases.

Surface production caesium adsorption lowers the surface work fomcéind this increases
the probability of sputtered particles escapingha form of negative ions. After seeding a
certain amount of caesium it was observed thatnégmative ion current increased with the

plasma grid temperature, up to a surface temperafi250-300°C.

The survival length for negative ions [18] is irethange of a few cm due to the various
destruction mechanisms (mutual neutralization Wthons and/or electron collisions, the latter
being dominant above 2 eV). As a consequence,dimation of negative ions close to the
extraction system must be maximized. This is dopehle ‘surface process’, for instance the

interaction of atoms or ions with materials havioy work function:
H*, + surface e— H".

Currently evaporation of caesium is used to cokierglasma grid of the extraction system
with a thin layer of caesium; the work functionrisduced to a value that depends on the
thickness of the caesium layer. The negative ioodyred at the plasma grid can then enter the
plasma and are bent back to the extraction systerolisions, charge exchange or magnetic
fields. As experiments show, the current densites much higher in a caesiated source
compared with caesium-free operation. This has besarved in filamented arc sources as well

as in radiofrequency sources.

Caesium accumulates in areas where there isditiact between the plasma and the source
wall. This has the effect that any modificatiortie confinement magnet arrangement will also

redistribute the caesium in the source.

As explained above, the filter field seems to sahe problem of Hion destruction by fast
electrons [22], since the magnetic filter prevetits energetic electrons in the driver from
entering the region where the extractedibhs are supposed to be formed. Both positive and
negative ions together with cold electrons canudifacross the filter field into the extraction
region. In the latter low temperature plasma iss@né which is favourable for dissociative

attachment (volume process).
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1.3 MITICA

The MegavoltIT ER Injector & ConceptAdvancement (MITICA) is the first of the two
experiments which will be hosted on the premiseghef new laboratory. MITICA is the
prototype of the injectors which will be realiseddainstalled in ITER. Figure 1.7 shows the
injector with its main dimensions in the experinagrtall. The 1.8m thick concrete bio-shield
has been partially removed to show the injector.

Sl

BIO-SHIELD
\

=

—_—
=

Figure 1.7: External view of the MITICA experiment.

The injector is being designed in order to be ablproduce a beam of neutral particles of
deuterium, electrostatically accelerated up toahergy of 1MeV. The beam shall be able to
transfer a power of 16.5MW to the plasma for 3608stinuously. The process for the
production of deuterium neutral particles origisabeom a deuterium (D) plasma produced by
means of 8 inductive radiofrequency generators (¥Mila chamber 1.8m high, 0.6m wide and
0.2m deep. The chamber (plasma soufaees a surface (plasma grttaving 1280 holes, each
with a diameter of 14mm, previously covered witbagsium layer [23]. As mentioned earlier,
deuterium — caesium surface interactions and @etiwithin the plasma can generate
deuterium ions having an additional electron,negative deuterium ions (P There are many
processes that lead to the destruction gfvihich exacerbates the difficulties of producinghh
extracted current densities. The choice for ITERMEV is a compromise between the foreseen
difficulties of developing higher energy, high pawpower supplies and accelerators and the
difficulty in making and accelerating high zurrents [15]. A cutaway view of MITICA is

shown in Figure 1.8 and a brief description ofiiigin components is given hereafter.
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Figure 1.8: Cutaway view of the MITICA components.

The ion source is held at -1MV and thée iDns are accelerated up to ground potential by a
system of 5 grids (acceleral@et at different potentials, by steps of 200kigdre 1.9), applied

to each pair of grids.

0kV -200kV -400 kV -600 kV -800 kV

Figure 1.9: MITICA acceleration steps.

At the end of the accelerating grid system, a beanmegative deuterium ions accelerated to
an energy of 1MeV will be obtained and a current@f is required. The composition of the
ion source and the accelerator is called Beam $otife beam will then pass through a cloud
of deuterium gas where the negative ions get figrtiautralised by a charge exchange process
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(neutralisey, in order to generate a neutral beam. Duringp@gsage through the neutralizer,
collisions of the D with the O} injected into the neutralizer leads to formatiérD8 by simple
stripping of the outer electron from thé,[@and double stripping create$. " is also created by

re-ionization of the Bresulting from D.

At the exit of the neutralizer, the beam, approxehacomposed by 60% 9P20% D, 20%

D", will pass through an electrostatic field (Residoa Dump RID). The electric field deflects

the charged particles of the beam onto a set eéléeaving the neutral beam to impinge onto
the Calorimetetocated just downstream of the residual ion duipe two panels making up
the calorimeter form a V with the open end of théa¥ing the RID. In this configuration the
injector can be commissioned and the neutral podvenped onto the calorimeter can be
measured. In the ITER NBI, the V calorimeter wi#d bpened and the neutralized deuterium

beam of 16.5MW power will flow along the duct urtike ITER plasma is reached.

Large cryopumps are placed on either side of tlmnbpath and the beamline components
(neutralizer, RID and calorimeter) inside the itgedo reduce the pressure downstream of the
accelerator and downstream of the neutralizer &xithe required values. The pressure
downstream of the accelerator must be low in orde@ninimize losses in the accelerator due to
stripping. The pressure downstream of the neuaalizust be low in order to minimize re-
ionization of D by collision with the background,DThe nominal parameters of the MITICA

injector [24] are reported in Table 1.1.

MITICA Unit | H D
Neutral beam power MW 16.5 16/5
Beam energy ke 870 1000
Acceleration current A 49 40
Maximum Beam Source pressure Ra <0.3 <0.3
Beamlet divergence mrad <7 <7
Beam-ON time S 36003600
Co-extracted electron fraction/td or €/D") <05| <1

Table 1.1 Nominal MITICA parameters.
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The Source forProduction oflon of DeuteriumExtracted fromRf plasma (SPIDER) is the

Figure 1.10: Example of SPIDER
grid: the plasma grid.

second experiment that will be hosted in the
premises of the new laboratory [25]. SPIDER
is an experiment which will allow to develop
the knowledge on negative ions and to
optimize the uniformity of negative ion
production, up to the ITER requirement,
before MITICA enters into operation
(indicatively 2.5 years later than SPIDER) and
then in parallel to MITICA operation. SPIDER
will be equipped with a source for negative ion
production that, once optimized, will be
duplicated for MITICA. The beam is
composed of 1280 beamlets, corresponding to
the holes of the acceleration grids (Figure
1.10), spanning an area of 1520x560 rifine
grids are subdivided in 4x4 sectors named

beamlet groups and each beamlet group is compdsexilé beamlet. Figure 1.11 shows the

SPIDER experiment in the experimental hall. Themlthick concrete bio-shield has been

partially removed to show the device. The highagét deck (in yellow colour) and the square-

cross-section transmission line can be seen.

Figure 1.11: External view of the SPIDER experiment
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The SPIDER beam source will be characterised pweed acceleration voltage (100kV) than
MITICA (1MV). This is due to the fact that SPIDERilwfocus on the optimization of the
negative ion beam creation process. The full acagbm and neutralization processes will be
the scope of MITICA injector that will be the protpe of the ITER neutral beam injector.
Thus, the mission of the SPIDER experiment is dgyvah the ion source to guarantee on a
large extraction surface of 1.52x0.56 e following parameters:

* the necessary ion current density;

« the lowest possible source pressure;

e the required uniformity;

» the lowest percentage of co-extracted electrons.
The SPIDER nominal parameters [24] are reportedlaible 1.2 and an overall picture of the

whole experiment can be seen in Figure 1.12.

SPIDER Unit | H D
Beam energy keM 100 100
Maximum Beam Source pressure Ra <p.3 <03
Uniformity % 90 90
Extracted current density Afm >350| >290
Beam-ON time S 3600 3600
Co-extracted electron fraction/td or €/D") <05| <1

Table 1.2 Nominal SPIDER parameters.

HIGH VOLTAGE N BEAM SOURCE

BUSHING \\” b,

HYDRAULIC

X ;
DIAGNOSTIC ROSHING

CALORIMETER

Figure 1.12: SPIDER device with transparent vessel.

The most important component of the SPIDER devwcéhe beam source (Figure 1.13);
nevertheless, the experiment would be useless wiitthedicated diagnostic systems [26] which
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are able to measure the beam parameters (Figugg Vikible tomography estimates the 2D
beam intensity profile with sufficient spatial régon and its evolution during the entire pulse
duration. It measures the line of sight (LOS) intted H, or D, radiation (656nm) generated
after the collisions between fast beam particlas$ reutral background molecules; a sufficient
number of well arranged LOSs allows a tomograpbionstruction of the 2D beam emission
profile, which is proportional to the beam densifyomography complements four other
diagnostics. The instrumented calorimeter STRIKEasnees with IR cameras the thermal
pattern on the back surface of a set of 1D carilme tomposite tiles, used as beam dump. It
provides the best spatial resolution (about 2mnH0&tz frame rate, but it is incompatible with
the heat load of long pulses (>10s). Installed amlySPIDER, it serves as a benchmark for
other beam profile diagnostics to be used more idenfly on MITICA. Beam emission
spectroscopy (BES) measures the LOS integrated;trappg dispersed K line. The two
corresponding line components are spectrally resbbhy the Doppler effect when the beam is
observed at an angle different from 90°. Line istynis proportional to the average beam
particle density along the LOS: BES can be usecevaluate the beam uniformity, by
comparison of LOS intensities, but with low spatedolution, because of the limited number of
LOSs. Its main role is to estimate the beam divezgegrom the width of the high energy line
component. Beam intensity profile is also measuredhe beam dump panels: thermocouples
measure cooling water and bulk material temperapn@viding respectively an estimate of the
vertical power load profile (30 points) and a 2inperature map (60 points) of the dump panels
front surface; a neutron imaging diagnostic measuhe neutron 2D profile generated by
reaction of beam deuterons with those implantetierdump surface.

Figure 1.13: SPIDER Beam Source: frontal view Yleftd rear view (right).
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MITICA and SPIDER share the same Plasma Sourcalaodhe Bias Plate, the Plasma Grid

and the Extraction Grid are coincident, that is/thleare the same ion source [23].

In Figure 1.14 the SPIDER plasma source can be [@3#nThe plasma source is mainly a
box (chamber) open on the front side, having 1.8yh,l0.9m long and 0.2m wide prism shape.
Eight inductive radiofrequency sources, called ehsy are placed on the rear edge of the
chamber. Each driver is composed of a ceramic dgtinmade of alumina, around which
electric coils, where a Radio Frequency currentMHz flows, are wound. The driver is the
component where the plasma is produced by thefradicency electromagnetic fields. Thus, in
order to protect the ceramic from the plasma, timeii part of the driver is constituted by an
actively cooled copper shield; permanent magneesys for plasma confinement are installed
too. On the rear of the source three caesium oae@sconnected; their aim is to feed the
caesium into the source chamber in order to enhdreceegative ion production. On the rear of
the source also the load matching capacitors ®MRR circuit are installed. Also all hydraulic
connections for the source component coolant, cgrfriom the hydraulic bushing, are routed
there. The source lateral walls and the back ofptaema chamber (the Plasma Driver Plate),
are actively cooled as well and the former alsosheuother permanent magnet systems for
magnetic plasma confinement of the main chambeallyi the plasma source chamber is open
on the front, where the plasma grid is located.

Plasma

Cs ovens

RF driver Cooling water Capacitor

connections
Figure 1.14: SPIDER plasma source views.
What differs between MITICA and SPIDER sources &semtially the presence of

demountable hydraulic connections in SPIDER, nadugh MITICA, to allow a higher

flexibility to modifications, and the presence ofddferent accelerating grid system of the
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extracted beam. In fact, as the aim of SPIDER éspitoduction of an ion beam satisfying the
ITER NBI requirements, the ion beam extracted isebarated up to a lower energy (only

100keV instead of 1MeV) through just one accelarpgrid placed at zero potential [23].
The SPIDER grid system is composed as follows:
» Bias Plate (for controlling the potential closdlte PG apertures);
* Plasma Grid (for negative ion production);
» Extraction Grid (for negative ion extraction andmhing of co-extracted electrons);
* Grounded Grid (for negative ion acceleration).

As the last accelerating grid (grounded grid) iacpd at zero potential, the accelerating
voltage is 100kV and another 12kV is needed foridheextraction between the extraction grid
and the plasma grid, the SPIDER source is at -1l@keéntial with respect to the zero potential
reference. This potential configuration leads tspecific isolating system design and to a
specific design of the source electric and hydcasdirvice feedthroughs. An exploded view of

the SPIDER beam source is given in Figure 1.15.

Grounded Grid
0 kv

Plasma source
-112 kV

Extraction Grid .
Plasma Grid :
-100 kV 112 kv Bias Plate

Electron dump -112 kV

Figure 1.15 SPIDER Beam Source: exploded view.

Once they are extracted from the plasma sourceaandlerated out of the accelerator,
electrons can be dangerous because, they are si@shed by magnetic fields (much more than
ions because of the mass difference) so focusidghating other components depositing large
power and huge energy flux. This happens becaestr@hs are negatively charged and thus
they feel the electric field in the same way asatigg ions. Consequently, their extraction is
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unavoidable (the electron to deuterium ion extoactiatio is required to be kept <1) and co-
extracted electrons are one of the major sourcdgaf loads on the Extraction Grid; suitable
magnets are in fact embedded in the Extraction @self with the specific purpose of
deflecting and collecting the co-extracted eledrdrhe other main source of thermal loads on
the grids is given by impinging electrons creatgdstripping. The electrons that exit from the
Grounded Grid are collected on the Electron Dumprvent them from hitting downstream

components or the vacuum vessel.

Since the grids are loaded by very high and loedliheating power, they feature many
cooling channels inside the grids themselves. Tguarantees the proper cooling of the
components that otherwise could not survive ineady state regime, as that required for the
ITER NBIs. Magnets to steer the electrons, befbey tare fully accelerated, are also embedded
in dedicated grooves into the grids. A detailedwd the grids and of their features is given in
Figure 1.16.

b Cooling
channels § Bias
g Plate
\a :
Grounded Grid / Plasma
(Soft Iron part) Grid
=
'n. - Extraction
Grounded Grid Grid
(Copper part)
Ll
[N

Permanent magnets

Figure 1.16 SPIDER grid system.

Plasma Extraction
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2 The Diagnostic Calorimeter for SPIDER

The primary scope of the diagnostic calorimeteo igerify whether the SPIDER beam meets
the ITER requirement about the maximum allowed beam-uniformity (below +10%).
STRIKE is made of 16 tiles to reproduce the sogeemetry (Figure 1.10). It is observed on
the rear side by thermal cameras. When STRIKE paarel opened, SPIDER can operate with
long beam pulses; if the panels are closed, STRIKE perform measurements and SPIDER
operates with short beam pulses. If STRIKE is i@, utscan be in the backward position (nearer
the beam source) or in the forward position (farfinem the beam source): the comparison of
the thermal patterns in these two positions allthes assessment of the beam divergence, a
complementary measurement. Another complementagsuanement is the estimation of the
beam current, which requires biasing of STRIKEstikend can provide, by comparison with the

2D thermal pattern, an estimation of the stripposses inside SPIDER.

The operation of the calorimeter will take placaiparticular environment in which several
interactions with the beam can occur. The resuitthese interactions are very important to
define some design characteristics of the diagnosélorimeter, which has to perform
measurements notwithstanding the disturbances atered in SPIDER due to the presence of

a particle beam.

2.1 Physical phenomena due to beam-plasma and beam-
surface interaction

The present section describes some physical phevaombich must be considered while
interpreting the measurements performed by STRIKEdistinction is made between the
phenomena taking place because of the interactitmedoeam with the background gas and the
phenomena due to the interaction of the beam wikerial surfaces. These phenomena can

affect the measurements performed by STRIKE.

2.1.1 Interaction between beam and background gas
In the following a brief description is given congimg some physical phenomena occurring
during the interaction between the beam and thekgraund gas, with the consequent

generation of secondary particles.

2.1.1.1 Plasma formation and emission of line radia  tion
lonisation of the background gas creates positime and electrons, which are in the field of
the beam space charge. In the case of negativeeams, positive ions are trapped inside the

beam, whereas electrons are expelled.
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Positive and negative ions result in the formatainplasma, all along the beam path.
Consequently, any electrode, biased with respegrdaand and exposed to this plasma, will
draw a current. Furthermore a contribution is alsobe expected by the aforementioned

electrons.

The interaction of the beam with the backgroundigasso responsible for the emission of
line radiation, particularly by hydrogen {H[27] and by other species. Such radiation is

partially in the red wavelength range, so that d&ynaffect the observation of hot surfaces by

thermal cameras.

2.1.1.2 Space charge compensation

Space charge compensation proceeds via the ianisatithe background gas. In the drift
region, where the electric field of the electrodesegligible, the production of secondary
particles through the ionisation of the backgrowad results in the accumulation of space
charge and in the consequent creation of a plasieddig the self induced potential of the
beam [28].

This phenomenon, known as space charge compensg8iGC) is a typical issue in
accelerator physics, and it allows the transpothefbeam for long distances with an acceptable

divergence as it leads to the reduction of spaaegehrepulsion inside the beamlets.

2.1.2 Interaction between beam and surfaces

In the following a brief description is given ofettmain physical phenomena occurring when
a high power particle beam impinges on a materidlase. These phenomena take place as
impinging particles transfer momentum to the lattiarticles and deposit heat on the material
surface.

2.1.2.1 Transfer of momentum (current measurement, particle
backscattering, secondary electron emission, sputte rng)

Since the SPIDER beam is mainly composed of chargedicles, their collection
corresponds to the measurement of a current. Suglent measurement is affected by the
presence of free charges, like the plasma particleéent of STRIKE generated by ionisation of
the background gas. The contribution of this curreust be subtracted from the total current to

obtain the beam current.

As particles hit a material surface they can bekgeattered or produce secondary electron
emission. In the energy range of particles produnethe SPIDER accelerator (100keV), the
particle reflection coefficient for hydrogen is bel 1%. [29] (with a small dependence on the
solid material), so that this phenomenon is not eetgd to affect STRIKE current

measurements, though most of the reflected pastisleuld be ions. Backscattered particles
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provide also a negligible contribution to the enedgposited on STRIKE surfaces, since the
energy reflection coefficient is well below 1%, imet same conditions [29]. Impact of ions and
neutrals on material surfaces induces the emissiosecondary electrons [30]; particularly,
when the impinging energy is high, kinetic emisstmeturs, which corresponds to momentum
transfer between the impinging particles and thickelectrons. The coefficient of secondary
emission depends on the projectile-target pair;ferglO0OkeV hydrogen impinging on graphite
it is 2.55. Such electrons have an energy disiohufunction which is peaked around 2-4eV
[31]. As the secondary electron emission coefficiman be so high, it affects the results when
measuring the beam current; consequently its dmriion must be considered or suitable
expedients to reduce the impact of secondary elegton the current measurements must be
adopted. Physical sputtering is the transfer ojgotde momentum to the target atoms, leading
to atom displacements and possibly also to ejeatiosurface atoms if a sufficient kinetic
energy has been overcome [32]. Hence physicalesmgtyields erosion of the STRIKE panels
and must be taken into accountufd/year) in the choice of the material for STRIKEheb.
Furthermore, chemical sputtering can occur if tmplanted atom can react with the lattice
atoms; for instance in the case of hydrogen impiggbver graphite, hydrocarbons can be

emitted (corresponding to @ih/year of eroded thickness) [33].

2.1.2.2 Thermal power deposition (heating, sublimat ion, radiation
enhanced sublimation)

The particles impinging on STRIKE panels will preguheating of the surface. Since the
energy flux can locally reach 20 MWJmsuch heating produces quite rapidly a high
temperature. Though detection of the thermal patéthe beam is the basic working principle
of STRIKE, the STRIKE panel material must be capabf supporting some seconds of
exposure to the beam, so that the latter can lukestwafter reaching steady-state conditions.
Moreover, heating is expected to be localised at ltkamlets, so that thermo-mechanical

stresses can occur in the bulk of the material. [34]

At high surface temperature, STRIKE panels wilkelasass by sublimation [35]. Moreover,
when the temperature passes a threshold, it isdftliat the sputtering coefficient rises and
radiation enhanced sublimation sets in [36]; altbgethis results in an increase of the loss of
mass from STRIKE panels. However, all these asgetselevant if STRIKE will be exposed
to the beam for a long time. It must also be cared that when the particle flux is high, the

radiation enhanced sublimation coefficient seendetrease [37].

Particles eroded from STRIKE panels via these m®ee and by sputtering can deposit over

any surface inside the SPIDER vacuum vessel, miodifthe superficial properties, e.g. in
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terms of optical reflectivity and electrical contiuity. So in the choice of the material for the

STRIKE panels also this aspect must be considered.

When the beam impinges on the STRIKE panels theltreg thermal pattern is tightly
related to the local deposition of energy. If madsrare chosen in such a way that the thermal
pattern is preserved until it is measured, beanpeities can be investigated on the beamlet
space scale. Exploiting the emission of radiatiorthe infrared range, thermal cameras can
provide a conversion of the recorded data of echitdeliation into a temperature map, provided
that the proper coefficient of emissivity is uséite thermal image provides information about

the beam features.

2.2 Conceptual design of STRIKE

From the phenomena discussed in the previous sectimme prescriptions can be derived

for the design of the diagnostic calorimeter STRIKE

Due to the radiating layer originated in front dietcalorimeter, the observation of the
calorimeter by thermal cameras will be performedtanrear side. This in turn requires the use
of a material with very anisotropic thermal propest(thermal conductivity), so that heat is
quickly transferred from the front to the rear siddile the thermal pattern is not too distorted

due to conduction of heat parallel to the tile acef

STRIKE is made of 16 CFC tiles, to reproduce thanbeource geometry. The overall size of

STRIKE is to be designed so as to collect alsastray particles.

Due to the anisotropic properties of the matettedrmalisation of the tiles requires a long
time; moreover, both the front and the rear sideshe tiles must not be hampered by the
presence of objects (either obstructing the bearh®robservation of the tile). This has two
consequences: active cooling of the tiles canngirbeided and cooling takes place in between
the beam discharges, by radiation and conductidmeat towards the supporting structures; a
material must be used having a very high operagngerature: graphite or carbon-fibre-carbon

composites are acceptable candidates.

Tile biasing is foreseen to avoid or at least tluce the effect of secondary electrons on the

measurement of current uniformity of the beam. téethe tiles will be electrically insulated.

Two measurement positions, along the axial directime required for the assessment of the
beam divergence. Another position, the open pasiieforeseen for the calorimeter to permit
the long operation of SPIDER. No active coolinfpieseen for STRIKE.
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2.3 Starting point of the PhD work

During my graduate thesis, the feasibility study TRIKE was investigated and a
preliminary design was completed .The design ofdélerimeter STRIKE at the end of 2009
consisted in two panels forming a V-shape to degrdhe power density at the calorimeter
surface (Figure 2.1). The panels can be closegetéorm measurements on the beam, and
opened, to move them off the beam to permit thg Ewurce operation. No cooling system was
adopted so a proper material was selected fordlgimeter tiles that are the sensitive elements

of this diagnostic.

STRIKE
panels

Figure 2.1: 2009 STRIKE design.

Transient non-linear thermal analyses (includirdjation in some cases) were performed to
investigate the behaviour of materials and thentlaéresponse of the stainless steel frame.
Electrostatic analyses allowed to choose a pol#izavalue to avoid the effect of secondary
electrons. From simulation results the requiremaibisut the calorimeter were deduced: one-
dimensional CFC (Carbon Fibre Carbon compositghageference material, angled position,
observation at the rear side, no active cooling, &xial distances, two positions (open/closed),
electrically insulated tiles, 10 s pulse duratiod 4200 s in between the pulses.

Figure 2.2: CFC: the fibres are arranged alongdtto&ness.
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2.4 Requirements and Interfaces

The SPIDER beam is composed by 1280 beamlets. Bé&aare assumed to exhibit a Gauss
curve profile in two dimensions (eq. 2.1) with altti given by a 3 mm intrinsic width (that is at
the end of the accelerator) and a contributiontdue specified divergena®= 3 mrad (see eq.
2.2); so, in a generic position in the plane (pgjpendicular to the beam, the amplitudg, &b

the energy flux associated to each beamlet is septed as follows:

o a -l L]
whereo,y anda,q are respectively the beamlet half-widths in treng y directions and As the
amplitude of the beamlet energy flux at the maximpwsition (%gYog). One of the scopes of
STRIKE is the measurement of the beamlet diverggBoan the previous representation of the
energy flux associated to the beamlets, in eadtuin, the beamlet width can be written as the
superposition of an intrinsic widtlsyg (Which is assumed = 3 mm in the computations)thed
increase of the beamlet width due to the angulertape of the beamlet as a function of the

distance along z from the end of the acceleratoefdence), as indicated in eq. 2:

g4 =0y, +0z eq. 2.2

A deflection angle can also be defined with resped¢he required beamlet direction. A sketch

of the beamlet parameters is given in Figure 2.3.

