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Introduzione

Nell’lambito delle tecnologie alternative per la gwaione di energia la fusione
termonucleare controllata appare la piu promettathbescopo di diminuire la dipendenza
mondiale dai combustibili fossili quali il petrolie il carbone. La ricerca sulla fusione
mira allo sviluppo di una nuova fonte energeticamedio termine e dovrebbe trovare
ingegnerizzazione nella seconda meta di questdesefiancando le attuali tecnologie.
La ricerca sui tokamak quali JET e ITER e il futd&MO, basata sul confinamento del
plasma attraverso l'utilizzo di campi magnetici,pape allo stato attuale la piu
promettente e dovrebbe fornire risultati importayidi nei prossimi due decenni.
Nellambito della fusione termonucleare controllageande importanza rivestono le
diagnostiche magnetiche, che forniscono informazimmdamentali sullo stato del
plasma e permettono un controllo attivo sulla pose e la forma dello stesso.

Questa tesi si occupa dell'ideazione, sviluppo @dpeione di due nuove tipologie di
sensori magnetici, adatti al funzionamento in amipiestili quali I'interno della camera
da vuoto (vessel) di ITER. Tali sensori sono sthati per resistere ad alte temperature e
ad intensi bombardamenti neutronici e dovrannoressstallati dietro la prima parete
del vessel, a contatto dello stesso. Si trattaedsari per campi magnetici aventi una

frequenza compresa tra 0.001Hz e 10kHz.

La tesi & cosi strutturata:

» |l capitolo 1 fornisce una visione di massima suljpema energetico e descrive
i rudimenti teorici della fusione nucleare

» |l capitolo 2 introduce il problema delle diagnocke magnetiche elencando i
tipi di sensori utilizzati in macchine esistentE{d RFX-mod, JT60), con un
approfondimento delle problematiche relative adRTE

* |l capitolo 3 descrive lo sviluppo e la produziode diversi set di sensori
costruiti utilizzando la tecnologia LTCC. Tale dao elenca i test e le analisi

micrografiche effettuate



» |l capitolo 4 descrive lo sviluppo e la costruziaheina serie di sensori costruiti
mediante la tecnologia del cavo avvolto usando ravame con isolamento in
fibra di vetro denominati POZh

* |l capitolo 5 descrive il progetto di una strutturacessaria al supporto di tali
sensori (LTCC/POZh) all'interno del vessel di ITER



Introduction

In the context of the alternative technologiesdnergy production, nuclear fusion is the
most promising in order to reduce global dependemctossil fuels such as oil and coal.
Fusion research aims at developing a new energigcesda the medium term and it
should be engineered in the second half of thisucgncoming alongside the current
technologies.

Research on tokamak such as JET and ITER (DEM@eiriuture), based on the plasma
confinement through the use of magnetic fieldsatigpresent the most promising and
should provide important results in the coming twodecades.
In this context magnetic diagnostics are of gregidrtance, providing key information
on the confinement of high temperature plasma dlosviag an active control on the
position and shape of the plasma itself.
This work deals with the design, development anddpction of magnetic sensors,
suitable for operation in hostile environments sashthe ITER vacuum vessel. These
sensors are designed to withstand high temperatumm@sntense neutron irradiation and
have to be installed behind the plasma first wallcontact to the vessel. These sensors
have been built in order to measure magnetic fialmang a frequency between 50Hz
and 10 kHz.

This work is structured as follows:

» Chapter 1 provides an overview of the energy prablend describes the
theoretical basis of nuclear fusion

 Chapter 2 introduces the importance of the magneimgnostic in the
thermonuclear fusion research and lists the senssed in existing machines
(JET, RFX-mod, JT60), with a focus on the issuésted to ITER

» Chapter 3 describes the development and construofia new type of sensor
built using the LTCC technology. This chapter lifte tests and the micrographic
analysis carried out upon these new sensors

* Chapter 4 describes the development and construcfia new sensor formed by

a copper wire with fiberglass insulation (calledZhpwound on a metallic reel



» Chapter 5 describes the design of the platformssegg to support these sensors
(LTCC/POZh) within the ITER vacuum vessel
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1 Energy and nuclear fusion

1.1 Introduction

Since the worldwide population is foreseen to giowhe next years the research of new
sources of energy is fundamental. This is espgctalie in the case of the developing
countries where people aspire to the standardvaigli agricultural productivity and
industrialization characteristic of developed cowst

Nowadays the energy demand is covered by oil (414#89,(22%), coal (16%), nuclear
(15%) and renewables (6%), as we can see fromd-iuit is possible to appreciate how

the scenario is currently dominated by fossil fuels

Energy Demand

ol
. | H gas
Ocoal

Orenewables

M rnaclear

Figure 1: Current Energy Demand

The large increase of GGemissions, due to the traditional fossil fuelserothe last
century, is likely to be related to a considerablerease of temperature, resulting in a
destabilization of the worldwide climate systemisThroblem could be partially solved
by gradually reducing the use of fossil fuels andreasing the fraction of energy
produced by renewable sources, even if the exp@rse that they will not be able to
satisfy the total demand.

Therefore new energy options must be developedesgswhich are optimally safe and
environmental and economical friendly. Controlledrinonuclear fusion is one of these
rare options. Thermonuclear fusion is not a shewnt solution and the first nuclear
fusion power plant DEMO (DEMOnstration Power Plasapld be operating by 2040. In
the present situation, we believe that it is calyaworth to spend resources to explore

this option and to develop something useful foufatgenerations.
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DEMO is intended to be a prototype power statiobaduild upon the expected success
of the ITER (International Thermonuclear ExperinaérRReactor) experimental nuclear

fusion reactor that will be operating by 2020.

1.2 The nuclear fusion process

The nuclear fusion process consists of forcing ttoegretwo light nuclei and obtaining a
combination whose mass is less than the sum ahtsses of the individual nuclei. The
decrease in mass comes off on the form of Energgrdimng to the Einstein relationship
E=mc.

In the past years some fusion reactions were iddated to be suitable to get a
thermonuclear fusion. The most promising was the thrat involves Deuterium and
Tritium, isotope 2 and 3 of Hydrogen.

’D+3T - JHe+n+1759MeV

Deuterium can be extracted from see water by elgsis. Tritium is very rare and is

obtained by the fission reaction of Lithium:

2Li +n- 3T+ He+ 48MeV

2Li+n- 3T+ He+n-25MeV

In order to start the fusion reaction it is neceg$a overcome the Coulomb barrier, and
this is obtained by maintaining the nuclei at ahhigmperature for a sufficient time and
with the proper ion density. The overall conditipmich must be met in order to get
more energy than the one required for the heatfnilped plasma, are usually stated in
terms of the product of ion density, nconfinement timetg and temperature T, a
condition called Lawson'’s criteridi?2 ]:

12k.T?
Tr. > B
e 7e E..(ov)

where kg is the Boltzmann constang; is the fusion cross sectiom, is the relative

velocity, and <> denotes an average over the Mdiamelelocity distribution at the
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temperature T. § is the energy of the fusion products, which, foDd& reaction, is
about 3.5MeV.
For D-T fusion, the temperature where this readtiecomes self-sustaining is equal to

T,.; = 45010°k. In order to control the plasma at this high terapee two methods

have been developed:
* Inertial confinement

* Magnetic confinement

Inertial confinement is a process where D-T readti@re initiated by heating and
compressing a fuel target, typically in the formagbellet. To compress and heat the fuel
energy is delivered using laser beams, ion beams;ray radiation.

In the magnetic confinement approach magnetic dielck used to confine the plasma.
The magnetic approach is usually considered mammiging for energy production (it is
used by the ITER device, see 1.3). Within the rarcfasion devices magnetic fields are
used to contain the charged particles that comfiwséot plasma and keep it away from
the chamber walls. Magnetic confinement rests uperproperty of the charged particles
to follow the lines of the magnetic field. By argang the magnetic fields lines it is
possible to “trap” the plasma within the fields. Nghthe plasma is held, it can be heated
through a combination of microwaves and particlarbg. It can be also heated by the

currents flowing through the plasma.