The scope of STRIKE is to characterise the beartuffes, in particular to verify that the
beam uniformity is better than 90% as prescribedTiBR; so STRIKE shall directly intercept
the whole beam. The heat flux and the current g@ssotcto the whole beam shall be measured,;
the uniformity of the current of the beam will besassed on the scale of the beamlet groups.
The heat flux will be measured by thermal camepasyiding a finer spatial resolution for the
beam uniformity measurement; possibly the divergasfdhe beam and of the beamlets will be
measured. Not to perturb the thermal pattern, ijgortant that the calorimeter is aligned with
the SPIDER beam source: STRIKE positioning systestigoermit to control the axial (z axis)
and vertical (y axis) positions and the beam inoideangle of the panels. Considering the
expected temperatures the beam pulse durationbwikhorter than 10s in order to limit the

maximum tile temperature. In long beam pulses, &ERtan not operate.

Due to plasma formed between the GG and STRIKE&btiatas a conducting path, transient
suppressors will be installed to protect STRIKEUulatons against electrical breakdown events

occurring inside the accelerator.

To study the beamlet divergence, STRIKE will beifimsed at two different distances:
about 1m and 0.5m from the GG.
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Beamlet 2 Theoretical Beam Axis

",

:Deﬂection

Halo D-;E}E'r'gencé T

Deflected Beam Axis

Figure 2.3: Beamlet description.

The presence of STRIKE represents a physical destabich might block the lines-of-sight
of optical diagnostics like BES, Tomography ancpetgion of in-vessel components. So when

STRIKE is not in use the panels must be opened.

A detailed list of STRIKE requirements, subdividatb categories, is given in the following
[38].

Diagnostic requirements

1. STRIKE shall directly intercept the whole bedfmg(re 1.10 and Figure 2.3), in order
to characterise its features and shall withstaedathole heat flux associated to the beam, for a

pulse duration up to several seconds at maximumm lpeaver.

2. ITER prescribes that the heat flux uniformitytibé beam shall be within 10%; for the
purpose of the present work, uniformity is defirsdin [39]; STRIKE shall be able to assess

whether the beam uniformity lies within the prelsed range.

3. STRIKE shall measure the current associatedh&o whole beam as well as the

uniformity of the current of the beam on the sadlthe beamlet groups.

4. Consequently STRIKE shall be subdivided into =&} tiles, corresponding to the
distribution of the beamlets into beamlet groupise Tiles shall be electrically insulated from

each other and from the supporting structure.

5. The tiles and the kerbs (section 3.1) shall dpgipped with transient suppressors, to
provide a low-impedance path to the current indase of breakdowns in the accelerator; the

voltage rating of the suppressors is 500V.

6. STRIKE shall measure the divergence of the baagnbeamlets.
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Mechanical requirements

7. The system composed of tiles and kerbs shaklt basufficient size so as to collect the

whole beam.
8. STRIKE shall operate inside the SPIDER vessédl Isas be vacuum compatible.

9. The calorimeter shall operate in two differeabfogurations: “open”, where the beam
shall not be intercepted by STRIKE; “closed”, wh#re entire beam power shall be intercepted
by STRIKE.

10. Two axial positions shall be designed for bediergence measurement; the ratio
between the axial distances of STRIKE from the G&ll<e greater than 2 (Im and 0.5m are
first tentative values). Axial positioning accuraggp mm, to limit the variation of the beamlet

pattern below +5%o.

11. Exposure angle accuracy: the beam facing ssfat the tiles of each panel shall lie

within two parallel vertical planes spaced by 10mm.
12. The tile thickness shall be 20+0.1mm.

13. The maximum expected temperature of panel &ltsie 2800K in front (beam facing
surface) and 1900K on the back side, in the cagd-@f [40].

14. Handling and maintenance of STRIKE shall beiedrout with the Vessel front lid in

open position, (considering 1m distance betweemrltiged front lid and the bio-shield wall.

15. Number of moving cycles: 1000 aperture/clostyeles and 1000 forward/backward

cycles in vacuum; during operation the latter Wwélmore frequent than the former.

16. Expected number and characteristics of beasepupulse duration 10s, time between
pulses 1200s, beam power 5SMW, Gaussian shapedineatith peak value of 20MW/A41].

Requirements of the diagnostic dedicated to STRIKE

Several diagnostic systems are dedicated to STRidBaracterise the SPIDER beam.
Hereafter the Requirements of the STRIKE Diagnaststems are given:

17. IR cameras shall measure the 2D temperatureofrthp entire beam cross section, with

a spatial resolutior2 mni and a frame rate25 frames/$. IR cameras shall have an operating

' See section 6.6.
" To follow possible variations of the beam featurespatibly with the global memory occupation and
the characteristics of present-day thermal cameras.
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range of 20-2000°C, with an absolute accurs29 above 100°C. Signals from IR cameras

shall be suitable to be integrated in the SPIDERrakcontrol and data acquisition system.

18. The tiles shall be instrumented with 2 thernuptes each, arranged so as to measure
the extreme values of the temperature profile Focamera calibration. Two tiles per panel can
be instrumented with 10 thermocouples each, arcarsgeas to reconstruct the temperature
profile [42]. Each kerb (see section 3.1) elemdnatlsbe equipped with one thermocouple, to
monitor its temperature during the operation andhétp in assessing the halo contribution,
particularly in the case of large beam deflecti&ach strip (see section 3.1) shall be equipped
with one thermocouple, to monitor its temperatuward) the operation and to help in assessing

the halo contribution, particularly in the casdasbe beam deflection.

19. The current flowing into each tile shall be swad to assess that non-uniformity is
within 10%. The current meters shall be able to suea a current up to 5A, with 1kHz
bandwidth, 12 bit resolution; the current meterlisha insulated at least up to 500V with
respect to the tiles. The current flowing througlklekerb element shall be measured, to help in
assessing the halo contribution, particularly ia tase of large beam deflection. The current
meters shall be able to measure a current up #, @vgh 1kHz bandwidth, 12 bit resolution
and shall be insulated at least up to 500V witlpees to the tiles. The total current flowing
through the strips of each panel shall be meastioedelp in assessing the halo contribution,
particularly in the case of large beam deflectibne current meters shall be able to measure a
current up to 8A, with 1kHz bandwidth, 12 bit raga@n; the current meter shall be insulated at
least up to 500V with respect to the tiles.

20. To characterise the plasma in front of STRIRE|ectrostatic probes shall be installed

in each panel.

Requirements of the power supplies dedicated tollSER

In order to prevent secondary electrons from escgttie tile surface, a voltage is applied to
the tiles with respect to the vacuum vessel. Suekify is provided by 2 suitable power

supplies, whose ratings are:
21. output voltage: 500V.

22. total output current: 80A.
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STRIKE interface requirements

The interfaces between STRIKE and the surroundimgrenment are described herein; the

requirements of such interfaces are also presented.
STRIKE interfaces

Figure 2.4 gives an overview of the components rfgnan interface relationship with

STRIKE.

VESSEL

STRIKE
-
PORTS
SOURCE j
PLASMA
OTHER BEAM
DIAGNOSTICS HEAMD
=
INSPECTION
SUPPORTING
- -
FEED- tj
THROUGHS LOW VOLTAGE
DISTRIBUTION
NETWORK
DISTCRAlgg::[ION AN
ST SYSTEM
GROUNDING
SYSTEM

Figure 2.4: Schematic of the SPIDER componentschvare interfaced with STRIKE.

Definition of interfaces
STRIKE has the following types of interfaces (Tabl&):

- Mechanical (M), consisting in a physical connectibetween STRIKE and another
component and/or the necessity of respecting tieeathdimensions of STRIKE and of another

component;
- Electrical (E), consisting in prescriptions comgrg voltages and/or currents;
- Optical (O), consisting in blocking lines-of-sigh

- Particles (P), consisting in interactions with wediated by ionised and neutral

particles;

- Radiation (R), consisting in interactions duaéutrons, X-rays and infra-red radiation.
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INTERFACE M E 8} P R

) other beam )
beam dump vessel . . beam source
diagnostics

cable distribution

vessel . gource plasma beam dumyp
system
cable digtribution . pumping
COMPONENTS ‘ grounding system beam dump vacuum piping
gystem ; u system
grounding system acquisition system vessel veszel

low voltage
digtribution dampers
network

Table 2.1: SPIDER components sorted as functiomiseofype of interfaces with STRIKE.

Interface with the beam:

Interface with the Beam is a Particles type intefaSTRIKE is directly hit by the beam
particles (negative and positive ions, neutralsctebns) when it is in the closed position; this
way the beam properties are measured, which iaithef STRIKE; the beam particles produce

the emission of secondary electrons from the STRiliEace.

23. A suitable bias (<500V) with respect to thesetshall be applied to STRIKE tiles to

attract the secondary electrons back to the tifase.
24. In the open position, STRIKE shall not intertcapy fraction of the beam.

Interface with the plasma:

Interface with the Plasma corresponds to Partityes interface. Between the GG and
STRIKE a plasma is formed by the interaction of bleam particles with the background gas.
Such a plasma electrically connects the GG to tRRIKE tiles; this can modify the tile
potential in correspondence to the electrical kaleal events occurring inside the accelerator,

when the GG potential reaches some tens of kV nggpect to ground (the vessel).

25. Suitable devices shall be adopted to preseFRIKE insulations, power supplies, and

signal front-ends.

Interface with beam diagnostic:

Interfaces with Beam Diagnostics is an Optical typerface: the presence of STRIKE
represents a physical obstacle, which might blbeklines-of-sight of optical diagnostics, both

in the closed and open positions of STRIKE:

26. STRIKE shall preserve a suitable volume fombdamography, except when STRIKE
is in its closed position at ~0.5m from the beamrse; such respect volume is bounded by two

sets of fans of lines-of-sight (magenta lines iguré 2.5) tilted by 90° and 75° with respect to
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the beam, starting from the portholes located @nttmography section placed close to the
beam origin and ending where the lines-of-sight i@ beam. The reason is to allow the lines-

of-sight to run unintercepted across the whole beaonder to characterise it.

27. No hot STRIKE surface (specifically, with sudatemperature greater than 900K) shall
intercept the lines-of-sight of Tomography: thermadiation from surfaces at temperature
greater than 900K affects the wavelength rangesaelefor the tomographic diagnostic (CCD
detectors for Kor D, radiation).

BES Tomography

Figure 2.5: Top view of SPIDER vessel highlightthg port-holes dedicated to some
diagnostics: the red lines define the view cone&STBRIKE observation (in the case STRIKE is
exposed to 60°); the green lines bound the coneewaf for BES and for source inspection; the

yellow lines delimit the view cone for beam dumppaction; the black line indicates the
direction of the lines-of-sight of BES; the magelmas bound the area reserved for beam
tomography.

28. STRIKE shall not intercept the lines-of-siglitBeam Emission Spectroscopy (BES,
see Figure 2.5, Figure 2.6 and Figure 2.7) fronir thiarting point at the port hole until they
have crossed the whole beam; this constraint &leaiatisfied in all experimental conditions,
except, but still, if possible, when the calorimmatein the closed position at ~0.5m from the
beam source. The reason is to allow the linesgiftao run through the whole beam in order to
characterise it.
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Figure 2.6: Lateral view of SPIDER vessel highlightsome of the port-holes dedicated to
BES and to the observation of STRIKE with the IReaas.

Figure 2.7: Lateral view of SPIDER vessel highliggtsome of the port-holes dedicated to
BES.

Interface with the Beam Source:

Interface with the Source is a Mechanical typentéiiface: in both measurement positions,
the STRIKE tile surface shall be aligned with retfe the GG surface:

29. The minimum and the maximum distance from tlig@ & each of the two parallel

vertical planes referenced in requirement 15 si@ldiffer by more than 10mm.
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Interface with the Source; type Radiation: durifigprs operation, STRIKE reaches high
temperature (2800K) and radiated flux is not nelglegin this case. STRIKE radiates toward the

source.

Interface with the Source Inspection System

This is an Optical type interface: the presenc&SORIKE represents a physical obstacle,
which might block the lines-of-sight of the camedaslicated to the observation of the GG, both
in the closed and open positions of STRIKE:

30. STRIKE in the open position shall not obscime ¥iewing ports for source inspection
(Figure 2.8) to permit the check of the GG and ED.

=R
=l

Figure 2.8: View of SPIDER vessel highlighting tpert-holes dedicated to GG and ED

inspection and to BES.

Interface with the Beam Dump:

Interface with the Beam Dump, Radiation type irdeef. STRIKE radiates toward the Beam
Dump.

Interface with the Beam Dump; Mechanical and Optyaes of interfaces: when STRIKE is
in the close position (STRIKE is operating), thesetvation of the beam dump by means of the
dedicated camera is blocked and the beam dump miatesitercept the beam. In the open
position, STRIKE shall not intercept any part of theam, preventing it from reaching the beam
dump with the risk of overheating of the exposedR&E tiles; STRIKE shall also not obstruct
the observation of part of the beam dump panelRIKE and its supporting structure might

have an impact on the beam dump and its overaksmns and vice versa.
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31. STRIKE in the closed position shall accommodhte whole beam so that the Beam

Dump is not directly hit by any fraction of the bbea

32. STRIKE in the open position shall not obscune tines-of-sight for beam dump

inspection (yellow line in Figure 2.5) to permittbheck of the beam dump.

Interface with the Dampers:

Interface with the Dampers and the instrumentaisialled on them is a Radiation type of
interface: STRIKE radiates toward the Dampers dddit to mitigate the effect of the

breakdowns inside the accelerator.

Interface with the Vacuum:

Interface with the SPIDER Vacuum, Particles tygderiface:

33. STRIKE components shall be high-vacuum compli@TRIKE tile outgassing might
raise the pressure inside the vessel, thus chanti@gSPIDER operating conditions and

emitting impurities. Moreover impurities will inaase the radiation in front of STRIKE tiles.

Interface with the SPIDER Pumping System:

Interface with the SPIDER Pumping System; STRIK&ates toward the cryo-pumps.

Interface with SPIDER Vessel:

Interface with the Vessel; type Radiation: STRIK&tliates toward the Vessel. Since the
vessel external surface is surrounded by air, sigeth load should not create any danger to the

vessel.
Interface with SPIDER Vessel; types Mechanicalctieal and Optical:
34. STRIKE shall fit inside SPIDER vessel, in amahposition and both open and closed.
35. SPIDER vessel shall support the STRIKE suppgmind moving structure.

36. SPIDER vessel shall be provided with suitalyleckets, which must allow sufficient

alignment and positioning accuracies.

37. SPIDER vessel shall be provided with dedicdesti-throughs, located in dedicated
flanges, for the extraction of several types of lesib(for thermocouples, tile biasing,
electrostatic sensors). The feed-through shallnselated at 500V from the vessel and from

each other.

38. SPIDER vessel shall be provided with dedicgiedholes for the thermal cameras
dedicated to the observation of STRIKE tiles.
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Interface with the Cable Distribution System:

Types Mechanical and Electrical. Outside of SPIDERsel and bioshield, STRIKE cables

reach the electrical cabinet where data conditgaimd acquisition is performed.

39. The cable runs must accommodate all STRIKEssalhe path and features of the cable

runs must be suitable for preserving the signaigrity.

Interface with the Grounding System; types Mechanamd Electrical. The environment of
SPIDER signals is prone to be affected by noisg. @ue to the RF applied to the source;
breakdown events in the accelerator ...). Signagnitemust be preserved up to the acquisition

modules.

40. The layout and the features of the PRIMA GraumdSystem must be suitable for
preserving the integrity of STRIKE signals, botbraj the cables and in the cabinets.

Interface with the Acquisition System; type Elecdti

41. The acquisition system must be suitable forpdiauign and storing all STRIKE signals,

including the storage of the panel positions.
Interface with the Low Voltage Distribution Netwoitigpe Electrical.

42. The low voltage distribution network must sypiile necessary power for tile biasing

signal conditioning, data acquisition, panel movenand dedicated services.

2.5 Alternative design

After an economic evaluation of the 2009 desigterahtive solutions were considered to
reduce the costs of the diagnostic. An attempt istets in the use of different carbon fibre
materials but this solution was not feasible dudatger complexity in the design and not so

high cost reduction.

Another way considered a different geometry: thenst anisotropy of thermal conductivity,
much higher in one direction, is a key characteriir the STRIKE material to ensure the
correct transfer of the thermal pattern from thenfrside to the rear of the calorimeter; an
alternative design involves tiles made of graphite the one-directional property, intrinsic for
the 1D CFC, is guaranteed by a particular geonwdtthe tiles, made of several elements, and
by the arrangement of these elements. The gragleiteents will be placed side by side to form

a 2D pattern of columns and with the slots all gltve same direction, as shown in Figure 2.9.
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Figure 2.9: Single graphite elements (left hané)idxample of assembly (central);
arrangement of elements in the tile (right hané)sid

Machining the central region of the elements alldavénsert a bar to prevent the elements
from moving along the beam direction. Such bar khbe made of a material having thermal
characteristics very different from graphite, likdumina. The lateral surfaces should be
machined to realise an inefficient thermal contastiveen the neighbouring elements to avoid

the heat dispersion in the direction transversh wispect to the beam direction.

This particular geometry introduces a structurakuitisation of the thermal pattern of the
beam at the tile. This effect has been investigateeévaluate the proper element size to
guarantee the right reconstruction of the thernatepn corresponding to a single beamlets
spatial scale. The study has been performed bdidiyithe surface hit by the beam into squares
and by computing the average of the energy flux tive single squares. Figure 2.10 shows an
example of the heat load in a central area of tanibet group, highlighting the rows of 5
beamlets, together with the discretisation in tBerap introduced by 3x3nfnand 2x2mrh
graphite elements.

The profile of the power density is shown alongre Ipassing through the centre of the
beamlets, compared with its spatial sampling with 2x2 mr (Figure 2.11) and 3x3 nfm
(Figure 2.12) resolution and with the sampling glaontiguous rows; the same indicated in
Figure 2.10.
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3mm x 3mm 2mm x 2mm

Figure 2.10: Beam energy flux impinging on a tdergtral), compared with its spatial sampling
with 3x3mnf resolution (left) and 2x2mfmesolution (right).

The agreement between the continuous line and idoeetization results is good in both
resampling conditions, but the less refined spagablution of the 3x3mfmleads to results
differing more from the theoretical results and ibithng larger asymmetry around the
maximum, so a cross-section of 2x2mia preferable. Similar results have been obtained

considering the vertical profiles.
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Figure 2.11: Power density profile along horizotitaés, 2x2 mradiscretisation.



CHAPTER 2 | 55

20 T T T T T T T T T T T T T T T

q [Mw/m?’]

S T ]. S | ..I.J..I. { - I...I. S I S —

0.00 0.05 0.10 0.15
£ [m]

Figure 2.12: Power density profile along horizotitss, 3x3 mrhdiscretisation.

A series of experiments has been carried out tothesthermal behaviour of the graphite
elements assembly. Two custom made peek suppoeadpp2x2 elements and the other one for
the 3x3 elements, has been realised. The peek dsf@ve the characteristics that they do not
conduct heat towards other parts and minimize tmact between the elements and the same
support. The tests have been carried out with rdiffiearrangement of the graphite elements: in
some cases a spacer was inserted between the teménvestigate different thermal contact
between the elements together with a different cesgion provided by the end element of the
peek support, as shown in Figure 2.13. A shuttes used to deposit heat only over a single
graphite element, to observe the thermal transfen bne element to the surrounding ones.

Figure 2.13: Set up using spacer between the elsraad no compression.
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The heat load consisted in a £@ser (10.58m wavelength) with 5.7W output power and
duration of 5s, 10s or 15s. The laser beam is aBouh diameter but after the shutter just
before the graphite target it was reduced to 1.5amch the laser power has been reduced to
about 0.9W on the element. Figure 2.14 shows ampbeaof the temperature profile at 10s

laser application for 2x2 elements.
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Figure 2.14: Temperature profile along the elements

After the study of several combinations of thelgetsome results have been obtained:

- No appreciable difference is found in terms of héansfer towards the

surrounding elements.
- The smaller samples would provide a better spagslution on the final images.

- Heat transfer towards the neighbouring elementnlg slightly affected by the
compression of the graphite elements: only for tshiones a better thermal

insulation is obtained in the absence of compressio

- By interposing paper pieces in between the grapfgeents, thermal insulation
improves: as long as the laser is on, the illungidaglement exhibits a higher
temperature. Heat is flowing towards the neighbrauglements, so that after 10s
during the illumination the temperature profile lisss peaked, the nearest
neighbours display half the temperature increasthefilluminated element and
this temperature ratio remains constant as lortpeataser is on. The temperature,

10s after turning the laser off, shows a broad peaompassing all four elements.

Some simulations were carried out to study thentaérehaviour of the element, to be
compared to experimental results performed by hgdiy a laser. The study was carried out by
varying the geometric parameters of the elementsinstance radius of curvature (see Figure
2.9) or the height of the slots (see Figure 2.9)d #he load conditions. The heat flux is
computed by dividing the power by the cross-sect®m that the load is supposed to be
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uniformly applied over the cross-section. The madehermally insulated: no radiation and no
convection are considered, only conduction throtlgh sample. The starting temperature is
300K.

The numerical results of the case correspondinigegsame heat flux of Figure 2.14 is shown
in Figure 2.15: at the end of 5s pulse the maxintemperature on the front surface is 313K,
and the minimum temperature on the rear surfaB08&K. The steady state temperature at 500
seconds after heat load ends is 309K. This modwiders only conduction inside the material.

JBK

)

mnES

b ]
308K

Figure 2.15: Temperature distribution inside a 2xfralement.

The realisation and assembly of such a system wmeiNkery complicated and would require
huge manpower. Moreover a tile composed of thousahthdependent graphite elements does
not have the mechanical properties of a CFC tileally, the discretization of the thermal

pattern introduced also by the thermal cameradas superimposed.

Consequently, the solution using one-dimensiondl @fas preferred.
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3 STRIKE Design

The design of the calorimeter has been developat thie support of thermal and
electrostatic numerical simulations. In the follagithe results of this work, the final design, is
described along with the solutions adopted for ifiegration of the diagnostics of the
calorimeter. Moreover, the simulation results talaste the diagnostic capability of the system

are also presented.

3.1 Final Design

In front of the calorimeter a radiative sheet, ttuéhe interaction between the beam and the
background gas, disturbs the frontal view by therrttal camera. Hence, the observation is
performed at the rear side of the diagnostic aedith material must maintain at the rear side a
beamlet footprint as similar to the front one asgiade. The STRIKE tile outgassing rate must
be compatible with the SPIDER base vacuun®(hbar [25]).

The material studied and adopted is a graphite ositg one-dimensional CFC (Carbon
Fibre Composite). The 1-D property refers to tregrial conductivity: 1D-CFC has a high ratio
between the thermal conductivity in the directioargtlel to the beam and the thermal
conductivities in the direction orthogonal to thea (in-plane) [43]. Other important feature of
the material is the maximum allowable superficeperature. The calorimeter is directly
exposed to the beam and it can withstand abouatl8®IDER full power (about 5W). In these
conditions STRIKE will operate without a coolingssym.

The possible positions of STRIKE are representadilsaneously on the left hand side of
Figure 3.1, far and near to the beam source inrngethe beam and in the open position to
allow SPIDER long pulses. On the right hand sidé-igiire 3.1 STRIKE system can be seen

together with the principal components.

STRIKE consists of two separated panels to perngitmgple removal from the beam path

when it is not in use. The front and rear sidethefpanels are shown in Figure 3.2.

STRIKE is made of 16 CFC tiles, to reproduce thanbesource geometry. Each tile is
expected to receive one of the beamlet groupseoSPIDER beam (Figure 1.10).



60| CHAPTER 3

CENTEAL KERB

STEIP

CFCTILE

SUPPORTING
AND
POSITIONING
SYSTEM l

Figure 3.1: Positions of the STRIKE inside SPIDERRIKE system.

Figure 3.2: Front side and rear side of the caletém

The exposure of the calorimeter is orthogonal wespect to the beam direction (Figure 3.1).
Each of the tiles has dimensions of 160 x 398 nie overall size of STRIKE is about 1800 x
840 mni so as to collect also the stray particles.
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The main elements of the panels are the CFC filesy are surrounded by kerbs to collect
the halo particles. In between the tiles, strigswmed to occlude the gaps foreseen to permit the
thermal expansion of the tiles and to protect tigperting frame, as shown in Figure 3.2.

Figure 3.3: Gap in between the tiles; zoom.

To measure the current, the tiles (Figure 3.4) thedkerbs (Figure 3.6, right) are insulated
with respect to the frame to avoid the direct contd the AISI 304 L (frame material) with the
CFC and graphite (tiles and kerbs material respelg)i. This insulation will be realised with
Macor elements (in yellow in the following pictujes order to prevent carbon migration to
steel and chemical changes at the frames. Furtherrtie installation of Macor elements will
electrically insulate each tile with respect to freme, the strips, the kerbs and the other tiles
(Figure 3.5 and Figure 3.6, left). Macor shapevedldo realize a notch coupling with kerbs and
strips so as to fix all elements guaranteeing Béadtinsulation at the same time.
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Figure 3.4: Frame (left), Macor elements (centik assembly (right).
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Figure 3.5: Vertical strips assembly.
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Figure 3.6: Horizontal (left) and kerb (right) asdsy.

An example of the fixing system to the frame iswhan Figure 3.7.

SPIDER.K L0144

ISO 4026 SCREW M3IxS

HORIZONT AL

WASHER Bx16 STRIP
VERTICAL
SPIDER.K 150 _ ! STRIP
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SPIDER.K L0160

FANEL FRAME

WASHEER Rvl A
DISCS SPRING __ *

-"h_-* —
WASHER 6x12 SPIDER.K__ .0143

RING CABLE

CONMECTOR ——HUT 1t

4—HNUT Mé THIN

Figure 3.7: Kerb, strips and tile fixing systentte frame.

The fixing point is on the side of the tile, atfhaight, to reduce the risk of cracking due to
thermal expansion (Figure 3.9, left hand side).idBes this solution avoids drilling holes in the

tiles. The tile fixing system includes insulatingereents (the yellow part in Figure 3.8),
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Belleville washers (to give a specific pre-load)dan electrical contact to bias the tile. Details

of tile and strip fixing system can be seen in FégB.9, right hand side.

g
it

E . Special
o screw
i:
ﬁ &
% e CGraphite

cap

Insulaling washer

Figure 3.9: Tile thermal expansions; fixing systenthe frame.

The calorimeter will operate in two different canfrations (Figure 3.1, left hand side):
“open”, where the beam will not be intercepted BR&E; “closed”, where the entire beam
power shall be intercepted by STRIKE. In the latt@se, two axial positions shall be designed
for beam divergence measurement, one close toetdym source and the other one farther away.
Measurements can be performed also in intermegiaséions. In all measurement positions,
the STRIKE tile surfaces will be parallel to the G@&face.

The mechanical structure that supports the pamselsoinposed of three main parts: the
basement frame, the trolley and the panel suppoittare (Figure 3.10) and is also dedicated to

move STRIKE between the measurement positions. dereit allows parking STRIKE
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outside of the beam path during long pulses. Eactelpconstituting STRIKE is supported by a

dedicated structure interfaced with the SPIDER vatuessel.

PANEL
SUPPORT
STRUCTURE
CABLE
CHAIN
SUPPORT VACUUM STEPPER
MOTORS

CABLE TRAY

Ay,
Sy r
EMERGENCY
RELEASE § &
LINER
BEARINGS

T‘ROLLEY ‘

BASEMENT

FRAME

L ADJUSTABLE
< TERFACE

] OTE(‘TION

: SHIELDS

BALLSCREW

Figure 3.10: Supporting and positioning system.

It is estimated that the system will undergo thiéofaing number of moving cycles: 1000
aperture/closure and 1000 forward/backward in vaguduring operation the latter will be more
frequent than the former.

The axial translation, which permits the forwaradtmard (along (x axis) beam axis)
movement of the panels, is realised by means obleey mounted on linear bearings on the

basement frame (Figure 3.11). The two panels mmregahe x direction without interferences.

The linear bearings with needles are properly pida in order to avoid backlashes and
assure a precise alignment and high stiffnessialsase of thermal elongation of the frames.
The displacement of the trolley is realised by nseah a motor for vacuum and radiation
environments. This motor drives directly a balleseiwith 2mm lead. This lead combined with
a 200 steps motor can give a high resolution of@@ per step. The ball screw has steel and
ceramic spheres in alternate configuration. Thel dther balls, smaller in diameter, preclude
friction and wear because there is no ceramic-taro& contact. Thus the load is supported by

the ceramic spheres and there is no risk of vacsticking between the steel spheres and the
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nut. All the sliding elements are dimensioned foraninal load that is more than twice the real

one, because they operate in vacuum without lutisitaThe minimum stroke is 800mm.

Figure 3.11: Basement frame with linear guidestamitey for forward/backward

displacement.

The particular of the ball screw together with fystem for the positioning along x axis are
shown in Figure 3.12: a ball screw is supportedbdly bearings mounted on supports and fixed
to the basement frame.

e ~

= £ 2
B SUPPORTING BEARINGS

Figure 3.12: Motors for moving system along x axis.

The panels support frame are mounted on the trbjfaypeans of two linear guides, as shown

in Figure 3.13, to realised the open/close moveroktiie panels in the y direction.
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Figure 3.13: Basement frame and trolley with lingaides for the open/close movement

along y axis.

The y moving system (Figure 3.14) will be mountéahilarly to the assembly of the x
moving system, but it differs because it shall amcmdate the thermal expansion of the
supporting structure frame; furthermore the trassion between the screw and the frame shall
not be "fixed". An emergency release mechanismufiei@.15) allows the manual release of the
nut of the ball screw, by moving up the two jawstse frontal nut plate will be unlocked from

the ball screw.

“’/ 7 / &
pansuicy v )

VACUUM STEPPER
MOTORS

Figure 3.14: Motors for moving system along y axis.

Electric motors can be used in moving systems, loththe trolley and for the support
structure, and they have to be equipped with ensomeorder to have an absolute position

measurement. Either DC or stepper motors can beecho
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L=

Figure 3.15: Emergency release mechanism.

Adjustments are incorporated in the supports ofltheement frames allowing for £30mm

displacement of the basements frames along the #xes, as shown in Figure 3.16.

Figure 3.16: Basement frame adjustment.

The panel support structure is fixed on the caesagf the linear guides. In Figure 3.17 the
two fixing systems used to attach the panels sugbarcture to the trolley are shown. In order
to allow the free thermal expansion between the IKERpanel support structure and the
carriages of the linear guides, the external bgltedtion (see top-left zoom in Figure 3.17) is
equipped with sliding carriage bushings and washers
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SLIDING
CARRIAGE
WASHER
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Figure 3.17: Fixing system and adjustment of thgpsut structure frame.

The position adjustment of the panel frame, witbpeet to the panel support structure is
guaranteed by the presence of suitable screwgsasiled in Figure 3.18. This system can also
accommodate the thermal expansions of the pamakfra
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Figure 3.18: Adjustment of the panels.

In order to avoid that the two panels comes in acntvhen STRIKE is closing, possibly
causing damages on the tiles or kerbs, a mechaatetly block (Figure 3.19) is foreseen.

Cable Chains
Support

{
. ‘\ _z
IS PROTECTION SHIELD

Figure 3.19: Mechanical safety block.
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3.2 Diagnostic systems dedicated to STRIKE

Two thermal (IR) cameras are used to observe themil pattern on the rear side of
STRIKE tiles. The IR cameras shall measure thedingensional temperature map of the entire
beam cross section. From the results of the nualesimulations, the expected operating range
of the IR cameras is 20-2000°C; the requirementR @ameras are given in [44].

To observe the rear side of STRIKE panels by teental cameras, two ports will be used.
The thermal cameras will be installed in air andl Wwave an angled view of the tiles, as
sketched in Figure 3.20, right hand side. One themamera will use one of the four upper
ports on the SPIDER front lid (Figure 3.20, lefopking downwards; the other thermal camera
will be installed on one of the three lower pontstbe SPIDER front lid, looking upwards.

TOPVIEW

BOTTOM VIEW
Figure 3.20: Thermal camera view ports.

The viewing field of the bottom thermal camerakistshed in Figure 3.21. Since the sensors
of thermal cameras are usually slightly rectang(dag. the pixel number is 480x640) they will
be aligned so that the longer side is in the valrtiirection. Thus the viewing fields of the two
cameras will overlap, providing a way for relatigalibration. This is necessary to obtain
homogeneity of the measurements and to provide agsessment of the deviation from

uniformity over the whole beam cross-section.
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Figure 3.21: Area observed by the bottom thermagzam

In order to prevent secondary electrons from escaghie tile surface and hampering the
current measurement, a voltage is applied to the tith respect to the vacuum vessel. Such
biasing is provided by 2 suitable power supplielspse ratings are: output voltage up to 300 V,
total output current: 80A [45].

The current flowing into each tile will be measutedassess that the beam deviation from
uniformity is lower than 10%; hence the currentengwill have to measure a current up to 5A,
with 1kHz bandwidth and accuracy better than 1%;dbrrent meter must be insulated at least
up to 500V with respect to the tiles [46].

The electrical contact with the tile is providedthg system shown in Figure 3.22: a stainless
steel sheet located below the tile and insulatewh he panel frame, with a crimping connection

to the cable.

Also the current flowing through each kerb andpstiements shall be measured, to help in
assessing the halo contribution, particularly ia tase of large beam deflection. The current
meters shall be able to measure a current up o, &Bh 1kHz bandwidth and accuracy better

than 1%; the current meter must be insulated at lgato 500V with respect to the tiles.
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Figure 3.22: Thin sheet to current measurement.

0 QOO0 -‘
;0 B0 O-, C:{z
oNoNeoNoNe) )
Q0000 '
oRoNoNoNe®)
Q0000
Q0000
cNoNoNoNe!

oo doo
oRoReoNoXe®)
OO0
oNoNoNoN®

OO0 0O0

OO0 0O0
oRoRoNo X

Q0O QOO

8
=10

Figure 3.23: Thermocouple arrangement to
identify beamlet profile.

Some thermocouples will be installed on
the tiles. Their function is to provide a
calibration for the thermal cameras and,
possibly, to help in the reconstruction of the
temperature profile [42]. For the former
purpose, two measurement points are
necessary to supply a reference in the whole
temperature range (Figure 3.24); for the
latter, a suitable arrangement has been
developed for the first V-shape version
(Figure 3.23) and it can be applied also for
the final design of the calorimeter. It is
difficult to realise because the thermocouple
obscure the thermal camera view and in
particular the instrumented beamlet (on the
second row with 3 thermocouples on the
beamlet footprint and 2 more thermocouples
close to the beamlet).

The fixing system is sketched in Figure 3.24: tnagde in the centre shows a thermocouple

measuring in a hot point that is the expected posibf a beamlet; the right hand side image

shows a thermocouple measuring in a cold point ithatt the edge of the tile, outside the

expected beam footprint.

Additional thermocouples are used: each kerb amigh sthall be equipped with one

thermocouple, to monitor its temperature duringdperation and to help in assessing the halo

contribution, particularly in the case of large imedeflection; some thermocouples will be

installed in the frame to monitor its temperature.
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Since the thermocouples are electrically connettettie surfaces which can be away from
the ground potential, the measurements systemhaile to withstand an insulation voltage of
500 V [46].

Figure 3.24: Thermocouples position and fixing sgst

To characterise the plasma in front of STRIKE, @c&bstatic probes shall be installed in
each panel. The structure of the probes is disglayd=igure 3.25. The electrode is the link
from the electrode plate, directly exposed to thesmpa and the metal disc in which the
electrical cable to extract the signal is soldefkal.fix the electrode to the electrode plate, a
screw is used. The insulating support is in thiy wampressed between these two elements.
Inside the insulating support there are the eldetrthe spring and the metal plate. The signal
cable can be extracted through a slot obtained dmstwhe insulating support and the probe
cover, to reach the frame.

These sensors are installed in kerbs at the topbatidm of the panels (Figure 3.25, left).
They provide the measurement of plasma paramekerstarge density, electron temperature
and plasma potential. The first quantity is obtdibg applying a constant voltage between the
probe and the kerb and measuring the current; tairohll quantities a voltage ramp is required
and the whole current-voltage characteristic canust be analysed [47].

locking screw

probe cover ’
A f

metal disk

spring

—
electrode
"u

insulating support L
(L |

electrode plate
e e

locking screw P

Figure 3.25: Electrostatic probes positions andragsy.
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Figure 3.26: Cable path from

the frame to the box.

|75

Inside of SPIDER vessel, all cables follow the tabu
pipe of the frame, from the sensor to the box (Fégu
3.26). Each frame is provided with a Cable Box ok
each insulated cable is terminated. These Boxesehou
thermocouple terminations as well as the connedtors
all cables. The choice to use collecting points etadled
in the Frames is useful in case of panel disasgerttie
movable connector remains with the Supporting and

Positioning System.

From the Cable Box to the feed-throughs all cables
follow the same path within the cable runs along th
supporting and positioning system (Figure 3.27).

SPIDER vessel will be provided with dedicated feed-
throughs, located in dedicated flanges, for theagkbn
of several types of cables (for thermocouples Higsing,
electrostatic sensors). The feed-through pinsresglated

at 500 V from the vessel and from each other.

Outside of SPIDER vessel and bioshield, STRIKE
cables reach an electrical cabinet where data tonitig
and acquisition is performed. The cable runs must
accommodate all STRIKE cables due to the RF apptied
the source and breakdown events in the accelertd®r;
path and features of the cable runs must be seaitail
preserving the signal integrity against noise, baltng
the cables and in the cabinets. The detail desgm i
progress.
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Figure 3.27: Cables path inside the vessel.

3.3 Simulations dedicated to the design

3.3.1 Thermal simulations

Thermal transient 2D and 3D simulations have besriedl out by the finite element code
COMSOL [48], with non linear material and includinadiation. The geometry of the model
represents only a quarter (0.08x0.198x0.%)2af beamlet group: due to the symmetry it is
possible to reduce the computational time. The Viastor for radiation is 1 for both surfaces,
the one hit by the beam and the opposite surfasereed by thermal camera. It radiates
towards 300K because STRIKE is surrounded by sesfaaround room temperature. The
applied load corresponds to the superimpositiothefbeamlet described as a Gaussian. The
maximum temperature on the rear side has beengeatiout 150ms after the end of the beam

pulse.

It is also verified the code response with deditatienulation: the asymptotic temperature,
resulting from a low power application to considsrconstant the thermal properties, has been

compared with the analytical result.
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3.3.1.1Consecutive pulses

Figure 3.28 shows a quarter of

Twme=10 Hicn: Tempenture (K] Max: 1733241

beamlet group where single beamlets
can be observed, at the end of the first
10s beam pulse. Three consecutive
pulses have been simulated with 20

minutes in between the pulses.

Previous studies on the V shape

calorimeter, using same pulse duration

11200
and waiting time in between the pulses,
have demonstrated that three pulses are
. sufficient to reach a kind of

temperature upper limit (Figure 3.29)
due to larger efficiency of radiation at

high temperature. The cyan curve
represents the temperature increase
without radiation in the model, the red
curve take radiation into account and

the pulse duration is 5s, the violet curve
¥

—

a0 take radiation into account and the

¢ e pulse duration is 10s. The following

Figure 3.28: 2D temperature map at the rear sige af _ .
figure refers to the V shape calorimeter.

10s beam application.
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Figure 3.29: Temperature increase of three subséguéses.
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Table 3.1 shows that the temperatures are very lugtower than the maximum allowable

material temperature (2800°C).

T front at the end of | T back at the end of T fro::;:;:s?sio;::ie
beam pulse [K] beam pulse [K] pulse [K]
1#t pulse 2657 1733 487
2% pulse 2753 1814 304
3 pulse 2756 1893 504

Table 3.1: Summary of front and rear side tempegatu

3.3.1.2Beamlet halo

As a first estimation of the effect of tfelo, a comparison between the temperature profile
of the reference case, which does not include bealoy and the case when halo is taken into
account, has been done. Beamlets can be descal@esduperposition of a core, carrying most of

the energy, and a halo having a gauss curve trend:

Gg(xry):Ag -

(X_XOg)Z (V‘VOg)Z

2 2
20 xg 20'yg

Gg is the power density associated to each beamlet;

0,y andayg are respectively the beamlet half-widths in treng y directions;

Ay is the amplitude of the beamlet power densithathaximum position ¢4 Yog).

Assuming that the halo carries 15% of the totalgynand possesses a 30 mrad divergence,

Temperature [K]

Termperature [K]

rear side

hale included

Temperature [k

rear side

no halo

Temperature [K]

Figure 3.30: Temperature profiles with halo anchattt halo.
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Figure 3.30 shows the temperature profile alorigepassing thorough the centre of the central

row of beamlets in a beamlet group.

As expected, if halo is included the peak tempeeatlecreases, the radius of the single
beamlets increases and the beamlet footprint ssrexgnizable due to larger superposition.

3.3.1.3Beam uniformity

A study ofuniformity has been performed, including radiation from ta®igmeter, exposed
orthogonally to the beam. Simulations have beenerhout with +5% and -15% with respect to
the reference power per beamlet. A comparison leetvilee three cases has been done with the
same colour code for the temperature. Figure 318Ws the comparison on the front side and
Figure 3.32 on the rear side.

Max: 2500

2500

2000

q1500

1000

500

Min 326,885

Figure 3.31: Thermal pattern on the front side REKE: +5% on the left, reference case in the
centre, -15% on the right.
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Figure 3.32: Thermal pattern on the back side ®RIKE: +5% on the left, reference case in the
centre, -15% on the right.

With increasing power per beamlet, the maximum tnajure increases. The maximum
temperature on both sides of the tile is summariaedable 3.2, along with the percentage
variation of the temperature and the temperatucesase (about 10 K) for a variation of the

power density of 1%. Such a temperature increasealdtbe detectable with a thermal camera.

reference case +5% wrt reference -15% wrt reference
front temp. [K]  rear temp. [K]  front temp. [K] rear temp. [K] front temp. [K] rear temp. [K]
2657 1733 2765 1783 2310 1572
percent variation +4.6% 3.5% -14.7% -11.2%
lemperature increment per 1% 21 K/% 10 K/% =23 K/% -10.7 K/%

Table 3.2: Summary of the temperature with resgettie power density variation.

3.3.1.4Change of the acceleration voltage

Off-normal conditions concerning thoerveance (see section 1.2) have been simulated. The
acceleration voltage has been decreased from 160#\é reference case of the SPIDER design
to 50kV and 70kV to study the expected signalsoaistant perveance, as a consequence also

the extracted current has been changed. The bedimégence is 3mrad in all cases. Three
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successive pulses lasting 10s and 1200s elapsedrtibetween the pulses have been simulated.
Figure 3.33 compares the thermal pattern on the side, at the end of 10s beam pulse. If

particles are more energetic, due to a higher acmign voltage, also the temperature at the
calorimeter is higher and the single bemalet issmecognizable.

Mux: 1025.37

Max: 674.139 Time=l0 Sice: Temperature [K]

Timesl0 Slice: Temperature [K] 1000

500

© 800

1700

b dco0

g 50kV acc

L [-2- ] (X
Minc 310153

70KV acc

Minc 316.301

Figure 3.33: Temperature map at the rear sidesagnd of 10s pulse.

Table 3.3 and Table 3.4 summarise the maximum Bl and rear side temperatures at the
end of 10s beam pulse, together with the temperatar the end of the interval in between the

pulses, just before the successive beam pulse.

T front just betore

T front at the end
of beam pulse [K]

T back at the end
of beam pulse [K]

the successive
beam pulze [K]

1% pulse 744 674 376

284 pulse 786 713 384

3t pulse 791 718 385
Table 3.3: Summary of temperatures, 50 kV acceterabltage.
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By comparing results for both simulated conditidhsan be noticed that temperature
variations, with respect to 300K room temperatare, appreciable even if the beamlet profiles

are quite overlapping.

T front at the end
of beam pulse |K|

T back at the end
of beam pulse |K|

T front just before
the succesgive
beam pulse [K]

1* pulse 1259 1025 406
204 pulse 1316 1073 412
3t pulse 1320 1076 113

Table 3.4: Summary of temperatures, 70 kV acceterabltage.

The maximum temperature reached at the rear sidéhénreference case of 100kV
acceleration voltage is 1733K; compared with théawourable case of 70kV acceleration,
which gave the minimum temperature difference, amwhsidering that, as previously
highlighted, a temperature variation of 10K cormgps to a power density variation of 1%, the

studied cases are well distinguishable.

Set of issues have been faced from the prelimidasygn to the buil-to-print design, in order
to refine the project. During the design phaseufitions were devoted to the realisation of the
instrumented calorimeter for the SPIDER experimbnparticular, the capabilities of STRIKE

as a diagnostic of beam uniformity and of beamilrgence have been studied.

Simulations show that it will be possible to verdéyperimentally whether the beam meets the
ITER requirement about the detection of the maxinallowed beam non-uniformity (below
+10%).

3.3.2 Electrostatic simulations

Impact of ions and neutrals on material surfacdades the emission of secondary electrons;
the coefficient of secondary emission depends erptbjectile-target pair; for instance, for the
hydrogen energy of 100keV, relevant for SPIDER, ingimg on graphite it is 2.55. Such
electrons have an energy distribution function Wwhig peaked around 2-4 eV (see 2.1.2.1 and
[49]).

As electron emission can affect the measuremerth®fbeam current, two- and three-
dimensional electrostatic simulations have beemiethrout by COMSOL code to assess the

necessary conditions for secondary electrons tefsbsorbed, by positively biasing STRIKE
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surfaces with respect to vessel and grounded @lid. voltage gradient in the vicinity of the
tiles must guarantee that electrons emitted from tile are attracted back to the same tile, so

that the current profile measurement is not affiecte

The model represents STRIKE as a parallelepipaderthe vessel. STRIKE is polarised at
200 V [50] and the vessel is grounded, namelyeattme potential as for the grounded grid and
the beam dump. The length of the vessel in the imedghorter than the real SPIDER vessel
length: to further simplify the computation, thedsrof the vessel in the model correspond to the
grounded grid (and the electron dump) on one sideta the beam dump on the other side, as
presented in Figure 3.34 by the red dashed velirezd. This simplification is motivated by the
fact that, within the vessel, the relevant reg®fust a few centimetres away from the STRIKE
surface, so that the detailed structure of distéjects is negligible. STRIKE can operate at two
different distances from the grounded grid (sect®h and [51]); for the simulations the
calorimeter is positioned in the forward positidn. this way the electric field between the
grounded grid and STRIKE is lower than in the casth STRIKE in the backward position.
The secondary electron trajectories are less affieby the electric field and this is the worst

case.

Beam | Beam
Dump - — Source
STRIKE i/ —
Forward Backward
Position Position

Model Vessel length

SPIDER Vessel length

Figure 3.34: Scheme of the adopted geometry fomthael.

The scope of the 3D analysis is to verify thatgbeondary electrons can not go farther than

few centimetres away from the calorimeter. Therezfee frame is in

Figure 3.35: the STRIKE surface lies on the (x,}ane, y being the vertical direction,
pointing upwards; z points outside of the STIKEface.

The polarization value of 200 V is derived from tpeevious electrostatic study with a

simplified STRIKE geometry.
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Figure 3.35: Reference frame for the 3D electrajettories computation.

The electron trajectories are evaluated along linesdifferent x and y coordinates, in
correspondence to an area close to the centreeafalorimeter and also near the edge, where

the electric field is concentrated, as indicateHigure 3.36.

X=-008 X=+008

y=+074

y=+0363

e : y=.0363

=.074
y=-0 X=-028 =0 X=+028

Figure 3.36: Lines along which the electron trajeet are evaluated.

Several combinations af and 3 angles have been analysed; an example of trajestor
related toa = n/4 andf = /2 is shown in Figure 3.37: the maximum range @uald9 mm and

the maximum height of the trajectory is about 5 mm.
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Figure 3.37: Zoom of the secondary electron trajges; view in the plane yz.

From 3D electrostatic analyses it results thattedes are decelerated in a distance from the
surface of the STRIKE calorimeter that correspandsss than 3V. This verification permits to

refer to the 2D model.

The real geometry of the calorimeter has beeneatiidihe two-dimensional analysis has been
performed with a model representing the equat@iehe of the calorimeter inside the vessel.
The starting positions of the particles, correspogdo the region of the panel hit by the beam,
is sufficiently far away from the edges that a Zipr@ximation is acceptable; this in turn allows
a more detailed representation of the real straadfi'STRIKE. The scope of this analysis is to

evaluate the most proper polarization combinatithe different parts constituting STRIKE.
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Figure 3.38: Sketch of the parts of the calorimgtested in other figure.
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The vessel is grounded, the tiles of the calorimate polarised at 200V and the kerbs and the
strips [52] can be grounded with the vessel orns#d at 200 V like the tiles.