In the next paragraph the ITER project will be preed.

1.3 ITER device

ITER is a is an international tokamak researchgmtojo demonstrate the scientific and
technical feasibility of fusion powgrl ] (Figure 2). The partners in the project are the
European Union, Japan, China, India, Korea, RumsthUsa. The ITER device should
obtain some important goals:

» to obtain a gain factor @ 10 (where Q represent the amount of thermal energy

generated by fusion reactions divided by the amo@ieternal heating). A value

12



of Q < 1 means that the external power is biggantthe power generated by
fusion

» to test and verify the future processes and théntdogy necessary for the
DEMO reactor

to test and develop the possibility to get a mitibreeding from lithium. The
lithium should be contained inside the blanket@umding the plasma.
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Figure 2: ITER

Table 1 reports the main plasma parameters and the owdiraknsions of the ITER
device.

Table 1. main plasma parameters and dimensions

Total fusion power 500 MW

Q factor >10

Average neutron power wall loading 0.57 MW/m
Plasma inductive burn time > 300s
Plasma major radius 6.2 m
Plasma minor radius 20m
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Plasma current 15 MA
Plasma volume 837
Plasma surface 678°m
Auxiliary heating 73 MW

The main components of ITER are the following:

* magnet and conductor system

» vessel, blanket and divertor system
» plasma diagnostic system

» heating and current drive system

+ cryostat system

In the following chapter the ITER magnetic diagmosystem will be described.
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2 ITER magnetic diagnostic

The magnetic diagnostic system is fundamental i@ tontext of nuclear fusion
experiments such as ITER and JET, because it petmoith to measure some of the
principal parameters of the plasma and to contrekal time its position and shape. The
measured and controlled plasma parameters are:

* Plasma current

» Position and vertical speed of the centre of tlasphk

* Loop voltage

» Shape of the plasma

MHD modes

« Halo current distribution

In the following sub-section a brief descriptiongisen of the working principles of the

in-Vessel magnetic sensors.

2.1 Working principles of magnetic sensors
2.1.1 Pick-up coil and flux loop
The induction coil or pick-up coiFigure 3) is based on Faraday’s law: if a loop of wire

is crossed by a time-changing magnetic fjyxthen a electromotive force proportional to

the rate of change of the flux will be inducedhe toop.

dt dt
where B and A are respectively the magnetic fialtuction and the cross section of the
loop. This equation states that a temporal chandeor the mechanical orientation of A
relative to B will produce a voltage. Consideringraform magnetic field in the volume
of the winding, parallel to the sensor axis congtd by a cylindrical coil having area A

and N turns, then the inducted electromotive-fasce

15



__nadBO _ dBE)
dit dt

where K is the calibration constant of the coil.

The integration of the voltage measured gives thkies of the magnetic field. The
winding should be built in such a way that the $narsal induction is minimized in order
to reduce the spurious signals.

—= ma. .
e

= L

Figure 3: JET tangential and normal pick-up coils

2.1.2 Rogowski coil

Halo currents are produced by the plasma facingréissel first-wall during the plasma
disruptions. These currents, flowing through theset and the blanket, are measured by
means of Rogowski coils. Rogowski coils are soldsavhose ends are brought around

together to form a torug=(gure 4 andFigure 5). Considering a coil of uniform cross
section A, with constant turns per unit length nd aassuming thatD—BB <<n (the

magnetic field varies little over one turn spacjrgg total flux linked by the coll is:

cb:nﬂdAB-o‘u
I A
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where dl is the line element along the solenoid.axi

According to the Ampere’s law the integration ahagnetic field along a path gives:
§Bo dl = /4
|

where | is the total current encircled by | ands the magnetic permeability of the
medium. Thus:

® =nAul
and the voltage out of the Rogowski coll is:

v=9¢_,
dt

which integrated gives a signal proportional to 1.

AU—

Figure 4: simplified scheme of a rogowski coll
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Figure 5: JET halo rogowski coils

2.1.3 Hall sensors

Hall sensors are solid state voltage generatorshwpiovide an output electromagnetic
force ( E.M.F.) proportional to the magnetic flugngity. Contrary to the other sensors
above described, Hall sensors do not require amg-integration of the output signal and
in principle appear to be suitable to be used feady-state sensors. The Hall sensors
have been used in the present machines (JET), oweeir radiation hardness is
limited.

The active part of Hall sensors is made of semigotad materials. In fact the E.M.F. is
proportional to the mobility. of the charge carriers available in the matevidiich can
be made very high. The semiconductors mainly engal@are: Si, Ge, GaAs, InAs, InSb.
In the following a basic physical principle of thall effect is described. Considering
bar-shaped semiconductdtigure 6), we assume that a constant current | flows atbag
y-axis from left to right in the presence of a redied uniform magnetic field. Electrons,

subjected to the Lorentz force
F. =qQvxB)=ql[E.
initially drift away from the current line towartié negative x-axis, resulting in an excess

of charges which produces a transverse voltage émua

18



Vs =|EL|[@=V,B,a
+ V
‘ H
b 7
B f_.,f’fff’ i ‘ P L I
s %} A E }
I.l E "',Iﬂ"-ll“lm-lllllllll“._..:_"
o
i i
o .
f/_,_r _f,/”j,,/’f - v
LS
o z
i
B y

Figure 6: basic principle of the Hall effect
Introducing the current density J=nqv, we can write

_JBa _ IB,
ViaL = nq _EJ

The Hall voltage VHall depends on the mobility1l/na of the carrier density, on the
resistivity p of the material and on the dimension of the bapsld semiconductors, so

we can write:

V., (1) = ”pi(t)' - KB()|

where k is the sensibility of the hall sensor.

2.2 Implementation of In-Vessel pick-up magnetic coil®n existing
devices

The magnetic diagnostic follows the same generahcqples in all experimental
machines, but their electrical parameters (indwgarresistance, bandwidth etc.),

mechanical dimensions, number and topological layare instead peculiar of each

19



machine. In most of the existing devices the inséésnagnetic system consists of arrays
of pick-up coils made with mineral insulated contus (MIC).
In the following subsections the sensors installedome representative machines are

described.

221 JET

The magnetic diagnostic system operating in JE@Ure 7) consist of 18] [19][ 20][
29 [30] [ 31]:

* Internal Discrete Coils: 18 tangential coils fitizghinst the in-Vessel wall of each
octant (except Octant 8, which has only 9 bottontsfoThere are 135 coils in
total.

» Divertor Coils: 11 pairs of coils x 2 octants = ddils (installed in 1996) in
Divertor region, of which 22 coils are currentlyuley plus 7 pairs of coils x 2
octants = 28 coils (installe in 2005) in Divertegion, of which 1 coil is currently

faulty.

20
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In Figure 7 it is possible to see the toroidal and poloidatipon (original and new) of
the magnetic sensors.

The normal and tangential coils of JET are constitlby an even number of layers of
mineral insulated cable of 1 mm outer diameterunebaround an Inconel 600 former
(Figure 3). The sheath of the mineral cable is also madmainel 600, the insulation
material is high purity magnesia and the inner cotal is Chromel (90% Nickel, 10%

Chrome).
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2.2.2 RFX-mod

In RFX-mod a new system of magnetic sensors has bestalled inside the vacuum
Vessel in order to study both the effects on tlesmpla and the MHD mode response to
the action of the external active coil systg@l ]. The system consists of 116 toroidal
pick-up coils, 15 poloidal pick-up coils and 8 skddorobes. The pick-up coil
(18x18x4.5mm) Eigure 8) is installed below the graphite tiles. The wirgjinvound in

two layers around a ceramic support (MACOR), is enatda mineral insulated cable.