In [20] the expected energy range of the secondistrons is from 3eV to 10eV. The two-
dimensional analysis has been performed considsgngndary electrons exiting with energy of
3eV or 10eV and with different angles, including®4%hich corresponds to the maximum
range.

Figure 3.39 on the left hand side shows the extdaiaedge of the calorimeter and the
electric field distribution between kerb, tile astlip (as indicated on the upper part of Figure
3.38) when only tiles are polarised at 200V witbpexct to vacuum vessel, strips and kerbs. The
electric field is higher at the corner but the modiees not represent the rounding off of the
corner. Figure 3.39 on the right hand side showsethactric field distribution on external lateral
kerb when all parts of the calorimeter panel aransed at 200V with respect to the vacuum
vessel.

| Polarisation of the whole

calorimeter

.7.6wmm

214\V/Imm )
External lateral
kerb
CFC
Polarisation of Tile
tiles only

Figure 3.39: Electric field intensity.

The results depend on the strip bias (OV or 20@B/vell as on starting energy and angle of
electrons. If the strips are at the same poteasalhe tiles, electrons can be collected by the
surrounding strips and tiles, as shown in Figu#®3this is more prominent for higher energies
(the cases with 3eV and 10eV have been studiedat#8’, where the range is maximum.
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Figure 3.40: Equipotential lines and trajectorieslectrons emitted at 45°: tiles and strips at
200V and 3eV electrons.

Figure 3.41 shows the fraction of the current @bsglary electrons which is not collected on
the starting tile; it is clear that 10eV electrom® essentially lost; however even for 3eV
electrons the lost fraction is not negligible. onission energy of 3eV, considering a cosine
distribution of the emitted electrons, the percgataf “lost” current is 18%; this figure slightly
increases if beamlet halo is included.
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A Start energy: 10eV
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Figure 3.41: Secondary electron current not calecn the emission tile as a function of the
emission angle; tiles and strips at 200V.
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Conversely, if the strips are grounded, secondbagtrens are always re-absorbed on the tile
they were emitted from. It is worth noting that lwiggrounded strips a lower bias voltage
(<200V) is sufficient, since particles are confineg the very structure of equipotential lines
(Figure 3.42 at 10eV). An influence of the electaf the plasma in front of the calorimeter is

also expected.

40 strip
195
'E 30 =
< 190 =
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0 2180
0 20 40 60

Position [mm]

Figure 3.42: Equipotential lines and trajectoriéslectrons emitted at 45°: tiles 200V, strips
grounded and 10eV.
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4 CFC Characterisation

The CFC results to be the suitable material for BERtiles. The manufacturing process is
delicate and requires controlling several pararsggction 4.1). Moreover, only few suppliers
are available. Considering these uncertaintigsast been decided to contact the producers and
to purchase some small-scale prototypes. The caegpaantacted to check their interest on this
project are Mitsubishi Plastic (Japan) and Merdemar(ce), suppliers of tiles named “B” and
tiles named “A” respectively. Seven prototypeshd tiles have been collected and tested from
2010 to 2012: B1, B2, B3, A4, A5, A6 and A7. Thendnsions of the tiles are:

e A4:196 x91.5 x 22 mm;
* A5:62 x62 x 20 mm;

e A6:138x91x18 mm;

e A7:123.5x75x17.8 mm;
 B1:120 x 90 x 20 mm;

e B2:120 x90 x 20 mm;

B3: 125.6x91.2x12.5 mm.

The tests of the prototypes were performed by aepdaser, to characterise the thermal
parameters of the tiles, and by particle beamsetidy the diagnostic capabilities of the system

and to assess the thermo-mechanical behavioueahéterial.

4.1 Carbon Fibre Carbon Composite

The CFC is a carbon-carbon composite: carbon fiaredaid in a carbon matrix. Different
are the known production processes of the fibles choice between PAN fibres (obtained by
graphitization of polyacrylonitrile) and pitch fids (obtained from pitch) depends on the
mechanical and structural characteristics to beeped, for instance the stress-strain behaviour,
the Young moduli, the porosity, etc. The fibresduse produce the future STRIKE tiles and
their prototypes, to be tested, are made of pitbhe$. These fibres exhibit high thermal
conductivity. Also for the manufacturing of the goosite different techniques can be followed:
the matrix can be obtained by chemical vapourtmafion (CVI) or by liquid impregnation [53].
In the CVI, fibres are arranged in preform and fimséed inside an isotherm and low pressure
furnace; a hydrocarbons gas flows along the fibdéffuses and deposits carbon inside the
carbon fibres preform. In the case of the impreignatechnique, the one used at least by the

producer A, the fibres are arranged in two-dimemaiidabric before the impregnation with the
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matrix material and a 1D compression is performeitvben the fibre sheets. The matrix in the
composite is carbonized (at about 1000°C). Durinig process the matrix loses mass and
densifies; the consequent volume shrinkage is cainsed by the fibres but matrix microcracks
and void formation occur inside the material. Tiove the stiffness of the matrix and to
achieve high density, the phases of impregnati@hcambonization are cyclically repeated. At
the end of the cycles or in between, after carladimn, the composite is subjected to

graphitization (at 2500°C), to provide structurtalslity and better thermal shock resistance.

In carbon-carbon composites, the strain to faibfréhe matrix is lower than the one of the
fibres, moreover, the matrix is usually microcratkieom processing stress and due to the

similarity of the moduli between fibres and mattixe load is shared evenly.

The interface between fibres and matrix is veryangnt: the fracture behaviour depends on
their coupling. A good coupling causes immediabedfifailure due to the pre-existing cracks of
the matrix and the composite resistance is redua®d, is dominated by the matrix properties.
A poor coupling provides the composite with higlesgth and fracture resistance if the load is
parallel to the fibre axis. Exceeding the failuteaim of the matrix it cracks and debonding
occurs between fibres and matrix. Due to this gsdbk stiffness of the composite decreases and

with further increases of the applied load alsofitves crack and pull out of the matrix.

Weak fibre-matrix interfaces allow the fibre strémgo dominate the composite strength
parallel to the fibre axis, but the off-axis strérgysuch as shear and transverse tension, are very

degraded.

Supplier A explained that specific heat is indemamdrom graphitisation process (it is the
same as for graphite); instead thermal conduawitio depend on the graphitisation process

(large graphitisation turns into high thermal coctdty).

4.2 Fibre and voids

The fibres composing the CFC are tied up togethendke the bundles. These bundles make
up the material. The bundles host a number of sifigfes with circular cross-section and the
room in between the fibres; so also the room imvbeh different bundles can affect the thermal

behaviour of the tiles.

To evaluate the effect of the room in between tkffié bundles, an estimate of its surface

with respect to the whole bulk has been done.
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Figure 4.1: Equilateral triangle helping in theldaling computations.

From the area of the triangle highlighted in Figdré:
Aviange = %* 2R* /3R = V/3R?

the area of the circular sector is subtracted:

1

—_ 2
A%ircular—sedor - E R

to obtain the area;f highlighted in Figure 4.2:

&

Figure 4.2: Area in between the fibres,. A

A, =/3R? —3*%7# = Rz(ﬁ—% j

Upon assuming that for each fibre there is a roomesponding to # the equivalent area of

a single fibre becomes:
2 2 1 2 1
Afibrezlﬂ +R \/5—577 =R §”+\/§

So the area of a single bundle made of n fibres is:

|91
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Abundle = nRz(%T-'- \/§j = ﬂz
and the resulting equivalent bundle radius is:
r 2 = ﬂ RZ(E + \/éj

T 2

The same considerations can be done for the bamdlehe room in between the bundles.
The area in between the bundles results:

An-tundies =T 2(\/_ —%ﬂj =0 R2(3—ij

T

Figure 4.3: the area in between the bundles iserbed into a circle with equivalent radiug,R

With this computation, depending on the numberilmfeE composing a single bundle, the
real area of CFC composed by matrix and by fibndsch has the needed thermal parameters,
can be deduced, as shown in Table 4.1.

n | no.of fibres R[um] r [um] Ain [b r;]er]ldIes Re[qucr:f le
2K 2000 5 2.293E+02 8.477E-09 5.194E+01
4K 4000 5 3.242E+02 1.695E-08 7.346E+01
6K 6000 5 3.971E+02 2.543E-08 8.997E+01
12K 12000 5 5.616E+02 5.086E-08 1.272E+0P
2K 2000 55 2.522E+02 1.026E-08 5.714E+01
4K 4000 55 3.567E+02 2.051E-08 8.081E+01
6K 6000 55 4.368E+02 3.077E-08 9.897E+01
12K 12000 55 6.178E+02 6.154E-08 1.400E+0R

Table 4.1: Radius of the fibre bundles with differaumber of fibres per bundle.
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4.3 Profilometry

To investigate the prototype tile structure, calleéss of ICIS (Istituto di Chimica Inorganica
e delle Superfici), CNR-Padova, have helped byqgpeiihg profilometry analyses to quantify
the fiber bundles cross-section dimension, the raorbetween the fibres and the room in
between the fiber bundles. The scope of this measent is to evaluate the status of the surface
and to compare the results with the optical ingestons. The tip of the profilometer can move
vertically, in contact with the surface, to set tzero level”, and horizontally, to perform the
measurement. The maximum path length of the progker tip on the surface of the specimen
is about 8mm, longer path have been obtained byirggafrom the end of the previous
measurement. The first measurement has been rdgedie sure that the tile was not damaged
by the contact of the tip. Scans have been dorfedrotvertical and horizontal directions, on the
edge region of the prototype and in the centréneftile (usually the impact point of the laser).
In the following, two series of data are reportda step heights analysis showing the original
data, as recorded from the measurement deviceraughness analysis, in which the original

data are levelled, to avoid a trend due, for instato the non planar surface of the specimen.

Figure 4.4: profilometer device (left hand sidedl &@st on prototype (right hand side).

Typical findings for prototypes B1 and A4 are prasd below: Figure 4.5 refers to data of
prototype B1 and Figure 4.6 the results for Blradga analysis; Figure 4.7 shows the raw data
of A4 and Figure 4.8 shows the results after datdyais of A4 are displayed.
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Figure 4.5: B1 raw data.
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Figure 4.6: Results of the data elaboration for B1.
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Figure 4.7: A4 raw data
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Figure 4.8: Results of the data elaboration for A4.
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About the prototype A4, two different superimpodsshaviours can be found: a regular

smaller scale trend of ~gfh deep, ~100m wide, and a periodicity of 1@ along the tile;

and a larger scale trend of 4050 deep, 300-5Q0m wide, and a periodicity larger than 0.5mm

along the tile. Similar results can be found atsoH1 prototype.
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Supplier A explained that profilometry findings emaller scale are linked to fibre type:
20Qum is the scale of the fibre bundles (fibre bundissd are 12K: 12,000 fibres per bundle),

concerning the larger scale trend, it can be dueaohining.

By microscopic observation of the prototypes, theucsure of the tiles from different

producers do not seem very different.

In any case, for diagnostic use, no problems apecrd for the data interpretation on the

beamlet spatial scale, and these results can Istdeved acceptable.

4.4 X-ray Diffraction (XRD)

X-ray diffraction analysis (XRD) is performed insica device equipped with an X-ray
source, a support for the sample and a collectoe X-rays are produced when electrically
charged particles of sufficient energy are deceder§b4]. Electrons produced inside an X-ray
source, accelerated by the high voltage betweeeldwrodes of the source, reach the sample.
As the electrons impact with the sample, X-raysmamuced and radiate in all directions. As
the X-ray clash with the crystal lattice planegytlare scattered (Figure 4.9). In most positions
the scattering rays interfere destructively; ifterdng rays in a certain direction are in phase
with scattered rays from other atomic planes, cansve interference (diffraction) occurs. Due
to the characteristic atomic structure of eachtatiyse material, there is a unique diffraction
pattern of the X-rays, so it is univocally relateche material analysed. The diffracted radiation
is collected by a detector. The method used toyaart this analysis is thé 20 procedure: the
sample holder and the detector are mechanicallpleduthe specimen is angled @fwith
respect to the source and the detector is angledather® angle with respect to the specimen,

as shown in Figure 4.9.

X-RAY DIFFRACTION
1

SCATTERED
9 INCIDENT H i
X-RAYS }

LAYERED cA :
STRUCTURE 5

MODIFIED FROM WILSON (1987) Y BAC =0

Figure 4.9: Scheme of the X-rays diffraction.
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Two specimens coming from the A supplier have a@lysed: a sheet of fibre bundles, the
starting sheet to produce the material, and a pamstached from the A4 tile, when the

manufacturing process was completed. These sampeshown in Figure 4.10.

fibre bundles

Figure 4.10: Samples for XRD analysis: fibre busdleft hand side) and a splinter detached
from the CFC tile (right hand side).

Pasion [2Thata] (Copper (Cul)

¥ L Y ¥ A ¥ ki

20000 {RFE CFC_Samples,

Position ["2Theta] (Copper (Cul)

Figure 4.11: XRD results for fibre bundles (up) ainel splinter detached from the CFC tile
(bottom)
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In the upper profile, the red line represents tkedamental data, the blue line represents the
fit made by the software and the vertical red limalicate the position of the graphite coming

from the literature.

The size of the crystallites is 200 A for the fitmendle sheet and 270 A for the CFC; values
relative to the peak of the maximum intensity @t=26.6°. The preferential orientation of the
crystallites is along the {111} plane family.

Similar results are obtained from fibre sheet andlfmaterial, demonstrating that during the
production process no extraneous material has &deed to graphite.

The presence of the asymmetrical peaks and shifesmgles different with respect to the
literature reveal stresses and lattice defects.

4.5 Optical analyses

Prototypes B1, B2, B3, A4 and A5 have been subjetbean optical analysis, to better
understand the findings previously described. k@B, only the B1 has been tested because B2
is from the same batch and of the same dimensiddlofwhereas B3 is also from the same
batch but is thinner than the other two. In palticuthe A5 has been produced with the aim of
improving the production process and with particaliiention to the stack of fibre bundles: A4

has had a larger graphitisation rate at 3000K.

Figure 4.12 shows both sides of the tile nameda&4rigure 4.13 for A5 and Figure 4.14 for
B1:

Figure 4.12: Prototype A4: both sides.
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Figure 4.13: Prototype A5: both sides.

Tiles A4 and A5 were made by the same supplier&hds expected to be better than the

previous tile produced A4.

=ios Bl
Figure 4.14: Prototype B1: both sides.

The first observations of tile A4, by means of taselse (chapter 5), have highlighted some
linear patterns in the thermal images; due tofthdings, the surfaces of the tile were carefully
observed. Corresponding to the lines in the therimage, the tile surfaces present linear
scratches and a study of the small scale strucfusach scratches was suggested. The scope of
this analysis is to characterise the status ofpitedotype surfaces by looking for defects or
specific areas that might affect heat propagatiothé bulk causing deformation of the thermal
pattern while passing from the front side, hit b faser, to the rear side, observed by the
thermal camera. The first system used for opticalysis of tile prototypes was a microscope
(Nikon SMZz-2T, 10*21 lens), shown on the left haside of Figure 4.15. It provides the
following magnification: 2x, 3x, 4%, 5x and 6.3xh&@ details on the tile are illuminated by an
optic fibre lamps and the optic fibres are suitglbgitioned to illuminate the observed area. The

image of the area under investigation is displayed dedicated monitor.
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Figure 4.15: Microscope set-up.

Examples of photos for tile B1 are shown in FigdirE6. Images refer to the extremes of the
magnification range of the microscope; in both iemgon the left hand side the scale is

indicated by a ruler: every notch corresponds Son@n.

Figure 4.16: Microscope image of prototype B1.

To improve the magnification, a new device was usdgth an optical system that allows
reaching 18.4x. This system is shown in Figure 4th& magnification of the picture depends
on the relative position of the lenses containetha bellows: at the maximum extension the
maximum enlargement is possible, as the bellowscarmepletely compressed, the minimum
magnification can be obtained; precise positionofgthe bellows is provided by a fine

adjustment screw. The image is recorded by a caamet@an be seen on a monitor.
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Figure 4.17: Set-up for the larger enlargement.

A comparison between images taken with these tWerdnt systems is shown in Figure
4.18:

Figure 4.18: Comparison between images from micps¢left hand side) and optical system
(right hand side).

The pictures shown in the following were taken bg bptical system, which allows higher

magnifications and clearer images.

To evaluate the depth of the scratches, the foassiwturns changed from the crest to the
valley of the structures on the sample surface, fach the difference of the prototype
positions, the depth of the scratch can be estonate

B1 prototype:

The surfaces of this prototype look uniform and paot and no relevant regions were
identified.
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A4 prototype:

Figure 4.19 shows the area in which the observatias focalised. The image on the right
hand side is the specular one. Some signs arenpreaeboth surfaces and are highlighted:
considering that they correspond to the linearepast in the thermal images, it might be
deduced that the signs are cracks, extending ibuteof the tile from one side to the other one.
Some examples of these scratches are reporte@ ifoltbwing: the scratch B, in Figure 4.20,
whose width is 0.1-0.2mm; in Figure 4.21 the sdra&icwhich seem deeper than B but its width
is comparable: about 0.1-0.2mm; and at last scratcthe width is of about 0.5mm and it is

visible also on the other side.

——

pibea il

Figure 4.20: 4x (left), 18.4x (right), scratch Botype A4.
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0.5 mm

Figure 4.22: 4x (left), 18.4x (right), scratch Doftype A4.

AS prototype:

To remove this defect, another prototype has beeduged and optically analysed.
Unfortunately, also in this prototype scratches lbarobserved on both sides and some of them
seem to be in correspondence from one side tottler.drigure 4.23 shows scratches on both
sides. The image on the right hand side is theuspeone.

Figure 4.23: The studied regions of the A5 protetyp
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In the following, details of these scratches arewsh In Figure 4.24 the scratch A of
prototype A5 is shown. This scratch analysed igshensurface shown on the left hand side of
the previous picture. The width is about 0.5mm, tleatral part of this scratch is deep but
changing the focus to highlight the bottom of $usatch, it can not be seen. This means that the
scratch would be too deep to be seen with the istdimentation (light cannot penetrate deep

enough to illuminate the bottom of the scratch).

Figure 4.24: Scratch A of prototype A5.

The scratch B, on the surface shown at the lefdtsde of Figure 4.23, is shown below
(Figure 4.25); the sign is of 0.4-0.5mm width atgbaa smaller and deeper one can be noticed,

of about 0.1mm width.

Figure 4.25: Scratch B of prototype AS5.

The scratch B on the other side of the tile is ghawFigure 4.26: it can be concluded that on
this side scratch B is not evident: imperfectiores @resent but the slit does not affect the whole
bulk.
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Figure 4.26: Magnification of prototype A5.

In Figure 4.27 focus is on the crest (left) andvaiiey (right side) of position C (left hand
side of Figure 4.23): the distance indicated with ted arrow is 1.5-2mm and the one indicated

with the green arrow is about 0.5mm. The distarate/éen crest and valley is 0.48mm.

Figure 4.27: corner of A5, position C.

This analysis has highlighted that for tiles A4 a®& macroscopic signs can be found and
for both prototypes the typical dimensions are @2mm width and lengths of several
centimetres. About prototype B1, no particular sigave been found.

Supplier A explained that scratches-defects akedirto the arrangement of fibres before the
heating procedure; the scratch-defect is producadngl one of the heating phases;
unfortunately it cannot be detected before theadrile production process.
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5 Tests on CFC prototypes by power laser pulses

The laser tests have been performed to reprodueeSBIDER conditions in terms of
maximum power density of a single beamlet and wititterns on the same spatial scale as
beamlet. A CQ@ power laser (nominal=10.6um) was used, with power ranging from 20W to
100W; the laser light was focussed by a lens sysgawhing power density between about 6 to
32 MW/nt. The application of the heat load was varied fremme tens of seconds to one

minute.

These tests permit to get confidence with the ewpatal conditions and to characterize the
CFC in terms of its thermal behaviour. The charaa#on of the prototypes was achieved by
reconstructing the experimental data with the sated data, obtained by varying the thermal

characteristics of the material with respect torference values provided by the supplier.

All prototypes have been tested with the laser.

5.1 Layout for laser test

To perform the tests, the laser beam was routedulitgble optical system onto the CFC
prototype surface. The layout is shown in Figue Bhe observation of the CFC is performed
at the rear side, the opposite surface with resfmethe illuminated one, as foreseen by the
calorimeter design. The GQaser is dedicated to a particular diagnostictfar experiment
RFX-mod, so for the tests the original layout waedified as little as possible: the only
variation is the last mirror that deviates the,@&3er beam onto the tile instead of letting ieent
the second laser for infrared polarimetry [55] bé tRFX-mod experiment. The shutter can
intercept the laser beam if necessary, betweenessise pulses (section 5.3); the mirrors
deviate the beam and the lens is used to focdlzd .¢m diameter laser beam at the exit of the
device on the tile surface, to have a point-likerthal load: the laser spot diameter was 2mm,

much smaller than the thermal pattern on the ridat shich is larger than 10mm.
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THERMAL
CAMERA
PROTECTION

Figure 5.1: Laser test set up.

5.2 Thermal analysis

Thermal camera images recorded during laser téste shat the scratches observed and
studied during the optical analysis are visibleha 2D thermal map (Figure 5.2) and a clear
temperature gradient appears in correspondendeosé tscratches, as shown in Figure 5.3. In
Figure 5.2 a) the large circle due to the thermmiera protection (Figure 5.1) is also

recognisable.
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Figure 5.3: Temperature gradient on the scratch.
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During the first laser test campaign another ewidemas found: the ellipticity of the thermal
pattern as observed on the rear side of the slshawn in Figure 5.2, b). This parameter played
an important role in the CFC characterization aasl lbeen widely studied. It is very important
in the discussion with the producer A to refine tienufacturing process. The assessment of the

ellipticity will be an acceptance criterion for teepply of STRIKE tiles.

Scratches and ellipticity have been observed offirsteprototype A4 and on the second A5,
realised with the aim to improve the manufacturprgcess. Such defects have not been

observed on the prototypes supplied by the prodBcer

5.3 Comparison between experimental data and simula  tion
data

In the optimization procedure the experimental datareproduced by means of non-linear
transient thermal simulations performed by thetdirelement code COMSOL [48]. Thermal
radiation is applied to all sides towards surfaeaes300K. Simulations are adapted to the
experimental data collected during the laser posplication (20s) by varying the thermal
parameters of the simulated material; other effeatsalso play an important role: for instance,
as the thermal front propagates, it will reach ¢dges of the tiles, affecting the width of the
thermal pattern and more generally distortinghis is much more conspicuous when no more

heat is supplied.

Notwithstanding the high ratio between thermal aatidities of the CFC, while transferring
from the front to the rear side of the tile, thatdiffuses laterally so on the back side of the ti
which is the side observed by thermal camera,libartal footprint is larger than on the front

side; so much so that the focalized laser can hsidered as a point-like source.

The amount of experimental data is quite largeyltieg from several hundreds of frames
having 480x640 pixels. So to compare experimental simulated data a representation by
suitable fitting functions is adopted. To this pasp, several functions have been tested: the

Gauss curve, monodimensional in eq. 5.1 and twedgwonal in eq. 5.2:

(X—a

&'22

P [ (x-af (v-asP)
: ‘ eq. 5.1 z(x,y) = ay exp| — 2 eq. 5.2
J ) 2a,

y{xwzzaoexp‘—
a: maximum temperature that corresponds to the pttie curve;
& andag: widths of the curve;

& and a: centre of the curve.
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The modified Lorentz curve: 1D in eq. 5.3 and 2[2ip 5.4:

z{x, )= o

_f O N VAL
b —a)* eq. 5.3 \/|X_‘31' +\'y_52'\ ‘ +1
1+ a— AN a3 " T /

3 /

(x)=
eq.54

a: maximum temperature that corresponds to the p&tie curve;
& anday: centre of the curve;
& and a: curve half widths at half maximum.

The most suitable one resulted the modified Hubbente (Figure 7.33) (eq. 5.5 for the 1D
description and eq. 5.6 for the 2D description)jciwhs capable of properly representing the
thermal profiles at several instants, during |ag®plication as well as after the application of the

heat load, when the heat diffuses into the bultheftile.

g

f’qu@ ‘y7@¢2% eg. 5.6
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ylx)=— 2(x,¥)=-

[coshpx - alJr eq. 5.5

cosh
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The most important parameters in the data anafygisthe peak of the curve, namely the
maximum temperature that corresponds to theasameter; parameter @etermines the centre
of the curve; the width of the curve, in particullae half width at half maximum (HWHM) that
gives information about the shape of the thermdtepa after propagation inside the bulk
material and is related to the parameterarad g; the ellipticity defined as the ratio between
vertical and horizontal HWHMSs, a parameter “createlihoc” to describe the experimental
evidence observed on the thermal pattern at thesida of the tile since the first laser tests
(Figure 5.2, b).

The analyses were performed in 1D (considering dddag vertical or horizontal lines
passing through the temperature peak) and 2D, ysigrammes developed in the Interactive
Data Language (IDL).

The temperature variation depending on the powasitiehas been studied: the relation that
links the temperature increase to the incident podensity (q) on the surface, with q
independent from time and thermal parameters int#ge from temperature, in a one-

dimensional approximation, is:




11Q CHAPTER 5

where

- T(xt) [K] = temperature at time t, in a pointdistance x from the surface hit by the
power density;

- T [K] = initial temperature;

- g [wi/nT] = incident power density on the surface;
- a[m¥s] =k/(p c)) = thermal diffusivity:

- k [W/m K] = thermal conductivity;

- p [kg/m’] = density;

G [J/kg K] = specific heat.
So, the relation follows a linear law, once x (thar side of the tile) and t are fixed.

In this way, the temperature increment as a funabiothe laser power can be obtained from
the data. Comparing the angular coefficients oflites resulting from experimental data and
from simulated data, yields a feedback on the ctmess of the simulations. An example for
prototype A4 is shown in Figure 5.4 for the expenital data and in Figure 5.5 for the synthetic
data, at 20s that corresponds to the end of thelbad application. The angular coefficient

resulting from the fit of the experimental dat®i5+0.02 K/W and for the simulation is 0.773
K/W.

A4 Experimental

Temperature ncrement [K]

15 20 2% 30 35 40 ] %0 [ & [ 0 7 ) [ )

Power [W1]

Figure 5.4: A4 fit of the experimental data, t=20s.
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T A4 Simulation k=(18.5.25.550) W/mK {
0t

Temperature increment [K]

3 ] 5 @
Power [W]

Figure 5.5: A4 fit of the simulated data, t=20s.

The producer A has supplied values for thermal rpatars only at room temperature: 767
J/kgK for the specific heat, 550W/mK for the thetroanductivity parallel to the fibres (along
tiles thickness) and the in-plane thermal conditiziv of 25W/mK, the density = 1950 kg/m.
This is not the better solution but due to the lowerement of tile temperature during laser

tests the simulation result introducing the presiparameter has been considered reliable.

To reconstruct the ellipticity of tile A4, therma&bnductivities orthogonal to the fibre
direction (in-plane thermal conductivities, &nd k) have been varied with respect to the values
provided by the producer. The higher the three ntlaérconductivities, the lower is the
maximum temperature; the higher the in-plane theromaductivities, the higher are the

HWHMSs, so several combinations have been tried.

In Figure 5.6 the results of simulations with diéfiet thermal parameters are compared with
the experimental data for prototype A4 and the liiggtg thermal parameters are given; it
appears that to reproduce the experimental valwdlipficity 1.2, a ratio of about 1.4 between
the vertical and horizontal in-plane thermal conilitees is required. Also the high value of the
ratio between parallel and in-plane thermal conlitigts of tiles A should be highlighted, with
respect to tiles B (15 from data sheet). Experinaamt simulation data of amplitude, vertical
HWHM and ellipticity for A4 are shown in Figure 5%.&rrows indicate the direction of the
fitting procedure. The first parameter set (re@)inan not reproduce very well the peak and the
ellipticity; to increase the ellipticity, the vettil thermal conductivity was increased and in fact
the ellipticity, at least during the pulse, is damito the experimental value (green line) but in

this case the maximum temperature further decreddes best results (cyan line) has been
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obtained by decreasing the horizontal thermal cotivty and at the same time by increasing
the vertical thermal conductivity with respect ke tsupplier data, while maintaining a ratio of
1.4 between the two values.
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Figure 5.6: Experiment and simulation data of atagk, vertical HWHM and ellipticity for A4.

The resulting thermal parameters for tile A4 arB¥8mK, 26W/mK and 550W/mK for the
horizontal, vertical and parallel thermal conduities.

The same procedure was followed for A5 tile, starfrom the thermal parameters found for
A4 since the supplier is the same but no mach hetvexperiments and simulations had been
found.

Experimental values to be matched, derived fromeamof several experiments at 100W,
are:

Tmax [K] HWHMx [mm] HWHMy [mm] e

350 8.03 9.20 1.15
Table 5.1: Values to be matched for A5.

Variation on the vertical thermal conductivity was performed to match the maximum
temperature but the ellipticity could not be re¢omged, as shown in Figure 5.7 for the laser
application of 20s at 100W. The red and black caimepresent data displaying the maximum
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and minimum temperature obtained among all experisnen A5; the green curve shows the
simulation result considering k=(25, 65, 550)W/mth this value for the thermal conductivity

the simulation matches the value of the peak; liiieity is not well reproduced.

amplitudeV
T

Ellipticity V/H
T

g T T T
201109061 00W. 0035

10 15 20 25 30 ) +] & 10 15
time [s] time [s]

Figure 5.7: Example of no match between experimelati@ and simulation for A5.

In the attempt to maintain the matched maximum txadpire and at the same time to find a
correspondence also for the ellipticity, other dations were run by keeping constant the ratio
between the in-plane thermal conductivitiggkand changing also the thermal conductivity
parallel to the fibres kand the specific heat. Aiming at quantifying the optimization through
the combination of the three thermal conductivitesl of the specific heat, a figure of merit

was defined:

2
F = (Tmax )5 B (Tmax )e n
(Tmax )e

Considering the trends of the figures of meritjratication of the way to change the thermal

2 [(Hwrm, )~ (Hwwm, ) T

(HWHM, ),

(HWHM, ), —(HWHM,, ),
(HWHM, )

parameters of the tile in the simulations has sggested. F tends to minimize the difference
of the simulation results with respect to experitabones simultaneously for all parameter

evaluated to assess the goodness of the reprodsiomgation.

But also in this case no match was found, as shiowtme examples for amplitude and

ellipticity reported in Figure 5.8.
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amplitudeV/ Ellipticity V/H
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Figure 5.8: Example of no match between experinielatia and simulation for A5.

Graphs in Figure 5.8 were obtained with no varratd the specific heat; the ellipticity is
well reproduced but the maximum temperature is iowas observed that the specific heat
directly affects the temperature, so some simuiatghould be done increasing this parameter.
Moreover, further considerations have been doneutalie experiments: it is possible that
during the tests some amount of the incident |pserer has been lost so the real incident power

is less than 100W. This could have occurred due to:

» Optical system: it could absorb and diffuse powerirdy the transmission of the
laser. To assess this contribution a test was paefd: measuring the power at the
beginning (just outside the laser) and at the endh tile) of the optical path, no

difference can be observed. This cause of losbéas discarded;

< Light diffusion from the tile surface: a small anmbwf the power can by diffused by
the tile towards the surrounding environment; dyiandedicated check, however, no
diffused power was detected by the measuremenumsnt (within the instrument

sensitivity). This cause of loss was discarded;

» Light reflection at the tile surface: the tile is blackbody, its emissivity is lower
than 1 so part of the laser beam can be refleBbguerimental evidence of reflection
was found: a paper sheet in front of the tile shdwsn signs, confirming the
reflection. Figure 5.9 shows two signs: the big andue to the laser spot and the

small one is the reflected beam.

Consequently on these findings, the measuremeheakflection was performed on all tiles.
The reflected power for tile A5 is 5% of the inalepower. As shown previously, the
maximum temperature is proportional to the absorimder and the reflected part can explain
the impossibility to well reconstruct the data,d@scribed before. The measurement on tile A4

has highlighted a reflection on the incident powérabout 1.4%, corresponding to some
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thousand mW, negligible for the comparison betwséenulations and experimental data,

explaining why experimental data were reproducethbysimulations.

Moreover, the thermal camera error (x2K) was cargd in the analysis together with 7.5%
instrumental error for the measurement of the céflea power (the instruments were not
absolutely calibrated).

Reflected
light

Laser .
spot I

Figure 5.9: Measuring of the reflected power.

Including the previous considerations, a set dfafle thermal parameter for tile A5 can be
obtained: thermal conductivities k=(25, 32, 550)W/and specific heatse1000J/kgK. Figure
5.10 shows the final results concerning the maxinemmperature, including the error bars. The
analysis of tile A5 was not continued further, Iz tile anyway has a size much smaller than the
other samples.
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Figure 5.10: Compatibility between simulation exgeriments on maximum temperature.
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Concerning tile A6, reflection depends on the sildeninated by the laser: there is a large
reflection on one side, the smoother one, of 188d, @ moderate reflection on the other, the
rougher side, of 2.5% (Figure 5.11).

Figure 5.11: Smooth side and rough side of A6 tile.

If on both sides of the tile the reflection measure the same, the parameters can be
univocally obtained, but if the reflection deperats the incident point, as in the case A6, a
pulse which impacts on the smoother side of tleediiles not lead to the same thermal profile as
a pulse with the same characteristics impactingherrougher side. Moreover, due to different
reflectivity coefficient of the surfaces, a diffateemissivity has to be set on the thermal camera:
for instance, if the beam impacts on the roughasarfin the simulations the energy of the beam
must be reduced, considering a coefficient of otifldy equal to 2.5%, at the same time in the
parameters of the thermal camera, observing thesifgpside an emissivity equal to 0.82 must

be set for the temperature map.

Experimental values to be matched, derived fromeamconcerning all experiments on A6

at 100W power laser, are:

Tmax [K] HWHMXx [mm] HWHMy [mm] e

113 6.3 6.9 1.095

Table 5.2: Values to be matched for A6.
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As a first tentative, the specific heat and tharia conductivity perpendicular to the tile
surface (K were considered known parameters, since it wasstime manufacturer who
supplied them and they were confirmed by the coraparwith the simulations of tiles A4 and
A5; the values of thermal conductivity in the twioedtions parallel to the tile surface, @&nd
ky) were then searched for; the values of these maeamwhich lead to the best correspondence
between experimental data and numerical analysestl@rmal conductivities k=(16, 19.5,
550)W/mK and specific heat x767J/kgK. Figure 5.12 shows the reconstruction of
experimental data by means of simulation with tiermal parameters previously defined: the
green line refers to the simulation; red and blaoés instead represent the extreme values of
the range obtained by all experiment on A6. Infdllewing figure also 2D results are displayed

about ellipticity.

Ellipticity 2D V/H

=1 B % e R R A A SRR R 50 ¥ R I 7
[ 291204200075 £=0.82 1 2.0F 20120620_0075_E=0.82 | ! 1 1
201208200111 E=097 [ 20120426 0111 6=0.675 | i : 1
(o} i : 4
L e ———
S 1.0f T S
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o -
0.5
O 5 10 15 20 25 30 0.0L
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time [s]

Figure 5.12: Matching between experiment and sitinrgor A6.

Reflection measurements on tile A7 has led to digible reflection power on both sides; the

comparisons with numerical simulations on this ligeze not been performed up to now.

Tiles B1, B2 and B3 are the most similar to eadieotsince they derived from the same
batch. In particular, it is important to characterand compare B1 and B2 prototypes; they have
also the same dimensions, to get a good knowledigiheo tiles to be used to study the
BATMAN beam during the foreseen experiments (chafde No correction to the thermal
parameters was applied in the simulations with @espo those received from the supplier;
thermal parameters are introduced in the modelastibns of temperature, with trends and

descriptive formulas as in Figure 5.13.
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Mitsubishi MFC-1A: Specific Heat
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Mitsubishi MFC-1A: Thermal conductivity
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Figure 5.13: Thermal parameter for tile B.

So at 50°C, the maximum observed during the exparisy the specific heat is 738J/kgK and

the thermal conductivity parallel to the fibre 768WK and the in-plane thermal conductivities

38W/mK.

The trends of temperature peak and ellipticitymfrdD data analyses, are presented in Figure

5.14: the green trend refers to the simulationyéigeone to the experimental data for tile B1 and

the black one to experimental data for tile BZisltlear that the simulation fits the data very

well.
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Figure 5.14: Comparison between Bl (red) and Ba&ci)lexperimental data and simulation
(green) data.
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Measurement of the reflection at the prototypeagrfshould be considered, but for B tiles
the reflectivity ranges only from 0.05% to 0.35%rresponding to some tens of mW, so this
component has been neglected on both sides ofctitppes B. Instead, some issues, as for the
other prototypes, have been taken into accountmgiasurement error by thermal camera and
+7.5% estimated error of laser power meter. Théofohg table compares the maximum
temperatures from experiments and from simulatiobg, applying the aforementioned

corrections: the results are in good agreement.

Tmax error resulting range
Bl 51K 2 K 49-53 K
B2 48 K 22 K 46-50 K
simulation 52 K +7.5% 48-56 K

Table 5.3: Summary of maximum temperatures forB2land related simulation.

The same analysis has been performed on the thowtppe B3 and the same results,
temperature peak and ellipticity, from 2D data gsial are shown in Figure 5.15. Also for this
prototype experimental data and simulations arggaod agreement. The higher maximum
temperature with respect to B1 and B2 is due tsthaller thickness.
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Figure 5.15: comparison between B3 experimenta datl simulation data.

The following table shows maximum temperature frexperiments and simulations,
including the corrections.
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Tmax error resulting range
B3 87K 2 K 85-89 K
simulation 92K +7.5% 85.1-98.9 K

Table 5.4: Summary of maximum temperature for B3 r@ated simulation.
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6 Validation of the design
The design of STRIKE has been accompany by a sefigalidation documents and tests.
These activities have contributed to the projec3DRIKE and to the optimization of the design

to reduce the possible failure risks.

According to the PMBOK® Guide, risk is “an uncentavent or condition that, if it occurs,

has a positive or negative effect on a projectjectives” [56].
This replies to the ISO 9001 requirements aboutgurive actions within a project.
In particular, quality in the design includes saseéons:

verification: confirmation, through the provisiari objective evidence, that specified

requirements have been fulfilled (for instance ®amof simulations, tests, experiments);

validation: confirmation, through the provision abjective evidence, that the
requirements for a specific intended use or apjptinahave been fulfilled (for instance by

means of series of tests covering all the operatomglitions and operating procedures);

review: activity undertaken to determine the diiiity, adequacy and effectiveness of
the subject matter to achieve established objestif@ instance by mean of a meeting with
involved parties (internal, external) where theiglesstatus is presented (verifications and

validations included) and decisions are taken apmlilems and risks.

In this chapter, an overview of the quality docutseasirawn up for the STRIKE calorimeter

and of the validation tests is presented.

6.1 Risk analysis

The risk analysis is the first step in estimatihg impact of the risks: usually the risk
analysis is done at the beginning of the projend, when significant decisions are made; it has
the aim of minimizing and controlling the risksKad to the project and concerns the project

management risks.
The risks identified in the risk analysis documarg classified according to the following
categories [57]:

- technical risks (customer requirements, prodwfgomances and safety, design and
development processes, new technologies, producpoocesses, “special processes”,

complexities, interfacings, ...);

- external risks (suppliers, laws and rules, mar&estomers, catastrophic events, lack of

natural resources, ...);
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- organizational risks (resources, links with othasjects, organizational priorities, ...);

- project specific risks (estimates of times, costsources, problems on the control of the

project status, communication issues, ...).

The identified risks are recorded in the Risk Mamagnt and Preventive Actions Form,
represented in Table 6.2 for STRIKE; their impaat the project and their probability of

occurrence can be estimated.
Risks are treated according to the following Tehle[57].

Probability and impact are rated according to ikk management and preventive actions

form.

10

probability

N| B[O

4 6
impact

10

Table 6.1: Probability and impact matrix.

The results of the intersection between probakdlitg impact can have different importance:
< if the intersection results in a red box, risksuieg|urgent or near term response;

e ifitis an orange box, risks require additionahlyses and response action (that can

be planned, not urgent or near term);

e a yellow box means low priority risks, periodicallgassessed but no action is

needed.

Risks shall be monitored and controlled by an fieeaprocess of risk identification,

assessment and treatment.

A scheme of the process that leads to the riskyaisadlocument is shown below [56]:
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Figure 6.1: Scheme to the reduction of the riskyaimdocument.
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The risk analysis for STRIKE was carried out bynitifging the kind of risks that might be

expected for the component and detailing spediims for each type of risks. To each item the

impact and probability indices are associated hait tombination gives the risk number.

T P Action Results
RISK DESCRIPTION (POTENTIAL NONCONFORMITY) m r R Responsibilit
AND ITS EFFECTS (functions, peformances, quality in P ROOT CAUSES o i POTENTIAL RESPONSES AND &pTar . ¥ Verification (action |8 «
general; costs; schedule and time; interfaces, impact on a b s PREVENTIVE ACTIONS _g Date and idati s g é
other teams) c al k (effectiveness) Elg
t b
0 [
requirement changes by customer improvement o_r external 2 8 implement in the design the possibility WPM o
restrictive requirement lto upgrade the system
supplier: time 4 | delivery delay 4 16 |verification of the supplier schedule WPM-+PP o
and milestones
no conformity to implement in the Tec. Specs.
supplier: quality 4 |standards requiredorto | 2 8 P - Specs. WPM+QM o
" Adequate test phases
quality plan
sub-suppliers: time 4 |delivery delay 4 16 |verification of the SUPDM‘.H and sub- WPM-+PP o
supplie schedule and milestones
no conformity to implement in the Tec. Specs.
sub-suppliers: quality 4 slan_dards requiredorto | 4 |[ 16 [Adequate test phases WPM+QM o
quality plan
project dependencies: availability of buildings and gen. 8 building delay or building 2| 16 coordination with building and general WPMs o
services unfit for use services WPM
vessel and source coordination with vessel and source
project dependencies: vessel and source 8 |[system delay or unfitfor | 2 |[ 16 inatl ! WPMs o
use system WPM
resources: overallocated 6 delay of projecl_s that 6| 36 planning and monthly control of WPM o
cause overlapping resources
funding: 0 _[not applicable 0 0 o
cost estimating 4 [cost underestimate 6 || 24 |cost cross check WPM o
planning 4 |activity delay 4 || 16 [coordination and meeting with WPM __|PL+WPM+PP o
. coordination with WPM, monthly report|PL+WPM+PP+Q
controlling 4 |lack of control 4| 16 \with project leader M o
communication 4 [lack of communication 4 16 coordination and meeting with WPM, PL+WPM+QM o
team

Table 6.2: STRIKE Risk Analysis.

For instance, the external risk concerning the Beippme involves a delay in the delivery of

STRIKE components. This condition is judged as h@va medium-low (4) impact and a

medium-low (4) probability of occurrence, so thekrdue to delay in the delivery is not so high.

This external risk can be controlled by verificatiof the documentation prepared by the

supplier, such as the milestones in the schedule.
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About organizational risks, the over-allocationtloé resources has the highest risk. If this
condition is verified a delay in the project occarsd this may cause overlapping with other

activities. So a good planning and a monthly cdrdféhe resources have to be applied.

Regarding the project management risks considesedSTRIKE, the highest impact and
probability of occurrence are expected for costrextion. The underestimation of the cost could
be a problem for this component so careful estonatind cross-checking of the costs are

needed.

6.2 FMEA

The diagnosis of the SPIDER ion beam is the prinsagpe of STRIKE: the real capability
of investigating the whole beam, directly relatedthe system integrity, and the capability of
deducing the beam parameters, requiring good akghnvith respect to the beam source, are of
primary importance for this diagnostic. The failurede and effects analysis (FMEA) was
applied to identify the potential causes of failarel to study how to detect and possibly prevent

the consequent failure modes.

A FMEA is an analytical technique that can be descr as a systematic group of activities

intended to:

e recognize and evaluate the potential failure of@pct/process and the effects of

that failure;

e identify actions that could eliminate or reduce tttfeance of occurrence of the

potential failure;
e document the entire process.

It is complementary to the process of defining wandesign or process must do to satisfy the

customer [58].

A guideline to write the FMEA is shown in the folliong figure:
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Assessment & New Situation
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Figure 6.2: Schema for the drawing up of the FMES][

The potential causes of failure for STRIKE are tedato different areas, e.g., vacuum
compatibility, system integrity, diagnosis of begerformances, and positioning. For each of
the causes, the potential failure modes and tfffeicts can be identified, together with detection
methods and precautionary measures during manufagitunaintenance, and periodical tests.
To each potential cause of failure three numbeesaasociated whose product gives the risk
priority number (RPN). RPN is an index of the gtawf the failure and it is the result of the
ranking of severity (severity is the rank assodatgth the most serious effect for a given
failure mode), occurrence (occurrence is the liladd that a specific cause/mechanism will
occur during the design life), and detection (diétecis the rank associated with the best
detection control listed in the design control) tbé potential causes of failure [60]. Some

examples of how the FMEA is compiled are describatie following.

A short circuit between tiles represents a poténtase of failure whose effect is the loss of
the electrical insulation; the related failure masléhe reduction of the diagnostic capabilities of
STRIKE. Another example can be done about the vaclwan air leakage through STRIKE
viewing windows or STRIKE feed-throughs can allompurities to enter the vessel, the
breakdown probability to increase, the pressurgotamut of range etc., so that the air leakage
into the vessel is not only involves the calorimdiat the entire SPIDER operation. Another
example concerns the system integrity: the breaktdé, the loss of a screw, the detachment of
a panel etc. can cause impediment to the movermmerdamages to the pumping system or

damages to the observation windows.

The FMEA has also to indicate methods to contrel potential failure modes, both as
prevention and survey, during the operation. Amahg prevention actions identified for
STRIKE, some example can be the ordinary maintematite monitoring (for example

foreseeing installation of thermocouple in poirite lthe stainless steel frame of the panels) and
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a suitable design; it can be noticed how the \aaifon of the design by means of suitable
mock-ups (described in the following of this chapie an essential activity accompanying the

design phase.

The detection methods are for instance the datysamawith which signal noise can be
identified or using the calorimeter diagnostics; éaample the FMEA, shown in the appendix,
shows how the diagnostics of STRIKE can contriltatsignalling potential risks. For example,
the overheating of panels can compromise the systegrity by causing damages to tiles,
panels, or cables. These failures (e.g., brokephadn induce the detachment or the fall of some
components (e.g., the tile). The thermal camerasticas be used as a detection method for
anomalies, also confirmed by thermocouples. Anottey for checking the system integrity is
through the current and the electrostatic probesomements: in fact, if these measures become
irregular, or absent, the electrical cables cowdddisconnected or have connection problems.
Distinguishing electrical disconnection from tiletdchment can be achieved by cross-checking
with thermal measurements. Thermal cameras cotestite main diagnostic for evaluating the
beam performances: the non-planarity of the paaelthe frame, due to manufacturing, to
thermal expansion, or as a result of internal seescaused by thermal loads, can be
reconstructed by analyzing the thermal patterrhefieam as seen on the rear side of the tiles.
The accuracy of the axial positioning of STRIKE#S mm: this allows to limit the error
induced by the beamlet pattern below +5%., to retmmywith a sufficient confidence whether
the beam non-uniformity is within 10%. This requient implies also a limit to the exposure
angle accuracy: the beam facing surfaces of the @if each panel shall lie within two parallel

vertical planes spaced by 10 mm.

The STRIKE Failure Mode and Effects Analysis tablshown in the appendix.

6.3 Control Plan
The Control Plan [61] defines the verificationsyiesvs and validations that ensure the

quality of the deliverables and the control of pinecesses.

Among these activities those related to the sadetyidentified in a special column of the

control plan (SRA column).

According to 1ISO 9001 (adopted ad standard forgthedity of the management of the PMS
project) verifications and validations are usefukeveral phases of the project, as illustrated in

the following:

e in the design and development, to ensure the guafitthe design against the

requirements;
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in the procurement of materials, products and sesvito ensure the quality of the

supply;

to validate the process and monitor the procesanpeters therefore ensuring the

guality of the process output;

on the products (deliverables), to accept and rpttie product quality.

The control plan is a tool to reduce the risk aficanforming product.

For this reason the control plan takes into accthumtresults of the FMEA Analysis and of

the Risk Analysis: it implements the control actiadentified in the FMEA, planned to avoid

the failure foreseen.

The Control Plan is prepared by the project teasnified by the quality representative and

approved by the quality representative and theeptapanager or the sponsor (at discretion of

the sponsor). In Table 6.3 the STRIKE Control Réashown.

For instance, the control plans requires some igatibns of the design, like tests on the

thermocouple fixing system, whose detailed dedorptan be found in section 6.5 as well as

the test of the prototypes, which is reported ittisa 7.2.