The characteristics of magnetic sensors of RFX-aredeported in th&able 2.

Table 2: principle characteristics of the magnet@nsors of RFX-mod

Tangential coll Normal coil
Parameter Value Comments Value Comments
Type of wire MIC MgO (99.4%)| MIC MgO (99.4%
Insulated conductor | 0.254 mm 0.635 mm
Outer Diameter
Bare conductor 0.076 mm Chromel P 0.165 mm Nickel-clad
diameter copper
Wire sheath thickness  0.051 mm Inconel 600 0.076 mm Inconel 600
Insulation thickness 0.038 mm 0.16 mm
Number of layers 2 1
Number of turns 80
Rc 3.7 Ohm/m Cu 0.8 Ohm/m
Withstand Voltage 400 V 1000 V
Frequency responce 400 kHz > 10kHz

Figure 8: new coil of RFX-mod
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2.2.3 JT-60 Upgrade

The characteristics of the tangential and normdl foo plasma equilibrium study are
reported in th&able3[ 22] [ 23] while in Figure 9 their poloidal positions are shown.

Table 3: parameters of the tangential and normalidgyium coil

Parameter Tangential coil Normal coil
Material of coiling wire Ceramic coated Pt wire Ceramic coated Pt wire
(diameter=0.2mm) (diameter=0.2mm)
Sheath Inconel Inconel
Working temperature <500 °C <500 °C
Cross section 0.32m 0.58 nf
Frequency response <10 kHz < 10 kHz
Torus Center

Yacuum vessel

% TC probe
§ N probe

Buffle Plate

Figure 9: poloidal position of tangential and norhcmil

2.3 ITER in-Vessel magnetic sensors

The ITER in-Vessel system includes:
» tangential, normal and toroidal equilibrium coil®umted on the inner surface of
the VV
» tangential high frequency coils mounted on the irsugface of the VV

» complete and partial flux loops mounted on the irsugface of the VV

23



» MHD-dedicated saddle loops mounted on the inndasarof the VV

* a (temporary) PF and TF error field measuremergrakky

These coils are installed in a hostile environnterg to radiation, high temperature and
stray magnetic field. All these phenomena can sshjodegrade the performance of the
measurements or bring to the sensor failure. Ferréason, given also the difficulties
with maintenance, the magnetic system must be wedigith sufficient redundancy by
foreseeing some layers of backups to minimize thednfor maintenance, without
precluding it. In ITER, critical systems have beksigned with a primary and secondary
measurement set which can be used to measure the glasma parameters or to
improve the measurement accuracy by giving mora.dafigure 10 andFigure 11 the
ITER poloidal and toroidal magnetic sensors distidn is shown for the in-

Vessel sensors. The tangential and normal coilsuseel for the reconstruction of the

shape of the plasma, of the plasma current, atisedbw MHD modes.

Z(m)

" Inner Flux loops
~  (complete or from saddles)

4

——0O By coils
——a  Btangential coils

Reference separatrix
Vacuum vessel inner CL
Plasma Facing Components
Vacuum vessel outer CL

— @ Btangential, B, Vessel Sensors

m  Outer Flux loops (complete)

X By, By Divertor

A.XX.001 - All the coils

5 7 9 R (m)

Figure 10: ITER poloidal distribution of magnetiersors
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Figure 11: ITER toroidal distribution of magnetierssors

2.4 Description of previous design of ITER tangential ad normal coils

The in-Vessel tangential and normal coils will bbstalled behind the blanket modules
positioned in a cut-outs (100mm x 50mm) providedrribe cornersHigure 12) to avoid
interaction with the plasma current. The poloidad #oroidal distribution of the coils are
reported inFigure 10 andFigure 11.

The previous desigf 17 ] has been obtained as an optimization of eledtrand
mechanical constraints and radiation effects ireotd guarantee the coil performance.
The principal constraint for the coil design is theximum temperature and the thermal
gradient induced by the neutron loads on the diffematerial assuming that the sensor
can cool itself only for conduction through the wam Vessel, considered isothermal at
the temperature of 140°C. The principal charadiesof these sensors are reported in
Table 4.

Table 4: Coil parameters for the tangential and mait coils

| Tangential coil | Normal coil |
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Parameter Value Comments Value Comments
Type of wire MIC MgO A}O3 MIC MgO Al,O3
Insulated conductor | 1.6 mm 2.0 mm

Outer Diameter

Bare conductor 0.75 mm Cu 1.0 mm Cu
diameter

Wire sheath thicknesg  0.325 mm 0.5 mm

Insulation thickness 0.1 mm Stainless Ste@ll mm Stainless Steel
Number of layers 6

Number of turns 300

Magnetic effective 0.273 M 0.3nf

area

Coil length 80.8 mm

Former outer diameter 24 mm

Rc 2.9 Ohm Cu

Emax @ 100 T/s 88kV/m

Frequency responce > 10kHz > 10kHz

The winding, realized in 6 layers with a MIC wire,wound on a central tube in stainless
steel attached to the vacuum Vessel. In ordernwdt the temperature gradient the two
following components have been addEdy(re 12, Figure 13 andFigure 14):

* a heat conducting copper bar welded on the cettla. This bar is slitted in

order to reduce the eddy currents

» acooper felt strip between each winding layer
The thermal analyses performed by a finite elemeoide show that the maximum
temperature is 240°@-{gure 16) while the maximum temperature drop is about 100°C
The tangential and normal coils can be permanditgd (hardwired) on the vacuum
Vessel or replaceable by remote handling. In trst fiase the mineral insulated cable of
the coil winding is brought to a set of connectavighin the upper port without other
intermediate connections; in the second case avanl® connection, made by two spot
welded junctions, is made near to the coil.
Figure 15 shows the previous mechanical and electrical ottiore system for the
magnetic sensors inside the ITER vessel. The déasebeen completely (see section 5)

re-designed since it was not suitable for remotelhiag operations.
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Figure 12: Location of the pick-up coils behind tilanket [ 16 ]
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Figure 13: Isometric view of the tangential pick-cql [ 16 ]
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Figure 15: Details of the tangential pick-up cofiersion with connector) [ 16 ]
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Figure 16: Temperature distribution within the cdiliring burn. [ 16 ]

In the following sections the design, developmerd eonstructions of two new types of

in-Vessel pick-up coil sensors, LTCC sensors addliPsensors, will be presented.

2.5 Challenges in the construction of in-Vessel magnetsensors for
ITER

Many sources of error can compromise the religbildf the magnetic fields
measurements inside the ITER vacuum vessel, asx@onple temperature gradients and
neutron and gamma ray radiation, misalignments i sensors and electronics
inaccuracies. According tp 11 ] a total target error of error of +0.7% with 95%
confidence (0.35% r.m.s) has been specified ferithVessel equilibrium tangential

normal pick - up coils in order to permit to rectastion of the plasma shape.

A list of all the possible sources of error is greed in the following.

2.5.1 Mechanical errors

2.5.1.1 Static mechanical errors
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Static mechanical errors can be considered condtaiig plasma operation. They can
be so classified:

* installation errors

» errors of the coil winding

* misalignments when the device is at operating teatpee and low pressure

According to the ITER Design Description documemDpP 2001, pag 11], the
positioning errors are assumed to be less thanntlaver 6 m) and the orientation

errors less than £0.5° for both normal and tatigepick-up coils

Also, the manufacture of the coil winding can baceurate owing to either a mechanical
error of the support of the winding or the diffisuto wind more layers guaranteeing a
perfect alignment with respect to the normal dimctof the magnetic field to be

measured.

2.5.1.2 Mechanical errors due to electromagnetic forces

Due to the Lorentz force, the eddy currents andoHairrents flowing in the metallic
structure and in the blanket can produce a vacuass& deformation up to 2 mm during
plasma disruption events. This could produce aligisaent of the sensors fixed on the
Vessel.