Supplier F4E Motes & acronyms
Prepared Yerified Approved Acceptance D = Document Review TP/MNB = Third Party Inspection
W= Design Yerification Autharity (TP) 7 Motified Body
R = Review (e.g. Design Review, Project Review, Progress Review) (MB) or French Safety Autharity
W = (Manitar or) Witness (Foa)
Name & Date MNP = Motification Point F4E = F4E or it's representative
ATP = Authorisation to Proceed Paoint Other = Interested Party
HP = Hold Paint (specify)
S =Sureeillance (51:100%, S2:Random or Spat)
Activity (verification, Specification Verificatlon by Records
" ' P Acceptance SRA RFX F4E TP/ NB Other Observation
Oper.# manufacture, (procedure, drw....) . y (report,
inspection,... and/or Standard Criteria (Y/N) [ Name, Sign & | Name, Sign [ Mame, Sign | Mame, Sign NCR. ...) s
Date & Date & Date & Date
1| Internal review of STRIKE Systern Requirement compliant to R
design Document; Wark
instructions reguirernents
management
2| Testofthermoecouple fixing System Requirement compliant {o W
system Docurnent
3 Test oftile fixing system System Requirement compliant to W

Document

Testof CFC prototypes

Systerm Regquirement
Document

Defarmation verification

Table 6.3: STRIKE Control Plan.

The control plan is used also to record the regilthe verifications and validations; where

these results need a specific report, the contaol refers to the report.
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6.4 Design Review
The definition of review is the following: activityndertaken to determine the sustainability,

adequacy and effectiveness of the subject mat&eh®ve established objectives [62].

At several stages of the design of STRIKE, desmgnews have been performed, together
with the project team, customer (F4E) and expéstassess and discuss the present project and
to validate the design, in the way towards thel fitesign.

6.5 Mock-up of thermocouple fixing system
Tests on a mock-up were performed to complete thRIKE design in terms of the

thermocouple fixing system and of the position bé tthermocouples on the tiles. The
thermocouples used are the same as foreseen fdKETR/pe N, Inconel sheet, transition to
kapton cable, 1Imm external diameter. Both thermpleodesign positions were: Figure 6.3
shows the mock-up, which reproduces a part of thmé of STRIKE panels as well as the
thermocouple fixing system [63]; the thermocouplds be installed inside stainless steel pipes
providing the elastic force for a sufficient thetncantact between the thermocouple junction
and the tile surface (Figure 6.4, left); the thecowuple is held in place by a plate exhibiting a
suitable housing for the pipe (Figure 6.4, righite plate is fixed to the STRIKE frame (in the
mock-up a piece of stainless-steel tubular pipeséd).

Figure 6.3: Mock-up for the thermocouple fixing t&ya: global view.
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Figure 6.4: Mock-up for the thermocouple fixing t®ya: thermocouple inside the pipe (left);
fixing system of the pipe (right).

Different thermocouple positions with respect te tife (the same as in STRIKE design for a
hot point and a cold point), several values of theads and different ways of manufacturing the

thermocouples have been analysed.

Several systems have been realised and compaiddrtify the suitable method to fix the
stainless steel pipe to the thermocouple while antaeing the stiffness necessary for a good

thermal contact without damaging the thermocouple.

6.5.1 Preliminary test on thermocouples
To guarantee that no damages result from manufagtuthe connection of the
thermocouples to the stainless steel pipes, agnedtminary measurement was carried out to

verify that all thermocouples measure the same ¢eatpres.

Thus, thermocouples were inserted into a climdtanaber, as shown in Figure 6.5.

Figure 6.5: Climatic chamber for test of thermodesfleft), particular of the introduction of
the thermocouples inside the climatic chamber fyigh
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To assure that differences in measurements ardapanding on the thermocouple positions
inside the chamber, thermocouple junctions werertad into a copper body, mounted on the

internal face of the chamber lid and visible inuf6.6.

Figure 6.6: Positioning of thermocouples for theliprinary test.

The temperature of climatic chamber was pre-se20& °C and during the temperature
increase, from room temperature to the pre-set theemocouple measurements were recorded

every second.

Since the temperatures collected are in a gooceagret with each other, we proceeded with

the manufacturing of the junction.

6.5.2 Studies for connection of thermocouples to st ainless steel
pipes
The next step was manufacturing on thermocouplezature and fixing to a stainless steel
pipe to guarantee the thrust of the thermocoupietion against the tile, like in the design (see
Figure 3.24).

Several fixing systems were compared: Figure 60fvstthe low temperature braze welding
system on the thermocouple (identified as T1); eifeit is not suitable for the operation
temperatures expected at the rear side of STRIKE tyipe of connection was investigated

because the brazing alloy can be substituted wighvath higher temperature range.
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Figure 6.7: Thermocouples braze welded to stairdtess pipe.

Another sample was realised by fixing the thermpt®uo the stainless steel pipe by spot
welding (thermocouple identified as T3), see Fighi&

.

Figure 6.8: Thermocouples spot-welded to stairdésal pipe.

The third method was a sort of crimp on the themwnpte (identified as T2). In Figure 6.9 on
the right, an expansion of the tip of the finalteys is shown: it looks like a triangle, because of
the shape of the tool used to compress the stairgie®l pipe around the thermocouple, as
shown better in Figure 6.10, together with the sraployed for manufacturing.
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Figure 6.9: Thermocouples crimped to stainlesd pipe (left); expansion of the tip (right).

Figure 6.10: System used to crimp the thermoco(let and crimped thermocouple cross-
section.

After the manufacturing phase, the thermocouple® wested again in the climatic chamber,
to verify that no damages had occurred. The positiceach thermocouple was the same as the
previous test.

Temperatures were in a good agreement with eaeh attd with the first test performed.

6.5.3 Set up of the tests on thermocouple mock-up
Thermocouples were positioned as designed for SERIl€s; the stainless steel pipes were
held in position by the insulating plates (Figurgl§.
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Figure 6.11: Fixing system for the thermocouplesading to the preset design.

The tests consisted in measuring the temperatutbeonear side of the tile prototype. The

complete layout is shown in Figure 6.12.

= Zaan

Figure 6.12: Test set-up.

The heat load was applied by an air blower (Figufe8). A thermal camera was used for
comparison the results, but the thermal camera datanot reported here. Two more
thermocouples, as shown in Figure 6.14 and FigukB, Gvere used to have indications about
the temperature of the air reaching the tile serfacd the air temperature just outside the air
blower, to be used as references for the appli@gepahich can only be regulated by selecting
different switch positions of the air blower. ThHeetmal camera sensor was protected by a
screen from the hot air produced by the air bloBeweral experimental conditions were tested
by changing heat load power (by the correspondefitcls position) and the contact force
between thermocouples and tile.
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Figure 6.14: Thermocouples positioning for tests.

Figure 6.15: Measurement of the temperature oathklower.
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An image recorded by thermal camera showing thé@ipnsf T2 and T3 thermocouples is

following.

Figure 6.16: Frame from the thermal camera.

6.5.4 Results of the tests on thermocouple mock-up

Table 6.4 and Table 6.5 summarise the conditionghef tests carried out. Table 6.4
corresponds to tests on crimped and spot-weldethtwuples, while Table 6.5 corresponds to
tests on the same crimped thermocouple and thewalkded one. Only two positions of the
switch, and correspondingly two powers, have beseduthe maximum (pos.15) and an
intermediate value (pos. 5). Moreover, care shdgldaken about the thermal contact and its
influence on the measurement; to verify the eftédhe thermal contact, several compressions

between tile and thermocouple junction were tested.

N° test switch D
10 15 0.3 compression
11 5 0.3 compression
12 15 0.2 compression
13 5 0.2 compression
14 15 0.1 compression
15 5 0.1 compression

Table 6.4: Summary of the test using crimped amd welded thermocouples.

When the thermocouples are just in contact with tike surface, without exerting any
pressure on it, the distance between tubular pipetige support is 6.9 mm (see D parameter in
Figure 6.17). Different pressures and corresporgidifferent thermal contacts are provided by
reducing such distance by the amount given indbes before fixing the relative position of all

parts.
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Figure 6.17: Lateral view of the mock-up; distabe¢éween tubular pipe and tile support.

In the following, measurements comparing crimped apot-welded thermocouples are

presented.

Figure 6.18 compares measurements due to diffe@npressions of the T3 thermocouple

junction on the tile, with the same nominal heatlo
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Figure 6.18: Spot welded thermocouple measurenseatfanction of the pressure of the
thermocouple on the tile (test numbers as in Tallg

The data shown in Figure 6.18 and Figure 6.19 leen analysed to take into account the

initial temperature (vertical offset), the time aglafter the experiment start (horizontal offset)
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and the non reproducibility of the heat load. Tids been done using the thermal camera data
as the reference: each curve was normalised ttethgerature provided by the thermal camera
(the difference between the maximum temperatureageel in an area near the thermocouple

and the average temperature in the same areagfioselihe beam pulse).

Some indications can be drawn from the slope ofctivges: the most responsive pressure
seems to be the one corresponding to 0.2mm conipnegdss not clear why 0.1mm and 0.3mm

should behave similarly.

Analogously, Figure 6.19 compares measurementstaludifferent compressions of the

crimped thermocouple (T2) junction on the tile,lihe same nominal heat load.

The same behaviour as for thermocouple T3 canuedfalso for thermocouple T2.
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Figure 6.19: T2 measurement as a function of thegure of the thermocouple on the tile.

Figure 6.18 and Figure 6.19 show temperaturesagdime time.

Comparison between the crimped thermocouple T2tlamdraze-welded thermocouple T1,
at the same compression 0.2mm and at the sameahkrad (switch 15) in given in Figure
6.20.
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thermocouple comparison
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Figure 6.20: Comparison between T1 and T2 in theeseonditions.

The trends are quite the same. In Figure 6.21xparssion of the previous figure is given to
highlight the temperature difference for the twerthocouples.
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Figure 6.21: Expansion of Figure 6.20.

From the expansion, it can be observed that thedesture differences between the two
thermocouples is not relevant (lower than 1°C)his tneasurements and this small difference
remains constant during time. Thus, in the samerabtp@ conditions no effects of the
manufacturing can be noticed between crimping @od-welding.
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As mentioned previously, another test has beenopedd by comparing crimped
thermocouple (T2) and braze-welded thermocoupld. (Il this case the temperatures were

only recorded every minute.

N° test switch D
1 15 0.3 compression
2 5 0.3 compression
3 5 0.2 compression
4 15 0.2 compression
8 5 0.1 compression
9 15 0.1 compression

Table 6.5: Summary of the test using braze-welaetcaimped thermocouples.

Comparison between the braze-welded thermocouplan@ilthe crimped thermocouple T2,

at the same compression 0.2 mm and at the sanmeahlead (switch 15).

thermocouples comparison
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Figure 6.22: Comparison between braze-welded Tlcengped T2 in the same conditions.

Like for the comparison of the crimped thermocoufkeand the spot-welded thermocouple
T3, also in this case no relevant temperature réiffees can be observed by comparing, in the

same operation conditions, crimped thermocouplai®braze-welded thermocouple T1.

Another fixing system of the stainless steel pipethie thermocouple was tested: laser
welding. It seems to be the most suitable way, i@darly for the expected operating

temperature. The laser welded thermocouples. Téer Maelded thermocouples (Figure 6.23)
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were delivered too late for this test to be perfednbut they were used in BATMAN (section
7.1)

Figure 6.23: Laser welded thermocouple.

Crimping is a viable alternative method to fix thermocouple to the stainless-steel pipe; so
a refinement of the system to perform the crimpivas studied, by changing the number of

contact points between thermocouple and staintes$ gipe, as shown in Figure 6.24.

Figure 6.24: Thermocouple crimped in 4 points.

What works out from these tests is that neitherctmpression nor the fixing method can
affect the thermocouple measurement so this desigrion for the thermal contact is a good
for STRIKE.

6.6 Thermal camera discretisation
The aim of these analysis regarding the discrétisaif thermal images introduced by the
thermal camera, is to explore realistic operati@aaiditions and their effect on the temperature

profile of the beamlets and on the thermal patsédong the tile.

To perform the measure of the beam divergence, ISEREN be placed at a distance from

the thermal camera from ~2m and ~3m. The sensdheofthermal camera is subdivided in
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640x480 pixels that correspond to about 1.4x1.9 pixel at a distance of 2m and to about
1.8x2.4 mm/pixel at a distance of 3m with a fiefdview of 25°vertically x 19°horizontally
(Figure 6.25).

Figure 6.25: Area of STRIKE observed by the theroaathera at the bottom.

Several pixel dimensions, corresponding to distdrara STRIKE and thermal camera, have
been simulated by resampling the thermal imagen fiess than 1x1 mfo 1.4x1.4 mrf) 2x2
mn?, 2.4x2.4 mm, 3x3 mm, 4x4 mn, 5x5 mni, 6x6 mm, 8x8 mni, 10x10 mm. In the
following, only few examples are reported. The magling has been applied at different heat
load conditions: considering beamlets with 3mmiahitadius and 3mrad divergence and also
corresponding to power density of beamlets with 3mitral radius and 7mrad divergence.

In fact, the numerical simulations have been sheith the lower divergence, the two-
dimensional pattern of beamlets is clearer thanae with higher divergence that results
blurred. The fit of data are evaluated along thregzontal lines, one of them is a line passing
through the centre of the central row of beamlets the other two correspond to neighbouring
lines (like in section 2.5). Such expected operaioconditions have been simulated
numerically by dividing the continuous thermal patt into squares and by computing the
average of the energy flux over the single squi@4s Figure 6.26 on the right hand side shows
the 1D fitting of the numerical data with a sumboGauss curves, to simulate the experimental
procedure of deducing the beamlet parameters fh@mrteasured data. The red line represents
the continuous heat load profile; other lines reprg the reconstruction of the profile on the
basis of data coming from the discretisation (Fegbiui26 on the left hand side). This example is

referred to the 3x3mfresampling and 3mrad divergence.
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Figure 6.26: Fitting curves to reconstruct the data

The width simulated parameter was reconstructedialg obtained by applying different size
of the discretisation pattern .The reference céser() can be well reproduced, within 5%, up to

6mm pixel size.
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Figure 6.27: Reconstruction of the simulated betawledth.

Comparing these results with the pixel size in ¢épected SPIDER operation conditions
allows to conclude that the resampling introducgedhe thermal camera should provide good

measurements of the 2D thermal pattern.

This aspect was also investigated by experimentgi@ 6.7).

6.7 “SPIDER like” data analysis

An experimental campaign on CFC tile prototypesSORIKE was performed by simulating
the measurement conditions expected in SPIDERtilde&e were observed on the rear side, at
about 2m and 3m distances and at different angtesdicated in Figure 6.28. The aim of this
test is to get confidence with the experimentalditmons and the dedicated data analysis, and to

assess the diagnostic capability in conditionslaimio the real SPIDER situation.
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Figure 6.28: Distances and angles between therama¢ias and STRIKE panels.

Figure 6.29 shows the system realized to suppatttarprotect the thermal camera from
stray infrared radiation. The length of the polyéthe tube is 1m; adaptation to the required

distance is provided by a further paperboard tube.

Figure 6.29: Support and protection structure.

An aluminium slab is used. The holes on this statmaade to fix and adjust the position with
respect to the rear side of the tile, which isdghserved one. The moving systems are shown in
Figure 6.30: on the left, a polyethylene slab tofized to the system support, permits the

transversal movement; on the right hand side, igletat provides the rotation.
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Figure 6.30: Translation system (left) and rotaggatem (right).

The disk is mounted on the polyethylene slab, asvalin Figure 6.31.

Figure 6.31: Structure of the moving system.

Figure 6.32 represents the aluminium slab mounteith® two moving systems.

Figure 6.32: Aluminium slab mounted on the two mgvsystems.

At one end of the protecting polyethylene tubettfemal camera is installed, as shown in
Figure 6.33, to observe the rear side of the iilean be rotated to angle the thermal camera

with respect to the tile and to adjust the heighaligning it with respect to the tile.
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In reality, during the preparation of the set-upsdemed to be better to angle the tile instead

of the whole thermal camera system.

Figure 6.33: Thermal camera installed on the tube.

The experimental set-up in the farther positioshiswn in Figure 6.34.

camera

Figure 6.34: Experimental set-up for laser tegtgraducing distances and angles as in SPIDER.

When STRIKE is in position A (Figure 6.28), at 1b¥@ from the grounded grid, the middle
point is at 2280mm from the camera and here thiaciis seen at an angle of incidence of 35°

to the normal, the angles at the extreme of the eiene are 48° and 23° [65].

When STRIKE is in position B (Figure 6.28), at 50@rfrom the grounded grid, the middle
point is at 2800mm from the camera and here thiaciis seen at an angle of incidence of 30°
to the normal, the angles at the extreme of the eiene are 40° and 17° [65].

Laser power, tile, distance and observation angleewaried in this campaign and in some

cases also the vacuum infrared window (Figure 82f) installed.
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Figure 6.35: Vacuum infrared window installed.

Tiles B1, A4 and A5 were tested at different dists) angles, laser powers, with and without
the IR window.

The thermal image has a resolution given by the sfzzhe sensor pixels; at large distance,
previous simulations showed (section 6.6) that dlegnostic capabilities of the system are
heavily reduced only when the pixels of the thercahera correspond to 6mm-side squares
[66]. In the present case, the discretisation is tuthe distance between thermal camera and
tile (Figure 6.36). Notwithstanding the small ambahthe thermal camera sensor used, Figure

6.37 shows the resulting data discretisation tsufécient for the fit in the same spatial case as
the beamlets, relevant for SPIDER.

20111103100W_0029.500 — row data 20111103100W_0029_500 = raw dota

vertical position [pixel]
vertical position [picel]

0 100 200

300 400 500 600 290
horizontal position [piel]

300 3o
horizental position [pixel]

Figure 6.36: Image collected by the thermal canflef§ and portion used in data analysis
(right).
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Figure 6.37: Data and corresponding fitting 2.8efit{land 0.25m (right) from the thermal
camera.

As an example, at 2.28m from the thermal camermget#tposure angles in SPIDER will be
17° (closest point), 30° (image centre) and 40f%tigst point). The measured ellipticity
increases correspondingly (Figure 6.38); by appglyangeometrical correction to the data, the
original value of the ellipticity is recovered, g@ beamlet ellipticity can be detected even with
a tilted tile. It can be concluded that the infotima about the shape of small-scale structures in
the thermal pattern was preserved despite the axpamngle and the distance; due to the
variable exposure angle depending on the positionthe STRIKE panel, projecting the

observed area onto the sensor will yield a trapt@hape.
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Figure 6.38: Apparent ellipticity due to tilteddi{left); same after geometrical correction
(right).

Hence, even if observation of the STRIKE tiles PIBER will be tilted, the measurements

should give correct indications about spatial pesfi






CHAPTER 7 | 149

7 Tests in particle beams

Concerning several aspects of the project, the @&Ftbe proper material for the tiles of
STRIKE. Unfortunately, it is a very anisotropic addlicate material. To validate the use of
CFC, several experimental campaigns have been gilato verify the response of the whole
diagnostic system in a negative ion source as agelhe thermo-mechanical behaviour under
high energy flux. These tests were carried outnia experiments in operation at IPP (Max-
Plank-Institut fir Plasmaphysik) Garching, Germanythe framework of the activities for the
Work Programme 2012 with F4E. Both experimental maigms were concluded at the
beginning of December; data analysis has justestarhence only some examples of the

experimental findings are presented.

7.1 Test at IPP-BATMAN
The experimental campaign in BATMAN experiment wasried out to investigate the use

of the CFC as a real beam diagnostic, in a sourtteecsame type as the SPIDER source.

BATMAN (BAvarian Test MAchine for Negative ions) sce has the aim to optimize the
extracted current densities in hydrogen and deutesdt low pressure and the electron/ion ratio,

with a small extraction area (<0.0drand short pulses (<6 s) [18].

The acceleration system from which the ions andtelas are extracted is composed by
three grid system. Magnets are located in the etitra grid (to deflect electrons). The pulse

length in BATMAN has a maximum of only about 5isnft due to the power supply).
Some important findings on BATMAN and in RF souraee summarised in the following.

From Figure 7.1, that shows the horizontal (blug) sertical (red) beam profile, it can be
noticed that the two profiles have different haifdtis at half maximum,; this is due to the
source geometry, whose extension is larger in #wical direction than in the horizontal

direction.
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Figure 7.1: Beam temperature profiles.
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The shift in the position of the maximum means thatbeam is slightly deflected upwards,

which is found to be related to the magnetic fifteld.

The following figure shows the trend of the ion remt and the electron-to-ion ratio
depending on the source pressure and on the RFrpdws®mmparison has been done between
the caesium-free source, in which the productiomeyative ions is a volume process, and a
caesiated source in which also surface productears. Caesium is found to have the effect of
increasing the production of negative ions anddorelase the electron-to-ion ratio; moreover

the negative ion current density is little affecbgdthe source pressure.
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Figure 7.2: Pressure and power dependence of thentuensity and electron-to-ion ratio with
and without Cs evaporation.

A further method implemented in the source to redte co-extracted electrons [67] is a
positive bias of the plasma grid with respect & source body (some tens of volts), together

with a proper filter field across the plasma grid.

7.1.1 Design of CFC tile support

To evaluate the diagnostic capability of the STRIIgEDject, a small-scale diagnostic
calorimeter, named mini-STRIKE, was designed aso#otype of the full size diagnostic. So,
the CFC tile samples, observed at the rear sidea ltyermal camera, have been used.
Thermocouples on the prototypes are also usedhaidfixing system is the same adopted for
STRIKE; this way also a field test of the thermahtact design for STRIKE can be tested.

In order to get a good knowledge of the BATMAN bealre prototypes selected for this
campaign were B1 and B2: the most similar onesaadirmed by the laser characterisation
(section 5.3).

The experiments in BATMAN aimed at characterizing beam produced with the large area

grid (LAG, Figure 7.3), featuring 8mm diameter d@pes and about 12 mm pitch [68]. The grid
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has 126 apertures, resulting in an extraction afeég8cnf. The upper and lower halves of the
grid are inclined by an angle of 0.88°. The sowperates with a sequence of pulses 5s long,
every 3 minutes; with a current density of 300Alm to 25kV, and 2° divergence.

Figure 7.3: LAG grid.

Figure 7.4 and Figure 7.5 show some examples ob¢aenlet pattern at 0.1m and 1m from
the source, respectively. The prototype tile posdiwith respect to the beam are also shown in
cyan. On the left hand side of these figures, tBer@ap of the beam power density is
represented, together with some horizontal lineaglwith the beamlet profiles are evaluated;
on the right hand side the beamlet profiles altwgé lines are shown.

In the case nearer to the source, single beamietdearly separated; on the contrary, due to
the high divergence of the BATMAN beam and the olm#on at the rear side of the
prototypes, the footprint of the single beamleta cat be resolved at 1m from the source,

resulting in a flat temperature profile.
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Figure 7.4: Beamlet patterns at 0.1 m from the smur
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Figure 7.5: Beamlets pattern at 1 m from the source

Although the investigation of the beamlet featungmild require a smaller distance of the
calorimeter from the beam source, to avoid grapbidetamination of the source, the mini-
STRIKE had to be installed at 1m from the source.aSmask in front of the prototypes,
provided with 8 apertures has been adopted toecee&PIDER-like geometry (Figure 7.6). The

holes of the mask have 10mm diameter and 30mm.pitch
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Figure 7.6: Mask to create beamlet geometry.

To investigate the vertical BATMAN beam homogeneityd its dependence on the plasma
homogeneity in the source, a topic of this collalion, the majority of the mask holes are
positioned in the vertical direction. The geometrfy the mask has been improved by
implementing the results obtained by thermal, fientssimulations. With a preliminary
geometry of a 5mm thick copper mask, maximum teatpees reached on the surface directly

exposed to the beam are summarized in Table 7.1.

Tmax front (5s) Tnax front (180s)

1st beam pulse 588 K 420K
2nd beam pulse 704 K 509 K
3rd beam pulse 792 K 565 K

Table 7.1: Summary of the 5 mm thick copper mashtftemperatures without cooling system.

Figure 7.7 shows the simulation results: the friside of the copper mask at the end of the
first beam pulse (left hand side) and at the bagmof the forth beam pulse (right hand side).

The centre of the beam is in correspondence didktem hole of the upper series.
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Figure 7.7: front side at the end of the first bgaurtse (left hand side) and at the beginning of
the forth beam pulse (right hand side).

Too high temperatures and the tendency to increfige temperature just before the next
beam pulse (memory effect), suggest that activéirgpés required. Some simulations with the
same mask geometry have been performed, includisgmplified model for cooling: some
areas along the pipe path are kept at a fixed teatyre (300K). At the beginning of the
successive beam pulse the maximum temperatureeomésk should be back down to about

room temperature (308K) as shown in Table 7.2:

Tmaxfront (5s)  Taxfront (180s)

1st beam pulse 586 K 308 K

2nd beam pulse 593 K 308 K

Table 7.2: Summary of the 5 mm thick copper maghtftemperatures with cooling system.

Figure 7.8 shows the simulation results: the faidé of the active cooled copper mask at the
end of the first beam pulse (left hand side) anthatbeginning of the third beam pulse (right

hand side). The centre of the beam is in corresprooalto the bottom hole of the upper series.
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Figure 7.8: front side at the end of the first bgarnse (left hand side) and at the beginning of
the third beam pulse (right hand side).

Based on these results and to house the coolires ptpe final thickness of the mask was
increased to 10mm. The geometry was further chamgedder to hide the whole system from
the direct exposure to the beam without increasomgmuch the overall weight of the mask
(Figure 7.6 and Figure 7.10).

To validate the use of soft brazing to fix the doglpipe to the mask, a simulation of the
optimized mask geometry has been performed in thrstvease: without cooling; the maximum
temperature at the rear side is 392K in the cerftthe mask; at the edges, along the cooling
tube path, it is about 320K (Figure 7.9, left) Hersoft brazing, which can withstand up to
485K in continuous use, was adopted and the maskda/n on the right hand side of Figure
7.9. The expected centre of the beam should beethiee of the mask.
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Figure 7.9: Mask simulation results at the reae suithout cooling (left) and the realized

component (right).

In the final design the mini-STRIKE will simultanesly expose to the beam two tiles,
housed in a dedicated frame, connected to a supgatm attached to the large BATMAN
vacuum flange and arriving into the beam. The abticooled mask is located just in front of
the tile. CAD (Computer Aided Design) images of thibole system inside the BATMAN
vessel are shown in Figure 7.10. A plate is requatthe bottom to protect the tiles against

particles coming from the titanium pump located juedow.

Figure 7.10: mini-STRIKE in BATMAN.
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Several position adjustments are present: £30miuicadly at the large BATMAN flange for
the arm (Figure 7.11), and +30mm vertically andizwntally at the tiles (Figure 7.12). Also a
+30mm adjustment of the distance between tilessandce can be obtained (Figure 7.11).

Figure 7.12: Vertically and horizontally adjustmeat the tiles.

An exploded view of the assembly is shown in FiglwE3 in which also the thermocouple on
the mask and on the tiles are is visible.
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Figure 7.13: Exploded view of the mini-STRIKE (lefpartially assembled system (one of

tiles is missing).

The rear side of the tiles is observed by a thermaatera mounted on a viewport (Figure

7.14) of the large vacuum flange, through a zirlerdde window.

Figure 7.14: Flanges for thermal camera and sigandfaction.

The angle of the thermal camera axis with respgethé beam is 50°. Notwithstanding the
small room available to the thermal camera viewe tlu the angled position of the thermal
camera itself, the view cone is not obstructedrettere no interferences with the viewport

internal surfaces and the whole system can be wid¢Figure 7.15).
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Figure 7.15: Thermal camera view cone.

A second porthole is dedicated to extraction ofrrtfeouple signals and cooling tubes
(Figure 7.14). Three thermocouples are mountedeatréar side of the tile, to calibrate the
thermal cameras. One further thermocouple is ilestaht the rear side of the mask, in the

proximity of the beam power density peak, to mariit@ copper temperature.

7.1.2 In-house tests on mock-up

Before the installation of the mini-STRIKE in BATMMy some tests have been carried out
in-house. Some of them are functional tests, ase¢hiéication of the cooling of the mask; with
others are dedicated to protect BATMAN, like fosteince the vacuum tightness.

Outgassing of the mask

To verify the compliance of the mask with the BATMA/acuum prescription (0.3 Pa), an
outgassing test has been performed inside a vaahamber (Figure 7.16, left). The viton
gasket, the previous nitrogen ventilation of thamber and also some devices installed on this
chamber, are responsible for a high backgroundendiscalibration of the chamber has been
performed, to clean the chamber from the nitrogdsoebed at the chamber walls. The
minimum pressure reached with the gate valve opeweds to connect the chamber to the
vacuum system was f@nbar and the pressure at the end of the presstmease phase, with
the gate closed, was i@nbar. Afterwards the mask was inserted and a ayfcfressure drop
and a pressure rise was performed. The presstine and of the decrease phase waSrbar
and the pressure at the end of the rise phase ®/ambar (Figure 7.16, right). The measured
pressures with the mask inside the chamber arsahe obtained during the calibration test.
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The outgassing test indicates that the degassiagfahe mask does not exceed the sensitivity

of the measuring instrument.
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Figure 7.16: Mask outgassing test.

Mask cooling system test

Figure 7.17, shows the set-up of the test of thekmsaoling system. The mask was heated by
an electric hot plate. The rear side of the maslks waserved by a thermal camera.
Thermocouples had been installed in a hot pointiaradcold point of the mask (corresponding
to the centre and to the edge of the mask) anleinniet and outlet of the cooling system. Two
pressure gauges were also mounted to measure ¢bsupg of the cooling water at inlet and
outlet (Figure 7.18). To verify the efficiency dfet active cooling, the mask was heated to a
quite high temperature, 96°C, and then the elebwicplate was removed and the water circuit

opened.
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Figure 7.18: Mask cooling system: thermocoupleswaaigr inlet and outlet.



162 CHAPTER 7

The cooling down was measured both with thermoasuphd thermal camera.

A first test was made with cooling water in a ckhs@rcuit, and by means of thermocouples
installed on the mask, the cool down was monitoAesdshown in Figure 7.19 the temperature
came back to the room temperature in about 4 mendiee typical repetition time of BATMAN

shots is 3 minutes but water flow control is predd

T1 T2 T1-T2

14.04 14.05 14.08 14.07 14,08

Time

Figure 7.19: Temperature trend with the coolingenat a closed circuit.

The second test was carried out with the coolimgudi open and the outlet at atmospheric
pressure. The cooling water in this configuratiomsveollected into a container. Starting with
the mask temperature at 96°C, the same as theopeetést, the cooling is more efficient with
the open circuit: the mask temperature came baokaim temperature with a rate of one degree

per second and the time to cool down the maskli®tiaas shown in Figure 7.20.

In the case of closed cooling system the presstferahce between the inlet and the outlet
of the cooling system is lower than 0.2 bar lyimgtihe range of measurement error of the
pressure gauge used. With the water circuit opeheddifference of pressure is about 1.3 bars

and, as a consequence, the cooling of the mashksasuch more efficient.

As a conclusion of this test, with the pressurdediince guaranteed from the BATMAN
cooling circuit, the cooling of the mask can wofficgently, removing the heat deposited by the

beam on the mask in between the pulses.
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Figure 7.20: Temperature trend with the coolingewvét an opened circuit.

Pressure tests

The cooling system was kept for 1h with compresaiedat 5bar; at the end of the test no

change in the pressure was observed, so no lossesed.

i
|

Figure 7.21: Leak test of the cooling system.

Leak tests

The cooling system was subjected also to the vadigimness test: the leak rate was less
than 6 10° mbar I/s.
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The same test was performed on the infrared camigidow: the result is comparable with

the background noise of the measurement devicettes < 13°mbar I/s.

Figure 7.22: Set-up for the vacuum tightness ofrifrared camera window.

Electrical continuity

The continuity and low-voltage insulation were fied by a tester and the results were

above the measurement limits of the equipment¢cdomance with the expectance.

Cleaning

Materials to be introduced in the vacuum vesseéhawbe previously cleaned. Depending on
the material, there is different procedure to biko¥eed [69]. For instance, copper has to be
cleaned manually with alcohol and acetone, and Widna known solution of HNg) it has to
be rinsed with demineralised water, dried withagen flow and has to be outgassed in vacuum
at 350°C. For the aluminium the procedure is simpltehas to be cleaned manually with
alcohol and acetone, rinsed with demineralised maatd dried with nitrogen flow. For the steel,
the procedure is the same as for aluminium. The désaning of the material is achieved by
means of ultrasonic bath, to exploit a combinatadnthe mechanical action of water and
ultrasounds together the chemical action of therdent; moreover, heat helps the dissolvability

of impurities and mineralised water minimises teeakition of calcium carbonate.
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Figure 7.23: Ultrasonic tank.

7.1.3 Simulations

To investigate the expected experimental conditi@eseral simulations were carried out
with different beam characteristics: 2° and 3° dyemce and vertical disuniformity of 0%, 3%,
5%, 10%.

Figure 7.24 shows the 2D temperature map on thmt §ide and on the rear side of the upper
tile for 2° divergence and 0% beam disuniformitywdlnumerical models were studied, the first
one representing the prototype located at the tdpeosystem and the second one representing

the prototype housed on the lower part. The mdumle the same dimension as the prototypes.

Max: 326 368 Max; 217.722
Time=5 Shce: Temperature [K]

325

[ P 310

108

1310

Min: 300.01 Min! 300,01

Figure 7.24: Front side (left) and rear side (nigiitthe upper tile, 2° divergence and no

beam disuniformity.
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The mesh elements are adapted to the single patite anodel: care was dedicated to the

mesh size, particularly for the exposed areas apdobserved surfaces. Radiation towards

surfaces at 300K is included on all surfaces, exaep the one facing the mask; room

temperature is 300K; the thermal load applicatiastd 5s. The temperature increase is quite

low, due to the low energy flux.

Due to such little temperature increases, changelseam uniformity are difficult to be

characterized: Figure 7.25 shows the tile tempegatprofiles for 2° divergence, no

disuniformity and 2° divergence 10% disuniformi€areful analysis of the data is required to

obtain indications about the degree of beam disumity.
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Figure 7.25: Tile temperature profile with 2°divenge and no disuniformity (blue line); top

tile, 2°divergence and 10 % disuniformity (cyarelinbottom tile, 2°divergence and 10 %

disuniformity (magenta line).

7.1.4 Measurements and data analysis

After the tests to evaluate the vacuum tightnesthefcomponents, the whole system was

mounted inside BATMAN vessel, as shown in Figu67.
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Figure 7.26: Assembly of mini-STRIKE inside the wam vessel of BATMAN.

The experimental campaign in BATMAN was performed varying several parameters:
- Upias the polarization of the plasma grid with respecthe source wall; this enhance

the negative ion yield and reduces the co-extraglectrons;

- the magnetic filter field: by changing the inséy, the position and the polarity of the

field, and without magnetic filter field. Figure2?. shows different positions of the magnet bars;
- extraction voltage;
- acceleration voltage;
- gas plasma: hydrogen and deuterium;
- source pressure;

- RF power;
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Figure 7.27: Different positions of magnet bars amismounted magnet bar.

An example of BATMAN signals is reported in thelfoting figure: for a deuterium pulse at
15kV acceleration and 5kV extraction. The importaeinds are the measured co-extracted
electrons (magenta line) and the deduced curresaiceged to the extracted negative ions (red

line).
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Figure 7.28: Example of BATMAN data.

The infrared view (Figure 7.29, left hand side)idgra pulse shows the beamlets on the rear
side of the tile, created by the mask holes. Inirtrege, also the thermocouples are visible; they
have been used to calibrate the thermal camentigéthe emissivity of the tile. As already



CHAPTER 7 | 169

reported, a beamlet structure of the type expdat&@PIDER can be obtained and studied with
an analogous experimental procedure that will beptedl in SPIDER by deducing the beamlet

parameters from the measured data. The same Hg2Beshows also the beamlet footprint left

on the tile, on the hit surface hit by the beam.

Figure 7.29: Example IR image of mini-STRIKE in BIMRN; mini-STRIKE tile after
exposure to the BATMAN beam.

From the 2D map temperature data, the study ofbd#enlets can be performed, along a
vertical line passing through the beamlet centrguré 7.30 shows the data analysis results of
the experimental data (missing data can be noticedrrespondence to the thermocouples) and

of the simulation made to reconstruct the expertaldimdings (in the centre of the figure).

simulation

AT [K]
AT [K]

o souiice faen] position [mm] position [mm]

Figure 7.30: Data analysis on the vertical prafiideamlets.
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To investigate the beam features in the verticabation, the following data analysis
procedure is applied: the frames of the IR filmogaing the beam are averaged and the result is
subtracted from the image in all subsequent phaSt#®e data analysis (Figure 7.31); the area
surrounding each beamlet in the thermal image otated and the portion affected by the
shadow of the thermocouples is removed (Figure)7t82each beamlet a two-dimensional fit

with the modified Hubbert curve is applied and pa@gameters of the fit procedure are recorded

(Figure 7.33, left).

Figure 7.31: Background image; raw data; imageltiagurom the subtraction of the

background to the raw data.

Figure 7.32: Thermocouple shadow; thermal imager aimoving the thermocouple shadow.
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The superposition of the peak values of the sibgkamlets are gathered together and (Figure
7.33 on the left hand side) the profile of the vehbeam in terms of the temperature induced in

the tile can be reconstructed, as shown in FigLB® @n the right hand side.
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Figure 7.33: Profile of a single beamlet and theesinposition to obtain the beam profile.

The resulting parameters of the beam can be plageaaifunction of time. In Figure 7.34, the
centre, the amplitude and the width of the recoestid beam profile at the rear side of the CFC
tiles, are shown. It can be noticed that during plése the position of the beam centre is
stationary, the amplitude increases as expectedhendeam does not broaden (the first points
correspond to the formation of the image; theratistary equilibrium is reached between heat

deposited on the tile and perpendicular diffusion).
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Figure 7.34: Example of BATMAN beam results.

Data analysis is still on going and this is whytlre following only some examples are
reported. In several years of BATMAN operationshais been found that the magnetic field
strength in front of the plasma grid plays an int@or role in the extraction of negative ions

[70]. The positive ion density is higher at thevdri exit than in front of the plasma grid, as
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shown in Figure 7.35, this depends on the source zserved and on the position of the
external magnets for the filter field: in particuthe positive ion density is higher when the field
is more strength to the plasma grid (z=9cm). Moeepit was also found in the negative ion
sources that a positive bias of the plasma grith vaspect to the source walls [18] can help in

reducing the co-extracted electrons and in incnegitie negative ion yield.
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Figure 7.35: BATMAN measurements: positive ion dgng0].

Measurements done with the mini-STRIKE can recoestthe BATMAN beam profile
using information coming from single beamlet crdadéthe tile by the mask. Figure 7.36 shows
the peak of the hydrogen beam in two different netigrconfigurations; with the same number
of magnets, near to the plasma grid (z=9cm) andyafn@m the plasma grid (z=14cm).
Measurements were performed by increasing the gelggoplied to the plasma grid, except for
the last pulse of each series, which has the samsngters as the first pulse of the same series,
to verify if the beam conditions were stationaryridg the parameter scan. The acceleration
voltage was 15kV and the extraction voltage 5kVe THiasing value of the plasma grid can
influence the extracted current; the correspondliicgease in the electrostatic repulsion might
explain the behaviour with the higher filter figle=9cm). Moreover, the experimental findings
show a stronger dependence of the temperatureaseren the Lks when the permanent
magnets are closer to the plasma grid. The totsitipe ion density near the plasma grid is

higher in the z=9cm case and in this conditioncdlerimeter measures a higher temperature.
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Peak vs Magnetic filter field
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Figure 7.36: mini-STRIKE measurement: maximum terapges on the rear side of the tile.

If no filter field is applied, the positive ion deity inside the source, near the plasma grid,
has the same order of magnitude that the condétmwith magnet far away from the plasma
grid (z=14cm), as in Figure 7.37. Moreover, thecetens close to the plasma grid are more
energetic than with the filter field (temperature aomparable both for z=9 cm and z=14 cm).
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Figure 7.37: BATMAN measurements: positive ion digrnasnd electron temperature without
filter field [70].

From BATMAN measurements, in this condition thectien-to-ion ratio is about 11: very
high. Fast electrons can destroy the negativeaonsless positive ions are facing the extraction
region with respect to previous cases. The pulsseato plot the temperature in Figure 7.38
has the same acceleration voltage, extractiong®lkad negative ion current. Thgbwhich is
positive with respect to the source walls, hasdine of facilitating the extraction of negative

ions. The absence of the filter field has the eftdano deflection for the electrons, so they are
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extracted together with the negative ions, andcectdld to the calorimeter. As thgdJincreases,

more and more negative charges are extracted soghsured temperature increases.
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Figure 7.38: mini-STRIKE measurement: maximum terapges on the rear side of the tile
without filter field.

Figure 7.39 shows the trend of the temperature unedon the rear side of the CFC sample
as a function of the perveance (section 1.2). Asvshin Figure 7.40, this measurement has
been done with perveance values laying on théblaftich of the curve, this means that also the
divergence is decreasing, in fact the temperatugasored with increasing perveance is also

increasing.

Moreover, with increasing Jds the measured extracted current is decreasing,heo t

temperature measured on the rear side of the @& tilso decreasing (Figure 7.39).
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Figure 7.39: mini-STRIKE measurement: maximum terapges on the rear side of the tile

as a function of the normalised perveance for hyeino
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Figure 7.40: Hydrogen divergence as a functionoofmalised perveance [71].
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As previously described, during this scan the d@jeace decreases so the width measured

with the mini-STRIKE is expected to decrease; haveliis trend is not well recognizable from

Figure 7.41.
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Figure 7.41.:

Width of the temperature profile oa thar side of the CFC.

Similar trends has been found also in deuteriunraijpms as shown in Figure 7.42 for

temperature increase as a function of thesBihd as a function of the normalised perveance and

in Figure 7.43 for the width.
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Figure 7.42: mini-STRIKE measurement: maximum terapges on the rear side of the tile

as function for deuterium.

DEUTERIUM

69

67

65

63

Width

61

59

s7 '| =9, drift down i

55

14 16 18 20 22 24
Ubias [V]

Figure 7.43: Width of the temperature profile oa thar side of the CFC.

From recent experimental findings in BATMAN [72},seems that the negative ion beam
distribution is related to the density distributioh neutrals inside the source and not to the
density distribution of positive ions. With thissasnption, if the pressure increases inside the
source, it is possible that a higher number of radsiimpinge on the plasma grid, where, upon
receiving an electron they become negative iorthelfnegative ion density increases, due to the
repulsion of charged particles of the same siga tie divergence increase (Figure 7.45) and
consequently the temperatures measured on thesidarof the mini-STRIKE decrease, as
shown in Figure 7.44, except for one point. In fad the perveance increases, the perveance
decreases (left branch of Figure 7.40). A confifamais found also from Figure 7.44 on the

right hand side: with increasing perveance the gFatpre increases.
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Figure 7.44: Temperature measurements on theigEofthe tile as a function of pressure.
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Figure 7.45: Width of the temperature profile oa thar side of the CFC.

The measurement with the mini-STRIKE of the tempamincrement with increasing RF
power (Figure 7.46) shows an increase also ofdhwérature measured at the rear side, in the
same way as found in the BATMAN results shown anldit hand side of in Figure 7.2. This is
probably due to the increase in the atomic hydrogside the source, assisted by the RF power,
which heats the gas. Correspondingly to the inere@dighe temperature measured on the rear
side of the tile, a clear decrease of the beamwisdtound (Figure 7.47).
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Since the mask is actively cooled, calorimetric sueaments were also performed in

Figure 7.46: Temperature measurement as a functiBf power.
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Figure 7.47: Width of the temperature profile oa thar side of the CFC.

relationship.

BATMAN, related to the overall intercepted beamrggeMoreover a local measurement of the
mask surface temperature on the rear side wasdetof he in-vessel thermocouples are N-
type, as foreseen by STRIKE design, so the acopnsgystem is set on N-type. The two
thermocouples for calorimetry were instead K-tygea “recalibration” of the K thermocouples
was carried out in order to convert their measurgmas if they were N-type. This procedure
was made by measuring the temperature of watetifgtdrom cold water and adding more and
more hot water) with the two K-type together with ld-type thermocouple as reference. An

example of the resulting calibration curve is shawrFigure 7.48, along with the calibration
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Figure 7.48: Calibration of one of the K-type theoauples.

To verify the behaviour of the K-type thermocouplether two N-type thermocouples have
been purchased and mounted, together with thequeW-type ones, numerically corrected, in
the inlet and outlet. In Figure 7.49 the differeirte¢he corresponding measurements is shown,
they are quite constant during time and of aba@fCL.
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Figure 7.49: Comparison between N-type and numéyicarrected K-type thermocouples

for mask coolant temperature measurement at inttbatlet.
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As shown in Figure 7.50, from the measurement dewmass flow () and the inlet and

outlet temperatures as functions of time, the imtst@eous cooling power, P, transferred from
the beam to the mask (except for the beamletsetil#) is obtained:

P:fﬁ-cp__\}"

where ¢ is the specific heat of water aAd is the difference between the coolant temperature
at outlet and inlet.

The cumulative energy removed by the coolant camn the calculated by numerical
integration every 0.5s acquisition.
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Figure 7.50: Instantaneous cooling power and cutinelanergy.

When the cooling power comes back to the initidl@aat the beginning of the next beam
pulse, the total beam energy was removed by théagband calorimetry yields the whole
energy deposited by the beam on the mini-STRIKEkmi#fighe successive beam pulse starts
before the coolant has completely removed the gnefghe previous beam pulse (cooling
power starts from a higher value), the calculateetgy is not simply related to the intercepted
beam. Also in these cases however, the whole beanye can be reconstructed with the help
of a similar pulse in which the calorimetry haseéle to remove the deposited beam energy.

The beam energy and cooling power of the pulse rati865s is compared with the successive
beam pulse starting at 5504s in Figure 7.50.

As Figure 7.51 shows, the cooling power and tharbeaergy can be well superimposed.

The first pulse has a higher number of data acduwfter the end of the beam pulse; the energy
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trend (yellow) tends to saturate: the energy remdwe calorimetry is smaller and smaller; the
energy removed, resulting from the shorter cyandrés the 98% of the whole beam energy,
resulting from the yellow trend. Moreover, a fit the data of the form (1-exp) has to be
implemented; this method will be suitable for allges.
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Figure 7.51: Comparison of pulses with same coglioger increment.

The previous considerations show also how from roaktry it is possible to obtain

information about the beam.

On the front side, the beam power density can berited by a Gaussian shape:

Pream (X_XO)2 (y_yo)z

exp| - -
2oy o, 20')(2 20)/2

glx,y)=

where B.amis the electrical power associated to the beam
Pream = (Vext +Vaee )] w- = Vit Ly-

given by the product of the total acceleration agét and the negative ion currentaxd y are
the coordinate of the centre of the beamando, are the half widths at half maximum in the x

and y directions respectively.

Thermocouple Tis installed in the centre of the rear side of esk; from the difference
between the maximum temperature measured aftamth@f the beam pulse and just before the
beginning of the beam pulse, the energy flux giion applied for a time,f, in the position

where T, is installed, can be estimated by inverting tHati@nship [73]:
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A7’1 - qﬁpas/ﬁontan
ocsL
where L is the thickness of the slab and the themasameters of CuCrZr are useg=
8890 kg/mi is the mass density ang=c400 J/(kg K) the specific heat [74]. The asstanpthat

Or1pesiionN@s a flat profile in the neighbourhood of theipos of the thermocouple;Twas made

and that the thermal radiation can be neglectegkihto the low temperature increases.

Under these assumptions, the proportionality condtatween the beam energy flux gsiion

and the measurelill; is shown in Figure 7.52 and fqQr £4s and L = 10 mm it is 112.5 K/MW.
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Figure 7.52: proportionality constant between tharb energy flux and the measured DT1.

Upon assuming the symmetry of the beam andAfais measured just in correspondence to

the maximum of the beam power density, it can bésavritten:

AT, = Peeam  ton pream fon
2,0, pcsl  2mo? pcsl

So the beam half width at half maximum can be okthiand plotted as a function of the
total beam voltage (extraction+acceleration) inukég7.53, in other words, the dependence of
the beam width on the beam perveance and expetedyence is shown in Figure 7.54 and

Figure 7.55 respectively:
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Figure 7.53: Beam width as a function of the tbihm voltage.
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If the beam voltage increases, a higher numberegfative ions are extracted from the
source; due to the space charge repulsion the lbeaadens and its divergence increases,
consequently also the beam width increases. As@jreeen, the optimum in the perveance
ratio for hydrogen is 0.135: on the left branchied perveance, as the perveance increases the

divergence and likewise the beam width decreases.