2.5.1.3 Mechanical errors due to thermal expansion

Temperature variations during plasma operationduwre variations in the dimensions of
the Vessel and of the pick-up coil structure, reisglin a displacement of the sensor
itself and in a change of orientation. This erragimh be estimated using a suitable
thermo-mechanical model for the Vessel, but dedsseem to be critical since the
orientation change is typically small.
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2.5.2 Sources of parasitic signals

2.5.2.1 Effect of electro-mechanical environment, transvers field and eddy
currents

During the non-stationary phases of the plasmaep(ifs particular during a disruption
event) a magnetic flux variation is produced whioduces eddy currents in all the
surrounding structure (e.g. vacuum Vessel). Thenatg sensors measure the actual
field configuration at their specific locationsginding the effects of the eddy currents in
all the metallic structures. However, if the irghce of local eddy current in the metallic
structures located close to the sensors is noigielgl, the magnetic field measurement
could be not exactly representative of the glolmaifiguration. Since the measurements
are to be used for the reconstruction of the globagnetic plasma configuration by
means of numerical codes, these local effects dimeilevaluated or compensated before
using the signals. Other measurement errors tetatespurious signals are:

» Sensitivity to the transverse magnetic field dutherrors of the coil winding

» Stray pickup area of twisted conductors, connectors the distance of the ends

of the coil winding.

* Using wires made of uniform material

The calibration accuracy can be0.1 % using a precise and stable AC magnetid fiel

source.

2.5.2.2 Effects of radiation

Neutron andy-ray radiation can produce some spurious outpuhadsgthat could
compromise the accuracy of the sensor. In the cB$EER in-Vessel magnetic sensors
the most critical effects are the following:

RIC effect
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The neutronic ang ray radiation excite the isolated electrons whiblarge the sensor
during the impulse modifying the output signal,uléag in a modification of the
electrical conductivity of the sensor. The RIC effdepends on:

» Purity of the isolation

* Shape of the isolation
In Figure 17 we can see the variation of the cotidily of different types of cable as a

function of the radiation dose.
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Figure 17: variation of the conductivity of differetypes of cable as a function of the
radiation dose

RIEMF effect

Neutronic and gamma ray radiation induce currergsvéen the sensor wire and
surrounding structures including mineral insulaieable (MIC) sheath and blanket
structure. The dominant mechanism depends on:

» Geometry of the sensor

* Insulating material

» Composition of the metals

¢ Gamma and neutron spectra

* Time of activation
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Some precaution can be adopted in order to redecREMF effect as indicated |25
1.[26]:

* Minimize the effect of temperature and radiatiosidiasymmetries by adopting

an even layer colil structure

* Optimize the diameters of the core and sheath

» Keep a minimum insulator thickness

* Reduce the non-uniformity (density) of the insutaiger the cable diameter

* Minimize integrator sensitivity to common mode agje by lowering its input

impedance

The strong neutron anglray radiation also produces degeneration in theemads that
form the sensors, cables and insulators, and shené of the most difficult long term
problem to solve. Some effects of radiation are:

* The material become brittle

» The corrosion resistance usually decreases

* A decrease of the mechanical resistance of therialste
Insulators are far more sensitive to radiation agen than metals and the following
properties could change under the effect of ramhati

» Electrical conductivity

» Dielectric loss

* Permettivity

» Optical absorption (+ emission)

* Thermal conductivity

* Mechanical properties

2.5.2.3 Effects of temperature gradients inside the sensor

TIEMF effect
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The TIEMF effect is the presence of a parasitidagd induced by thermal gradients
inside the sensor. This undesired voltage can glyoaffect the measurements of the
magnetic fields inside the ITER vacuum vessel beeand the drift produced during long
integration time. This effect is probably with tRd.E.M.F. effect the main and dominant
cause of errors for the magnetic measurementskR | Tor pulse length longer than 100

seconds. Some suggestion can help to reduce alktjaive effects of TIEMF

» Decreasing the thermal gradients

* Improving the cooling and the wiring of the coils

TIEMF effect upon LTCC sensors is examined in tii®iving sections.

2.5.3 Signal drift integration

For long pulse machine the measurement becomestigen® very small parasitic
voltages that, when integrated, can give rise tacoeptable errors signals. These
voltages can arise due to radiation-induced (RIEMRhermoelectric-induced (TIEMF)
electromagnetic force between coil winding and@umding structures.

Digital integration can’t guarantee the requesteclieacy over a long time integration,
more than 1 hour in the case of ITER. In this sdena time-reliable analogical
integration method has to be used.

In order to evaluate the electronic error the T6rgra integratof 27 | has been
considered . The tests results, carried out withidal and poloidal fields and without
plasma current in - situ of Tore Supra, shown agragye drift of 1.36 mVs after 1000s.
Some considerations can be done:

» the integrator proposed in th&7 Jowing to the absence of input stage differential
amplifier, in order to reduce the noise to the inpiuthe integration stage due to
this electronic component, makes the conditionilegteonic little immun e to the
common mode voltage.

» The presence of plasma current could increasedise picked up from the coils

and the wiring and make worse the performance efritegrator. According tp

34



28] (p. 76) the integrator drift can be assumeddd.lp V s /s, which seems to be

good enough for most magnetic measurements. Acapidithe same repdr28

] (p- 76), the effect of the common mode can beaedasrded because the

"integrator board is electrically isolated from theund”. The latter assumption

seems to be too much optimistic.

Error source

Percentage error

(A) Angular misalignment 0.1%

(B) Error coil to coll 0.1%

©) Errors due to stray area <0.1%

(D) Radiation error evaluated per 1000Bangential coil = 0.3%
(assuming constant drift for 1000s) Normal coil = 0.4%

(E) Winding size variation due to thé.1% (thermal gradient of 20°C)
temperature

(@) Electronic error evaluated per 1000s Tangentiebil=0.4% (worst case:

1.36mVs/0.35Vs)*100 = 0.4%

Normal coil = 0.5%

Total error

~1.2%

Table 5: estimated total error for the in-Vessalkpup coils

As shown inTable 5 an optimistic error of 1.2% has been obtaineds Malue could be

larger principally due to other radiations effeatgparasitic voltage introduced by the

cable transitions which should be realized in tlaghpfrom coil to the conditioning

electronic. This error is larger than total targetor (0.7%) requested for an optimal

reconstruction of the plasma position. In our apint is very difficult to reach thi s goal

and so alternative hypothesis should be consideredder to reduce the differential and

common mode noise to the input stage of the eleictroonditioning. In the following

some solutions are proposed:

To build two coils for each position wrappe d ire topposite direction. In this

way it will be possible to reduce the noise by saditng the two signals.
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* To add a hall sensor (if it is radiation compatip)lclose to the magnetic coil. In
this way the coil signal should be integrated franfre quency of some kHz,
which would permit to reduce the low frequency Bois

In spite of two solutions described above, furtassessment should be done about the
feasibility to obtain the same plasma position rertly means of more robust
reconstruction code, which permits to have a higheasurements noise level. This
would permit to have larger safety margin with exgpto the real error of the signal
measured.

2.5.4 Errors due to temperature variation

Temperature variation due to neutron radiationdases the winding size and this could

lead to not-negligible variation of the calibratioonstant of the sensor.

As described in the following sections new typeserisors have been built and tested in
order to comply with ITER requirements.
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3 Development of LTCC prototype sensors

The design and development of in-Vessel magnetisas is critical since these sensors
are placed in a hostile environment with strongtreguradiation and frequent heat loads.
This cause undesired effects such as TIEMF thatym® spurious voltages that affect the

accuracy of the senor.

High Temperature Co-fired Ceramic (HTCC) and Lowriperature Co-fired Ceramic
(LTCC) technologies have been used in special pambectronic applications such as
aerospace, telecommunication and defense for depeses[3]. Both technologies can be
used in order to produce compact and reliable pplcoils constituted by a stack of
superimposed ceramic layers with printed metallicuits, high-pressure laminated and
fired in one or more steps. Metallic lines on difiet layers are connected by metallic
"vias". Thick film HTCC are made of alumina layenath refractory metallization
(tungsten or molybdenum), pressed and co-fired 50IC. A uniform and reliable
dielectric isolation can be obtained, but the usefactory metal implies high resistance
and requires complex and expensive processing. l@n dther hand, LTCC is
characterized by a relatively low firing temperat850°C) which makes it compatible
with high electrical and thermal conductivity metdAg, Au, Pd) for the conductive

lines.

However, mainly because the lower conductor restgtanakes the reduction of the
noise due to neutron radiation possible, it wasd#etcto proceed with the construction of

some sensor prototypes based on LTCC technoeigyi(e 18).
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Figure 18: 10-layer LTCC sensor having Ag internahductors and HERATAPE® CT
700 ceramic substrate

LTCC pick-up coils have an outstanding dimensicaad mechanical stability, a good

thermal conductivity and a fine line pattern. Thesnsors should also guarantee

increased radiation hardness and Signal/Noise vétto respect to the standard pick-up

coils made with Mineral Insulated Cables (MIC). Ytere also compact, highly reliable

and have an increased main/transverse magneticratieaFigure 19 and Figure 20

show the disposition of the internal conductive$irof the sensor.

0

Figure 19: scheme of an LTCC internal circuit: ddglers (left) and even layers (right)
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Figure 20: internal layers disposition

The design parameters and reference requirementdoLTCC prototype sensors are

summarized iMable 6.

Table 6: Initial design requirements of LTCC pigk-oils.

Magnetic sensor equivalent area 0.3nt (optimal), 0.1mM (min.)
Electrical resistance 100Q (optimal), 50@ (max.)
Sensor size (transverse to field direction 40mnmx30(max.)
Substrate material Alumina

Conductive lines material Ag or Au

Number of layers 10-40

Normal operating temperature 200 °C

Max. tolerable temperature 500 °C

Max. expected voltage between terminals 30V

Different sets of LTCC sensors have been built sesied since 2007 in order to test
different materials for both the conductive lineslahe ceramic substrate, as indicated in
Table 7. In the development and construction ofehgrototype sensors several specific
precautions have been taken regarding non-uniforminisage during firing,
misalignment of layers, non-uniform thickness ofhduoctive lines and stray magnetic
areas, since the number of layers required forimib the equivalent area required is
larger than that usually produced with LTCC tecloggl.

At the same time, the issues related to the behatidigh temperature in vacuum,
compatibility of ceramic components with radiati@xact composition of ceramic is
proprietary information of Heraeus and DuPont) andmetallic conductive lines have

been taken into consideration.

Table 7
Description | Quantity Dimensions | Number of | Terminal Ceramic
[mm] layers wires material
material

39



Ag 10 layer | 6 40x30x3 10 Ag Heraeus
sensors CT700

Au 10 layer | 3 40x30x2.7 10 Au DuPont 951
sensors

Au 30 layer | 7 40x30x6.8 30 Au DuPont 951
sensors

Au 40 layer | 1 40x30x9 40 Au DuPont 951
sSensors

3.1 Design and testing of Ag LTCC sensors

The first set of LTCC sensors, procured by ConsoRRFX through an industrial
supplier (Linkrahttp://www.linkra.it) at the beginning of 2008, was formed by 6 pipk-u
coils with 10 silver conductive layers printed oERIATAPE® CT 700 ceramic substrate
(Figure 18).

The following tests have been carried out uporAhe. TCC sensors:
» electrical tests: measurement of inductance, tesgig, parasitic capacitance,
measurement of magnetic area along main and treseswirection (at various
frequencies)

» dimensional test, SEM-EDS analysis of sectioned®en x-ray imaging

» thermal conductivity tests

» outgassing rate in ITER relevant conditions

e TIEMF measurements

The set of 6 prototype sensorBidure 18) with Ag internal conductors was built
according to the design describediable 8.

Table 8: design parameters of the first LTCC semsototypes

number of ceramic layers 11

number of conducting 10

layers

turns/layer 20

layer thickness 300 micron

outer dimensions 40 mm x 30 mm x 3 mn|
conductor layout Elliptic

conductor line width 400 micron

conductor line thickness 10-20 micron

inter-line insulation 200 micron

ceramic material

Heraeus CT700
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conductor material Ag
electrical resistance 50 Ohm

Ag LTCC sensors have the following nominal dimensid30 x 40 x 3 mm

3.1.1 Micrographic analysis

The geometry of the prototype sensors has beefieeetsing x-ray imaging (Figure 21)
and also micrographic images of sectioned sendergurle 22), showing that the
tolerance in the positioning of the conductive dirend vias is sufficient to ensure a

reliable connection of the different layers.

Figure 21: x-ray picture of the Ag LTCC sensor pitgpe showing the actual layout of
conductor connections

i RS s

i R

Figure 22: Ag LTCC sensor cross-section

Table 9 displays the cross-section characteristics ofaj@d Ag LTCC sensors.

Table 9: characteristics of 10-layer Ag LTCC sensmss-section
Number of layers 10
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Number of turns per layer 20
Offset between layers 485um
Layer thickness 200 £ 5um
Distance between conductive lines 195 + 5um
Thickness of conductive lines 19 = 2um
Width of conductive lines 400 £ 5um

SEM-EDS analyses have been carried out in ordeh&wacterize the ceramic and the
conductors of the LTCC sensors. The Heraeus CT@é@@rdc is a mixture of alumina
and silica glass, containing small percentage cafbCa, and small percentage of BaO,
CoO, SrO. Exact compositions are proprietary, bet deramic seem to be compatible
with ITER requirementdrigure 24 andFigure 25 show the compositions of the Heraeus
CT700 LTCC ceramic used as substrate materiah®lg LTCC sensors whilEigure

26 shows the composition of the metallic lines of demsors. It's possible to appreciate
the presence of BaO, CoO, SrO.

200 micron

Figure 23:SEM picture of sensors cross-section showimegpositioning of the conductor
lines.
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Figure 25: compositions of metallic inclusions
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Figure 24: Composition of Heraeus CT700 ceramic
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Figure 26: composition of sectioned Ag metallien

3.1.2 Electric characterization

Both static and dynamic electric tests have beeriecaout on each LTCC sensor in
order to find out important parameters such asrbelation withstand voltage (dielectric
strength), the static resistance, the equivaleshtgtance and capacitance, the resonance

frequency and the bandwidth.

3.1.2.1 Insulation withstand voltage

The insulation withstand voltage was measured loyirgting the outer surfaces of the
LTCC sensor with two aluminum plateBidure 27 and applying a voltage up to 5kV
between one terminal and the platEsg(re 28). The measurements have been carried
out by means of two different instruments, the SRNJISO LEM in the range 100-
1000V and the ABB METRISO 5000 in the range 25000®/. The breakdown voltage
was found bigger than 2500 V for all the sensorsufface discharge has occurred at
5000 V.
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Bihe A

Figure 27: LTCC sensor between two aluminum plates
megger

Figure 28 : insulation withstand voltage test spt-u

3.1.2.2 Static and dynamic electric characterization

The sensor dynamic behavior is equivalent to that @rcuit constituted by the series of
an inductance and a resistance in parallel withaacitance (Figure 29). The above

mentioned parameters have been measured usingRA29M impedance analyzer and
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are shown inrable 10. The measure has been carried out using twistddlaort cables

in order to minimize spurious signals. The equintikdectric circuit has been chosen by

testing different configurations (by means of thgpedance analyzer) and selecting the

one that better match the measured impedance.