The mean value of,Rsis known from the calorimetry on the magks;; = Prasilon -

From the ratio R.s/Poeam the part of the beam intercepting the mask carolitained.
Prmas{ PoeamiS plotted in Figure 7.56. The experimental régdween the powers is derived from
measurement. As shown in Figure 7.57, the mastoismall to intercept the whole BATMAN
beam. To interpret the experimental findings, th&ewated power ratio is obtained from the
beam width, as previously derived, considering #tgogeometry and inclination of the source.
It can be noticed that the computed power rati@arnger than the experimental one; this might
be due to: some loss of power during the flow @& tater towards the position where the
thermocouples are located; the possible contributiothermal radiation from the front of the

mask; the daily drift of the coolant temperaturerese and more pulses are perfomed.
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Figure 7.56: Experimental and calculated Pmask/ibea
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Figure 7.57: Beam footprint with respect to theralledimension of the mask.

The experimental campaign in BATMAN has demonstraktat the diagnostic principle, on
which the instrumented calorimeter STRIKE is basedpund: all subsystems worked properly
and some previous experimental findings concerrtilg BATMAN beam features were

confirmed by this new device. Data analysis i$ stijoing.

7.2 Tests at IPP-GLADIS

The expected energy flux expected in SPIDER isedaitge, reaching up to 20 MWirat the
beamlet centre. Considering that such heat deposit very localised, depending on the
beamlet size and the distance in between theme ldrgrmal gradients can be expected and,
correspondingly, large thermal stresses in the biilthe tiles. To verify the suitability of the
CFC samples to the final use, it was decided tryaart a series of tests in a large particle beam
featuring high and localised power densities. Savelectron beam facilities are in operation,
but in the case of electron beam, reflection anch&ion of secondary electron reduces the
deposited beam power; beams on the contrary pra@adlete absorption of the beam power

on the surface of the tested material.

GLADIS (Garching Large Divertor Sample test Fag)lif75] is a high heat flux (HHF) test
facility constructed in the laboratory of IPP Gangh It has started operation in 2007 and this
facility has the aim of testing actively cooled gtza facing components under high heat fluxes.
GLADIS has two H ion sources. The current is extracted from a wedeted 3-grid system

and at the end of the vessel an actively waterezbbeam dump is installed. The position of the
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target plane is indicated in Figure 7.58 by numigjsand (2): the distance from the sources
depends on the power density to be achieved datbet. Both ion sources are inclined at 8° to
the horizontal axis of the facility. The preferqgaisition of the target is 3 m downstream the ion
sources at the intersection of the beams, as showhigure 7.58. GLADIS permits to

investigate small material samples as well asdeélle water-cooled components (up to 2m
lenght); GLADIS can provide up to 8.5 I/s of cogliwater to the sample under test. The water-

cooled vessel permits long operations.

Due to a complex magnetic ion removal system wefledtion magnets, ion dumps and
cryopumps are note necessary but due to the abséribe pumps in the source region, the
hydrogen pressure in the main vacuum chamber reabk)® mbar during the pulse. Hence

the beam is largely neutralised at the target plane

The parameters for GLADIS operation are: d4s flow 6 6 mbar I/s, RF power 15-35 kW,
high voltage 20-53 kV. The current extracted frdme source varies between 5 and 22 A
depending on both the RF power and high voltagigst No ion neutralizer is used in and the
beam divergence is 1.5°. Each source can deliveM\. power each and every source
generates heat loads between 3 and 55 MWith a beam diameter of 70mm at the target

position
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Figure 7.58: The cross-section of the HHF teslita¢é6LADIS.

The power density distribution of the beam was mesb at the target plane with an
inertially cooled copper calorimeter. A 2D Gausdiato these data provides the beam profiles.
An example is shown Figure 7.59: the beam proéleorded is related to a pulse with 876 kW

beam power. The comparison of calculated and medsuofile is also shown.
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Figure 7.59: Beam profile with 876 kW power [75].

In Figure 7.60, several Gaussian fits are presecstadesponding to beam profiles measured
in different beam conditions.
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Figure 7.60: Heat flux distribution at the targesipion [75].

Testing the CFC tiles in GLADIS can also help floe tyualification of the non-destructive
examination methods of the material and for théndefn of the acceptance criteria of the tiles
procured for STRIKE.
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7.2.1 Design of CFC tile support

The support of the tile under investigation must:

support the tile and the thermocouples;

- protect the supporting structure against the beam

- - define a clear-cut separation between the ahemiitated by the beam and the

area protected from it;

- allow the observation of the rear side of the by the thermal camera.

Two stainless steel supports (pockets number 67and-igure 7.61) are used to hold the tile
permitting the thermal expansions. To protect tAenkess steel supports from the overheating
due to the high power of the beam, two graphiteldsihave been used, indicated with the
number 2 and 3 in Figure 7.61; one of them hasthksaole of creating a sharp boundary from
the part of the tile hit by the beam, in this whg thermal gradient is very concentrated and the
tile results very stressed. Since the tile is olexbrat the rear side by a thermal camera, the
supporting structure has to hide as little as ftsghe rear surface of the tile. Parts number 4
and 5 in Figure 7.61 play the role of spacers ancakach tile of different length a pair of those
elements was used. Two thermocouples at the rdar airanged as for STRIKE design, can
measure in a hot point and in a cold point. The le/lsystem presented in Figure 7.61 will be
fixed to the manipulator arm by means of a plateregriately developed; the element number

14. The same plate has a slot in the upper pathéoextraction of the signal cables.
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Isamelric view \'_/‘i’

Figure 7.61: Tile supporting structure for tesGbADIS.

The graphite protection shield has a helicoil faceew to fix it to the stainless steel support,

and a slot, with a corresponding pin on the suppovoid the rotation of these elements.
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Figure 7.62: Rear side of the graphite protectluald.

The top view of the whole system is shown in Figdré3, where the graphite protecting
shields can be clearly seen. It can be noticed tthatplate coupling the tile support to the
manipulator arm is inclined by 45° with respecttte tile.
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Figure 7.63: Top view of the supporting structure.

This arrangement permits the observation of the sede by the thermal camera for an
appropriate port window and to insert the wholetays inside the vessel, through the

manipulator porthole, as shown in Figure 7.64.
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Figure 7.64: Insertion of the system through thaimaator porthole.

Figure 7.65 shows the whole system in positionidenghe vessel and the corresponding

infrared image, as seen by the thermal camera.

Figure 7.65: The final assembly of the system anthfrared image.

7.2.2 Comparison between simulations and experiment  al data

The experimental conditions have been simulate@aassian heat load, with the same
parameters as in GLADIS, hits only a limited pdrtlee tile, due to the graphite protections.
The following figures refer to the prototype type tBe emissivity is set to 1 and radiation
towards surfaces at 300K is included for the emticglel.

Figure 7.70 shows the temperature map of the feinhe of the tile, just after 2s beam

application; the initial temperature is set to 510kcompare with a pulse executed in GLADIS.
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Figure 7.66: Front side after 2s heat load apptinat

Figure 7.71 shows the temperature profile along lleeizontal direction obtained by

simulation compared to the one obtained from expental data: the results are in good

agreement.
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The same comparison has been made also for tila# A6. The thermal parameters
introduced in the model are those worked out froendomparison between experimental results
and numerical simulation made for laser tests i@@&.3). The thermal parameters for samples
A are all constant: unlike B prototypes, the thdrm@perties are not given as functions of
temperature. GLADIS experiment produced a powermrbgd&MW/nf in this campaign), so the
CFC reaches high temperature also with short glisation. The temperature range is too wide
to use constant values of thermal conductivitiemb&bly for this reason the temperature
increases found in the experiment are very diffefeom the temperature increases from the
simulations, in which the same experimental coodgiare reproduced, for both A4 (Figure
7.68) and A6 (Figure 7.69). Indeed, when tempeeaincreases, the specific heat is also
expected to increase like for tiles B, so that élxperimental temperature variation is much

smaller than in simulations.
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Figure 7.68: Comparison between synthetic dateeapdrimental data, sample A4.
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Figure 7.69: Comparison between synthetic dateeapdrimental data, sample A6.

7.2.3 Measurement campaigns
The CFC tile was aligned by a prototype and a laseshown in Figure 7.70.

Figure 7.70: Alignment of the prototype.

After the verification of the proper position, thke was mounted on the supporting structure
and was installed on the manipulator head insiddamber separate from the main vacuum

vessel (Figure 7.71), starting pumping. After reaglihe proper vacuum level, the gate valve is
opened towards GLADIS vessel.
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Figure 7.71: Introduction of the prototype insideARIS vessel.

Thermocouples are installed on the rear side ofithend on the stainless steel support to

monitor the temperature during the experimentalgagn (Figure 7.72).

_ thermocouples
thermocouple

Figure 7.72: Thermocouple on the supporting stmacfieft) and installation of thermocouples
on the tile (right).

Figure 7.73 shows the measurement systems usedgdime CFC tests: pyrometers and
thermal cameras were observing both the front heddar side of the tile; visible cameras were
also present. The STRIKE IR camera is not visibl¢he figure: it was installed on a porthole
opposite the manipulator. The KTR pyrometer wasopetrating.
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Figure 7.73: Measurement systems during the CR€. tes

Measurements in GLADIS were performed with a beanfilp having a peak of 15 MW/m

For all tiles the exposure time was varied betw@és and 3s.

The measurements of the KTR pyrometer, measurigettmperature on the front side of the
CFC tiles, and of the Kleiber pyrometer at the efithe vessel, performing the measurements
on the rear side of the CFC tiles, are shown iruf€igr.74: the black curve represents the
extraction current and it is included in this grapb indicate the pulse duration; the magenta
curve represents the local temperature on the fidetand the blue trend is referred to the local
temperature at the rear side: the maximum valuth@mear side is reached slightly later than on
the front side, due to the heat transfer time ffant to back. In particular, the sharp increase of
the front temperature and hollow trend is probahlg to the overheating of the powder in front
of the surface when the beam patrticles reach ttiacgy this powder is emitted from the surface
in the first beam pulses, as show in Figure 7.7&sides, the front pyrometer can record the
temperature only for value over about 700°C. Tloatfrand rear temperature signals show the

slow relaxing time of the tile temperature.
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Figure 7.74: Measurement by pyrometer (up); zoomurad the beam pulse (bottom).

Figure 7.75: Graphite powder removed from the tile.

From the temperature profile measured by thermaileca, a high temperature variation can
be observed: for tile A7 and with beam duratiorBsf the temperature gradient is larger than
19°C/mm.
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Figure 7.76Temperature profile for 3s pulse duration, tile A7.

7.2.4 Preliminary remarks on CFC tiles exposedto G = LADIS beam
At the end of the experimental campaign, all tediexs have been observed. A wide
campaign to investigate the effect of the GLADI@unan the structure and the bulk of the tiles

will be planned soon, but just by a simple visuad@rvation damages can be seen.

A4 tile, notwithstanding its numerous signs onsheaces, seems to have withstood well the
exposure to the power beam. A comparison betwessrtiooth side and the rough side, before
and after the tests in GLADIS is shown in Figur@77and Figure 7.78 respectively: only
preexistent signs can be observed.

Figure 7.77: A4 smooth side, before and after expot the GLADIS beam.
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Figure 7.78: A4 rough side, before and after expotuthe GLADIS beam.

The same comparison was done for A6. On the sneidthsome sings have correspondence
but a crack in the tile after exposure in GLADIS 1 d# observed, as shown by the red dashed

arrow in Figure 7.79.

Figure 7.79: A6 smooth side, before and after expoto the GLADIS beam.

This crack was investigated more in detail. Figtu&0 shows that at least a sign was pre-
existent; it was probably opened up by the exposutiee GLADIS beam.

All these signs and cracks are parallel to thetstafdibre bundles (see section 4.4).
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Figure 7.80: Details of crack in A6 smooth side.

Also on the rough side of the tile A6, as showirigure 7.81, a crack appeared. In this case

the crack is perpendicular to the sheet of fibnedbes.

Figure 7.81: A6 rough side, before and after expotuthe GLADIS beam.

The tile A7 has shown visible fractures (Figure2j.&nd in some cases the crack is
continuous in the tile: recognizable on one sidethie thickness and correspondingly on the
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opposite side. The higher is the thermal expansazfficient, 9.16 /K for A7 tile for the in-

plane directions, the higher is the stresses imherial due to thermal expansion.

Figure 7.82: Fracture in tile A7 after experimermampaign in GLADIS.

A preliminary conclusion can be drawn for tiles the improvement of the construction
process from A4 to A7 in terms of ellipticity, rdi®d in a slightly lower quality in terms of

resilience of the composite product.

Tiles B exhibit better results: nothing appreciatde be noticed, either for tile B1 or for tile

B2, as shown in Figure 7.83 and Figure 7.84.
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Figure 7.83: Comparison of B1, before and afterosupe to the GLADIS beam.

Figure 7.84: Comparison of B2, before and afterosype to the GLADIS beam.
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The cracks observed on the tiles A can be probdbly to a non perfect compression
between the fibre sheets or also in the densifingthase. The cracks observed on the tiles are
not parallel and this is due to the propagatiorthiem matrix, between the fibre bundles. The
differential thermal expansions occuring betweesn dnea heated by the beam and the colder
areas shielded by graphite can cause stressesracks can form starting from seed points
produced during the manufacturing process.

7.3 NIO1

NIO1 (Negative lon Optimization phase 1) experimé¢n6] is a multiaperture radio
frequency ion source based on the same concepeame approved for the PMS project. This
negative ion source is in the manufacturing phaskevaas developed as a collaboration between
Consorzio RFX and Laboratori Nazionali di Legnafdh® Istituto Nazionale di Fisica Nuclear
(INFN-LNL). The modular source aims at continuogei@tion. The inner walls of the source
are completely covered by magnets, which can begdthto investigate several magnetic
configurations. The studies of this source are $edwon the efficiency of the magnetic filter and
on the reduction of the co-extracted electronshanging the configuration of the magnets; the
uniformity of the extracted beam and the stabiityts parameters, for instance the optics or the
current density; the caesium consumption; the miasition of the number of Htoming from
the production area (mainly the plasma grid) togR&action region; the optimal combination
between frequency and working pressure. NIO1 alletuglying the scaled operation with
respect to MITICA and SPIDER. This source is plahte come into operation at the end of

this year, so it will be useful to have a fast tesck for the validation of source and accelerator
codes.

\

-~ » N\
pump {\0“' EG cooling

Cs input

Figure 7.85: NIO1 beam source.
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7.3.1 Description of NIO1 experiment

Figure 7.85 shows the ion source [77] design. Tdoelaration column is composed of three
grids whose connections are in air: the plasma (@t8,-60kV), the extraction grid (EG, -51kV)
and the post acceleration grid (PA, ground potBntize total acceleration voltage is 60 kV. At
the end of the acceleration grids, a repeller edeet (up to 150V) has been added, at the aim of
optimize the space charge compensation beyondasteapceleration grid. The beam is formed
by 9 H beamlets of 15 mA each. The extracted beamletarsseged in a 3 x 3 matrix with 14

mm spacing.

The operational frequency of the rf source is 2MHistead of IMHZ as in MITICA and
SPIDER).

During my PhD, | managed the definition of the laymf the site hosting the NIO1

experiment. However, this activity is not reportestein.

7.3.2 Simulations of expected signals
The use of the CFC prototypes is foreseen alsbanNIO1 experiment to characterise the
beam produced.

A preliminary study of the beam footprint at di#et distances from the source (Figure 7.86)
and the footprint at the CFC tile, have been cdroat to choose a proper position for the
installation of the tile inside NIO1 vessel ancet@luate the expected signals.

1.585m

Figure 7.86: Possible CFC tile positions in NIOpesment.

Figure 7.87 shows the beam power density profilee do the whole 3x3 beamlet
arrangement, along a horizontal line and at diffedistances from the grounded grid. These
profiles give information about the possibility tesolve the single beamlet. Tests were

performed at 10mrad beam divergence and 3mrad loiangence (only results for 3mrad
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divergence are shown). Overlapping of the beandetsirs even at the smallest distance from
the source; moreover just 3mrad of beamlet divargeproduce a less clear footprint. The
farthest position, 1.585m from the source, shoeld¥oided due to the flat profile of the power
density in both divergence cases.

At lower divergence, the overlapping of the beasti#creases, even if also for the nearest

position overlapping can be noticed.

From these profiles it can be concluded that thelevheam should be intercepted by the tile.
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Figure 7.87: Beam power density at 3mrad divergence

The previous tests carried out on the CFC tilegjaray illuminating the tiles with a GO
laser, shown that the tile named B had the bestidderesponse, so, to characterise the beam, a
B tile was chosen. Figures shown in the following eelated to the thicker tile, B3, whose
dimensions are 120x90x12mm. The emissivity wa$as6t95 and radiation was imposed to all

surfaces towards room temperature.

The application of the heat load occurs for 20s iamesults from the superimposition of 9
gaussian curves, computed at different distancesa the source. Room temperature has been
set to 300K.

The elements of the mesh have different sizestomdiave a heavy model to manage, the
boundary surfaces have finer resolution with respethe subdomain (bulk); in particular, the
surface correspondent to the one observed by #renti camera and the surface hit by the
beam. To further improve the spatial resolutionthis latter surface the mesh element size has

been decreased in the area reached by the beamlets.
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Figure 7.88: Elements of the mesh.

The power per beamlety,ds about 867 W:

_ Voee 0oy _60010° 1300107
n° beamlet 9

The power density to be applied to each beamlet is:

qo0 exp[— (X‘Xo)2 _ (v —VO)ZJ

2,0y, 2 DTXZ 2 lﬂ'y2

Where the center of beamlets has coordinatgyd)x

| 205

The radius g of the beamlet at the last accelerating grid ef sburce is 3mm. The mean

quadratic radius at the last accelerating grid is: _ 2 and
Iro =\ ()3

2
o, = (fg) 2w,

is the mean quadratic radius at the CFC tile; thésdistance from the tile and the source and

o4 the angular mean quadratic divergence.
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Figure 7.89: Tile position at 45° with respecthe beam.

Figure 7.90 shows the temperature profile on toetffleft) and on the rear side (right) along
a horizontal line passing through the centre onbiemlet central row. The tile is inclined by
45°, the beam divergencedg=1mrad and the distance from the source is 1.58%ma.single
beamlet is not clearly identified.
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Figure 7.90: Temperature profile on the front fleftd on the rear side (right) along

horizontal direction.

For comparison, the case with the tile orthogopnalhe beam is presented in Figure 7.91,
with 1mrad divergence and 3mrad divergence. Thélg@scare obtained for the rear side. If the
divergence increases, the superimposition of thembets also increases and it is negative
affected at the increasing of the distance betviée2and source.
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Figure 7.91: Temperature profiles along horizodtedction with Imrad and 3mrad divergence.

Calculation of emitted radiation from the CFC wame, considering a maximum operating
temperature of CFC.J,=1800K, the room temperature@3300K and the emissivitg=0.95, the

emitted radiation is about 5kW.
£os (Tn?ax - TR4)
0 =5.67 10 is the Stefan-Boltzmann constant; S is the tiltase.

From this preliminary sensitivity analysis it ca@m fummarised that:

* in some case the temperature reached on the fdmbsthe tile are higher than the
maximum allowed temperature of the CFC, but witlordr pulse durations the

temperature decrease.

* The typical operation using the CFC tile as diatjoaghould be some seconds beam

on/ some minutes break, as for STRIKE.
* The thinner tile is useful to highlight the bearslptofile at the rear side.

* |t is better to install the tile near the sourcewdver, due to different constraints,
also the farthest position, at 1.585m from the spuis being considered. At that
distance, the beam divergence has the principalinoproviding information about
single beamlet profiles: 3mrad beam divergenceashigh and no beamlet profiles

can be seen. The final position of the CFC tilstilf under discussion.

» Tile exposed to 45° with respect to the beam cbelg to resolve the single beamlet
profile: the peaks in the vertical direction are renadistant than those in the

horizontal direction:/2 14 = 19.8mm instead of 14mm.
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8 Conclusions
The work done during the PhD thesis has regardedekign and the assessment (simulation,
verification and test) of a diagnostic calorimef&TJKE, to measure the SPIDER beam features,

in particular to verify whether the beam uniformit§fils ITER requirements.

Three years ago, | started my PhD work as a coatiim of the activity | performed during
the graduate thesis (Laurea Specialistica), comugrthe feasibility study of the diagnostic
calorimeter and simulations dedicated to the desgues. At the end of this work, the design of
the calorimeter involved two separated panels nwddE6 unidirectional carbon fibre carbon
composite (CFC) tiles, electrically insulated axgased at 60° with respect to the beam axis.
The active cooling could be avoided by maintainihg measurement time below 10s. The
observation of the calorimeter by means of tworttedrcameras was to be performed on the rear
side. The calorimeter could be positioned at défifierdistances from the SPIDER ion source and

could be opened to permit long SPIDER pulses.

During the doctorate, economic considerations encibst of the diagnostic calorimeter, in
particular concerning the CFC tiles, made it neagss$o revise the design of the STRIKE
calorimeter.. At the end of this activity, the artfonal exposure of the calorimeter to the beam

was selected.

Numerical simulations were carried out: three-digienal, transient, non linear thermal
simulations of the CFC with radiation aiming to pag and verify the design solutions. The
evaluation of the maximum temperature of the CFGhia orthogonal configuration of the
calorimeter, depending on the thickness of the GH@ on the pulse duration, is just an
example. Thermal simulations were also dedicatedhé assessment of the capabilities to
diagnose the SPIDER beam, for instance to meabearéivergence as well as to evaluate the
behaviour of the diagnostic in off-normal condigsorchange in the beam perveance and in the

power per beamlet.

The secondary electron trajectories were studiatifierent conditions of starting energy and
angle in order to evaluate a suitable polarisatioltage together with a proper combination of
polarised and grounded elements of the calorimatqevent electrons from being collected by
a different tile from the one they were emittednitoThe related electrostatic two-dimensional
and three-dimensional simulations have been carded aiming to evaluate the proper
configuration for having a reliable beam currentam@ement, despite secondary electron

emission.

The verifications of the design and of the operaloconditions in SPIDER have been

performed on mock-ups. This kind of tests confirrtieal solutions adopted in the design.
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At the end of this phase, the final design of théimeter was ready and the technical
specifications were completed. To this purposeoktcare also of the project management of
the calorimeter: the documents accompanying théguadsave contributed to the project of
STRIKE, by implementing control actions in the dgsiitself, and to its optimization, by

reducing the possible failure risks.

The CFC tiles are the main component of the cakiém Two manufacturers have been
identified as possible suppliers of the calorimétes, but to better understand the behaviour of
the CFC, several studies were realised on purchasdotypes. The first analysis conducted on
this small size tiles was profilometry, to undenstdhe superficial morphology. Thanks to this
analysis, it was possible to highlight typical tlerdue to the fibre bundles used as preform to
manufacture the matrix of this material; then algtaf the proportion between the CFC fibres
and the carbon matrix was carried out dependingperimension of the single fibre bundles, to
interpret the results of profilometry. The samplesre subsequently subjected to the X-ray
diffraction analysis to evaluate the structure #mal chemical composition of the CFC before
and after the manufacturing process, finding tlssestially graphite planes are detected. By
means of an optical analysis, the zoomed surfatdbeoprototypes was studied. The most
important and most extensive tests on the CFC haga carried out by a power laser aiming to
characterise the thermal properties of all sam@egeral thermal simulations were dedicated to
finding the values of the material properties cépali satisfactorily fitting the experimental
results; to this purpose it was necessary to tagarteasured surface reflectivity into account.
At the end of this series of investigations, thenpeehension of the behaviour of CFC around

room temperature had greatly improved.

Another important activity realised on the CFC sksphas been the test in particle beams.
My work involved designing the supporting structwt the tiles for the tests, performing
simulations related to the design decisions andthef expected signals, overseeing the
realisation and the in house tests. The prototygee tested in the BATMAN experiment, to
assess the diagnostic capability of the calorimeted in the GLADIS experiment, to evaluate
the thermo-mechanical behaviour of the CFC. Moreotlee system realised for BATMAN
measurements is planned to be used on other pabiEhm sources; in particular thermal
simulations of the expected signals have beenethailt for the installation in the NIO1 source,

due to start experiments soon at Consorzio RFX.

Tests in BATMAN have proven the diagnostic capapitif the system realized during the
period of this thesis; calorimetric analysis wasfgened as well, demonstrating that by
combining all measurements the beam parameters beardeduced. Tests in GLADIS
highlighted the fragility of the tile material: senCFC prototypes experienced fractures after
the application of the GLADIS power beam.
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The whole data analyses concerning BATMAN and GL3Rte not concluded yet and they
will be completed in the near future. Moreovergathe results in GLADIS, it is clear that an
extensive investigation has to be made on the thenechanical properties of CFC: there are
still open issues on this material, and in paréicubn prototypes supplied by one of the
manufacturer. Thus, other CFC samples should baéupeal and tested aiming to optimise the
manufacturing process. This could also allow to jglete the technical specifications as far as

the tile material and the acceptance tests ofitiad $upply of CFC tiles are concerned.
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