Ceq

Req

Leq

Figure 29: Equivalent circuit of the LTCC sensor

Table 10: electric parameters of the LTCC senspivealent circuit

Resonance
Req Leq Ceq frequency
(€] [HH] [PF] [HZ]
47.4 725 32.2 1.04E+06

Figure 30 shows the bode diagram of the impedari€gof the equivalent circuit

(calculated according to the values of Req, Leq@ed determined).
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Figure 30: amplitude and phase of the equivalemqgddance of the LTCC sensor

The bandwidth of the measuring probe consistingT&C sensor and acquisition system
(schematized with the input resistangg R1 MQ) has been determined referring to the
equivalent circuit shown in Figure 31. As trandtanction (frequency response) the ratio
V/E between the output signal V and the electroveotorce E=-¢y/dt due to the external
magnetic field has been considered.

Figure 32 shows the amplitude of the transfer function &f theasuring probe (LTCC +

input impedance of the acquisition system) whigble 11 display the cut off frequency.

The transfer function V/E is the following:

v Req

E  (Ry* Ry~ @LoCoqRy) + (jtheg + jaCoRRy)
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Figure 31: Equivalent circuit of the probe, consigtof LTCC sensor and input

impedance of the integrator

LTCC sensor ‘s bandwidth
At T T — T

20

10

dB

-10

-20

-30

-40

sl ¢ BUTRAE 05 MO 0 P F ipeli 6 P CRE o 40
10" 10
Fraguency [Hz]

Figure 32: Amplitude of the frequency responsénefliTCC magnetic probe

Table 11: cut off frequency of the measuring praeCC sensor and input impedance of
the acquisition system)
LTCC sensor Cut off frequency [MHz

Ag 10 layer sensor 1.39
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3.1.3 Magnetic characterization

The equivalent magnetic areas of the LTCC sensoan and transverse, have been

measured in order to evaluate the sensitivity tgmeéc fields along the main and

transverse direction of the senserdure 33).

Longitudinal Transversal
field B v First side Vv \.\\. f v
] —
‘:////;’ Second Side
Transversal
/ field B

Figure 33: magnetic field crossing the LTCC seralong three different directions:

main side (left), first transverse side (centeegand transverse side (right)

3.1.3.1 Instrumentation

The tests have been carried out at frequencieseketvb0 Hz and 10 kHz using a

calibrated solenoidHigure 34) to produce a well defined magnetic field. Theesold is

formed by three layers connected in series haviagharacteristics listed rable 12.

Table 12: Solenoid characteristics

Length 545mm

Wire diameter 1.2mm
Number of coils 453 per layer
Average diameter (middle layer) 224.2mm
Equivalent inductance 140.4 mH
Equivalent resistance 20.1Q
Equivalent capacity 17.35pF
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Figure 34: calibrated solenoid used to produce iegnetic field

For the test only the external layer has been u$éd. procedure for the magnetic
calibration is based on the procedure adoptedhirctlibration of the magnetic sensors

used for JET experimefi].

The LTCC sensors were fixed on a calibrated supffogure 35) in order to obtain a
good alignment with respect to the direction of ithposed magnetic field B. The value
of the field is proportional to the current | ingidhe solenoid, where the constant of
proportionality is k = 0.0009642 T/ ].

(1 B=kIl
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Figure 35: LTCC sensor fixed on the calibrated supp

The current flowing inside the solenoid has beeasuesed by the HP34401A multimeter
(six digits and a half). Another equal instrumdadPB84401A) has been used to measure
the voltage between the terminals of the LTCC sedse to faraday’'s law. Wavetek 18s
wave generator has been used together with the $&s® 4000 amplifier to generate a
sinusoidal current flowing on the primary circugolenoid). Finally to verify the
variation frequency of the current the Lecroy 9313cilloscope has been usé&dgure

36 shows the electric circuit used for the test
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Figure 36: electric circuit

3.1.3.2 Test results

According to the Faraday-Neumann-Lenz equationtevribelow:

do _ d(A,B) dB
V=-"—a=-— = — -
dt dt P dt
and considering the RMS values:
dB_ B = 276B
dt
we obtain:
\Y
2 =—
@ Aq 27fB

The longitudinal and transversal equivalent areagbeen calculated. A correction has
been introduced in the calculation of the equivialeea since the actual current flowing
inside the solenoid is different from the currergasured by the HP34401A multimeter:
a fraction of the current flows through the capawie that exist between the solenoid
coils and between the connecting cables. As a coesee the magnetic field B
calculated is a bit smaller than the real magnéatd produced by the solenoid.
Consequently the equivalent area calculated byteoué 2 ) is bigger than the actual
equivalent area. In order to have a more reliablaerof the magnetic field produced by

the solenoid the following equation could be ugdd

(3) B=k,I@+k,f?
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wherek, is the same constant used in equation ( 1 )kamngl 1.37e™°.

During the test the sensor has been wrapped intduaninum foil in order to shield high
frequency fields. This causes a reduction in thelande of low frequency waves too.
This reduction has been estimated as followinghV&it aluminum foil of 0.025mm the
reduction at 5KHz is about 1.2%. In fact the degftpenetration for aluminum at 50Hz is

Ocon, =13mm. At 5kHzJ,,,,, =1.3mm, and so:

ABSkHZ - e_l MS: 063%55: 1?/0

B 5kHz

with a frequency of 5kHz. In the case of 50Hz thauction is:

AByy, =gl MS: 0_63£25 = 012%
B 55OHZ 13

This reductions, function of frequency, haven't eeonsidered in the equivalent

transversal area calculation.

The test has been carried out upon two differen . AGC sensors named Ag-10-1 and
Ag-10-2. The results are shownkigure 37 (main area) an&igure 38 (transverse area,
both sides).

53



9.00E-02

8.00E-02 g ' ' 3 g & —=

7.00E-02

6.00E-02

5.00E-02

4.00E-02 = Au-

Aeq_main [m"2]
>
5
=
o0

3.00E-02

2.00E-02

1.00E-02

0.00E+00 ; ;
1.000E+01 1.000E+02 1.000E+03 1.000E+04
f[Hz]

Figure 37: main equivalent area of Ag 10-layer LT&&hsors
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Figure 38: transverse equivalent area of Ag 10-tdyBCC sensors, both sides

Table 13 lists the values of the main and transverse etpnvarea at 100Hz for each

sensor and the maximum Atransverse/Amain ratio. magnetic equivalent area of the
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sensors are fully satisfactory, since along thennwhiection it is consistent with the

geometrical characteristics of the winding and gltive transverse direction is <1%.

Table 13: average values of main and transversa arel maximum Atransverse/Amain

Sensor Main Area Transvr:rtlsz first Transverse Maximum
[m?] side area second  side AyansversBAmain
[m?] area [ni]
Ag_10 1 7.99E-02 1.24E-04 6.02E-05| 0.2%
Ag_10 2 8.05E-02 2.23E-04 2.17E-04| 0.3%

3.1.4 Thermal characterization

The equivalent thermal conductivity of the LTCC s\ has an important effect on the
thermal gradient during operation, when the serssubjected to neutron radiation and
the thermal power produced shall be drained towtirelsnternal wall of vacuum vessel.

In order to measure the (equivalent) thermal cotidtyc of the LTCC sensor, the set-up
shown inFigure 39 has been used, where the internal printed ciafuihe sensor has
been used as heat generator. If the two sensoanected to a DC voltage source, in
steady state conditions the electric power VI isiaéqo the longitudinal heat flux
transferred to the sink across the two sensorstfdrenal resistance of the LTCC sensor
can be determined by measuring the temperatureainass the thickness from the mid-

plane to the edge.

Tb . 4 copper sink

W T T ]
il 1 i) : _::I

Ta’ l v lql v copper sink

Figure 39: experimental set-up
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3.1.4.1 Mathematical model

We first define a simple mathematical model of thalr conduction which establishes a
relationship between the conductivity of the LTC@nsor and the temperature
distribution. The equation of thermal conductionm fn indefinitely wide slab with

internal heat generation is the following:

where H is the internal heat generation power mrvwolume (constant for simplicity)
and A is the conductivity of the material. By integratithe differential equation with the

boundary conditions indicated below we obtdig(re 40):

TL)=T, TCEL)=T,

H( 2 2)
(4)T=T+—(L -X
179

T

is i o +H +

Figure 40: Thermal distribution according to the dab
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Figure 40 shows the variation of the temperature along wnfthe knowledge of the
maximum temperatur T, at x=0 can be reversed equatipd ) in order to obtain the

conductivity

H H
5) A= —F/——(P-0° ) /—?
2(T2 _Tl)( ): 2(T2 _Tl)

If we assume a thermal flux normal to the plaintisecof the LTCC sensors then the
experiment can be described using a one-dimensinadel, considering the two LTCC

sensors like an infinite slab. This assumptioresistic thanks to the small thickness of
the sensors, which ensures that only a little ivacof the heat gets out from lateral sides

by thermal convection with air.

We also assume that the heat produced by the ahtenrcuit of the LTCC sensor is
homogeneously distributed on the entire volumes Threalistic since the electric circuit
is formed by many layers distributed in the entiiekness of the sensor.

3.1.4.2 Test results

The above geometrical conditions have been achibyedsing two Ag LTCC sensors
and two copper bars (thermal sinks), as showrrigure 39, The temperature drop
between the middle surface (the surface betweetwbd TCC sensors) and the copper
bars have been measured by three thermocouplgaré 39). A thin aluminum plate
with a slit to fit the insulated thermocouple hasb placed between the two sensors in

order to measure the central tempereT, reThe temperaturT, can be calculated by
taking the arithmetic mean betweT, and T, . It is worth noticing that any air gap

between the two LTCC sensors does not compromesesgults since there is no thermal
flow across the central surface (the system is sgma). The LTCC sensors were
connected in series and fed with an electric ctrterproduce like heat generators a
thermal flux along the main direction of the sessémom the center to the thermal sinks.
In order to assure a good thermal contact betwkenstirfaces the KF 1201 thermal
conductive paste (CRC Industries France S.A.) hremlset on every surface before

clamping.
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Figure 41 andFigure 42 show the instrumentation used during the testenfigure 43
shows the experimental set-up. The data acquisigitent 34970A was used to acquire
the thermocouple signals, the voltage signal frdaMLcurrent probe PR30 (Figure 20)
and the voltage between terminals of the sensormgxrted in series). Two multimeters
HP34401A were used to check the values of curradt\eltage acquired by Agilent
34970A. A KEPCO BOP 50-8M DC power supply was usegroduce the voltage
needed (about 20V).

ACQUISITION
CARC

CURRENT
HP34401A ACQUISITION

JUMCTION
SIDEB

B} THERMAL SINK SIDE B

HF344 014

GENERATOR
KEFCO
BOF 50-8M

w 1
THERMAL SIMK. SIDE A

Figure 41: instrumentation used during the test
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Figure 43: experimental set-up

The acquisition of temperatures, voltage and cturas been carried out at a frequency

of 0.25Hz. The average current flowing inside tHECIC sensors was 0.197A and the
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Voltage drop was 18.9V (considering the two sensorseries).Figure 44 shows the
temperature variation with time. During the firsh@urs the power was on and the typical
exponential rise is visible. The power was themedr off and the temperature was
recorded for a period of 4 hours, till the sensemperature reached the room
temperature.

The blue line in the figure represents the tempeeadf the central point, measured by
the thermocouple installed between the two LTCGeen T2 Figure 39). The red line

represents the temperature of the sink sid&,awhile the yellow line represents the
temperature of the sink side ,. The two temperatureE, and T, are not exactly equal,

being the temperature of the side a slightly lowvem the temperature of side b (the
difference is 0.4°C). This is most likely due te ttifferent resistances of the two LTCC
sensors. This light asymmetry has been neglectedhis study and an average

temperature of the sink, has been considered:

T, +T,
(6)T, = a2 2

The total heat power produced can be found by Olams

q=R,I?+R,I?=188+19=379W
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Figure 44: temperature variation with time

The thermal conductivityl has been calculated according to equation (5 ):
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Where Vol is the volume of one LTCC sensor equ&&d0mn.

To calculate the thermal conductiv A by eq ( 5 ) we have followed the following way:
for 6000s < t < 75004 (t) was calculated according to eq. ( 5 ) usingitisantaneous

values ofT,, T, andT, . Then the average value A{t) was calculated.
The final result isA = llﬂK' We choose the range from t=6000s to t=7500s lsecau
m

the differencesT, -T, and T, -T; remain almost constant inside this interval (the
system is in the proximity of the steady state o).
This value ol is smaller than the thermal conductivity of thedirceramic declared by

Heraeus in the LTCC CT700 data sheet WhiCAiS iee= 4.3ﬂ.

mK
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Figure 45: Sharp descent of temperattigfter power has been turned off

Fig. 4 shows a detail of the graph in fig. 3: fi@ssible to appreciate the sharp descent of
temperaturerl, after power has been turned off. The constantra# bf the LTCC sensor

is small, about 15 seconds, how it's possible &fsam the graph.

3.1.4.3 Spice simulations

To verify the value of the thermal conductivifya Spice simulation has been carried out
taking advantage of the electric analogy. SPICEn(Bation Program with Integrated
Circuit Emphasis) is a general-purpose open soanztog electronic circuit simulator
used in integrated circuit and board-level desmuitteck the integrity of circuit designs
and to predict circuit behavior.

According to the electric analogy the thermal ftuygould be treated like a current | while
the temperature variation between two differenefayAT could be treated like a voltage
V. Moreover, heat generators (the printed circditeach layer) could be treated like
current generators and the thermal resistancedayees of ceramic between the circuits)
like electrical resistances (sE&gure 46 andFigure 47). Ohm’s law could be rewritten
in this way:

AT=R(q
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where R :/l‘—is the thermal resistance of the ceramic layer g ds the heat flux per

unit area g/A. The quantitl is the thickness of one layer of the sensor: im0 The

unknown quantity is the thermal resistaiR, :

i

q\\

T2

In
fritetatt Frpepreare

T I I P T i
s trt | R e

primted circuit layer

SREREREE

EERERERRR)

ceramic layer

Frtets e

Er ittty

B RS

EREIERETE

b o 8

Pty tetttsd

I REEBERaE

TTITTF T

Figure 46: internal heat generators and resistances

Figure 47 shows one half equivalent circuit.
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Figure 47: one half equivalent circuit.

Each heat generator produces a heat q = 0.000158£2 (calculated according to
mrr
7).

*_ P
(7) q _]_O_A

. . . mntK
Simulation results show that a reS|sta|R[:18ZT produces a temperature drop

T,-T,= 215K .

Since R :)II_ we obtain:
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A =|—:£:0.0011 w :1.1W

R 182 mmK mK

3.1.4.4 Final considerations

The measured thermal conductirAys less than a quarter of the value declared by
Heraeus in the LTCC CT700 data sheet. Some coasides must be done about the
reliability of the experiment:

* According to the manual of the instrument the totakasurement error
(thermocouple plus Agilent 34970A acquisition systeis <2°C. This error
includes the error of the thermocouples and ther em voltage measurement and
digitalization. However, since we are only measyiran temperature difference
(temperature drop across the thickness of LTCC asgrend we calibrate the
measurement system in conditions of uniform tenpesaat the beginning of the
experiment, the systematic error due to thermoesupt cancelled for the

calculation oA . Only the error due to voltage acquisition musebaluated. The

resolution of the Agilent34970A 31V, the thermocouple constant is%

and consequently the maximum error on voltage adgn is % = 007°C. By

adding an error due to non linearity of the theroupdes and digitalization we
obtain an error that is less than 0.2°C. This uagdsgt on temperature
measurements causes an uncertainty on the estimatio A which is
approximately 0.2/(T1-TzA= 10%

» The use of a simple one-dimensional model to descthe phenomenon is
realistic thanks to the small thickness of the sgnahich ensures that only a
little fraction of the heat gets out from laterales by thermal convection in air.

* Thermocouples used to measure the temperatureppécsinks have been fitted

near the centre of each sink but a little diffeeein¢ temperatur AT, is present

between the midpoint of each sink and the surfddde sink that matches the

surface of the sensor. This differenAT, has been assumed to be negligible

because of the large thermal conductivity of thppew (with respect to thermal
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conductivity of LTCC material): the sink has beeonsidered at a uniform

temperature.

3.1.5 Outgassing rate in ITER relevant conditions

The measurement has been taken in a small vacuem exuipped to carry out the
dynamic flow method4] in which sensors are introduced in order to eatautheir

Outgassing Rate (OR). The vacuum level was of tteramf 10° mbar.

The set-up of the experiment is showrkigure 48 andFigure 49. The position of the

five thermocouples used during the tests is alswahnFigure 48.

Toriﬁce

RGA Sgizs;re( 1 )

MIC heating
i cable

pressure -
gauge orifice

(P2)

sensor

@ thermocouples

Figure 48: experiment set-up
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Figure 49: experiment set-up

The following instruments have been used to corb®lexperiment:
» Pressure gauges pl and p2: lonivac ITR 90 fulleang
* Vacuum pumps: molecular pump in series with a drglspump
* Residual Gas Analyzer (RGA) : Transpector HLOOM RGA
Near the pump inlet an orifice of 2mm has been rtexjirigure 50 shows a sample of

the orifices used during this experiment.

- =3
s 2

Figure 50: éaml of the orifices used

The experiments has been carried out with theviatig order
» Empty chamber only
e AgLTCC sensor
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All the parts of the oven involved, except for tbensors and the pump, have been
cleaned with ultrasounds and baked at 150°C foay®.dThe baking cycle is reported in

Figure 51, while in Figure 52 the effective bakoygle is indicated.

Nominal heating plan for the outgassing tests (JAEA)

250

this temperature

Simulate ITER baking cycle (3 days);

500 clzmmmns ohserve autgassing .- I T

L B

100 R | IR .1 SR

temperature (°C)

Observe initial Observe final

ogt}assmg HLRT condition at RT
e e o AR T e A T R R

0 \ : . \ T
0 2 4 6 8 10 12

time (days)
Figure 51: ITER like baking cycle for outgassingasiwements [4]
! ! ! !
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Figure 52: Effective Backing Cicle, according td [5
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The out-gassing rate Q has been calculated acgptaif8 ):
(8) Q=CUp, - p,)

where p and p are the pressures measured and C is the condeatémice orifice. The
conductance of other parts of the conduit has Ibegiected because much smaller than
the orifice’s.

The conductance of the orifice has been calculatedrding to ( 9) [6]:

(9 Cc=2p 1 BRI
4 1_(dorifice/dconduit) 7M

where R is the gas constant, A is the orifice’snopg, T is the average temperature
between the two pressure gaugesiil used, sedigure 48) and M is the molecular

mass of the gas inside the vacuum chamber.

Table 14 reports the results of the experimenhatdand of the baking cycle; the OR

values of the sensors are obtained by differentde @R value of the empty chamber.

Table 14: Absolute OR of sensors and empty chamber

Empty chamber | Ag LTCC sensor
*10°[Pam’s] | *10°[Pam’s]

120°C 7.3 11-7.3=3.7
30°C 0.7 27-07=20

Figure 53 indicates the measured pressures archltidated OR for the empty chamber
while Figure 54 shows the pressures and the OR of the Ag LTCQsens
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Figure 53: Measured Pressures (left) and out-gagsate of the empty chamber (right)
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Figure 54: Measured pressures (left) and out-gagsate of the Ag LTCC sensor (right)
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The obtained out-gassing rate per unit area isrtegpon Table 15. The out-gassing
rate of one Ag LTCC sensor is in the order of magte of 10° Pa*nt/s. Considering the
geometrical dimensions of the sensor, the speamfit-gassing rate at 120°C is
approximately 2,4-10 Pa nf s m? which is one order of magnitude larger than the
limit requested in ITER Vacuum Handbook [5]. Dueth@® unavailability of a proper
calibrated RGA, pure fHhas been considered as out-gassed substance iarchaice
determines an overestimation of the out-gassireg rat

Table 15: out-gassing rate results
Ag LTCC sensor
* 10 [Pa ni/s nf]
120°C 2.4
30°C 0.83

The composition of the gas inside the vacuum chainég been estimated observing the
mass spectrum by means of the Transpector H100MiIRdsSas A. Figure 55 tBigure
56 show the pattern of the ion current peaks as etifum of mass-to-charge ratio for the

different tests carried out.

1e-10;

1e-11
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40.0
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Figure 55 : Mass spectrum of the empty chamber
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Figure 56 : Mass spectrum of the chamber + 'Ag LTeeasor

Te12 45—
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As indicated in figures above, the main substamtekse vacuum chamber are Hnass
2), CH, (mass 16), Nkl(mass 17), kD (mass 18), Nand CO (mass 28) and g(@nass
44). It can be noted that the major peak is locatedass 2.

Looking atFigure 56 it can be argued that the main substance wouldbdéeing the
corresponding current peak exceeding of 1 ordemagnitude larger than the other
peaks. Nevertheless there is a great uncertairttyisrmeasurements set-up on the RGA
sensitivity to the different substances, which effetrongly the evaluation of the partial
pressures from the current peaks measurements.also worth noticing that the peak
CH, is reduced inserting the sample, indicating propah absorption phenomena. More
accurate results require a specific data analysis.

Our experience indicates that is very hard to atalthe OR of gas single species;

because of technical limits of the instruments labée .

3.1.6 TIEMF measurements

The TIEMF effect is the presence of a parasitidagd induced by thermal gradients
inside the sensor. This undesired voltage can glyoaffect the measurements of the
magnetic fields inside the ITER vacuum vessel beeaui the drift produced during long

integration time.

The data acquisition Agilent 34970A has been useddquire the signals from the
thermocouples and the induced voltage (TIEMF)hmdase of DC voltage measurement
the range error of the instrument is 0.004%, thaquV (range used equal to 100mV).
The reading error is negligible because being etpu@l005% of the read value, that is
less than 1nV. The total error is thereforeptV4For the temperature measurements the

error is <2°C.
Figure 57 andFigure 58 show the experimental set-up. The LTCC sensorchasped

between two copper bars that play the role of tlaéremks. The upper bar was first

warmed up (first stage) by a flow of hot air in erdo obtain a positive difference of
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temperature T3 and then cooled (second stage) by compresséa @ider to reverse
the thermal flux. During all the process the indligeltage V (TIEMF) between the two
terminal wires of the sensor was measured togethbrthe temperatures of the sinkg T
Ty, Ts, Ta.

The four thermocouples were placed inside calildrdteles in the copper sinks, two

thermocouples per sink.

LR

T3 T4

Figure 57: TIEMF experimental set-up

Figure 58 : LTCC sensor between copper bars
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Figure 59 shows the variation of;] T,, Tz and T, during the heating and cooling process
for the Ag sensor. Figure 60 showsT; and §-T4versus time (left) and TIEMF versus

T1-T3 (right) for the Ag sensor. In the same figuralt) the Ordinary Least Square

(OLS) line has been drawn in order to highlight threear dependence between the
difference T-T3 and the TIEMF effect.
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Figure 59 : temperatures T1, Tz, T3, Ts
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Figure 60 : temperature drop between the two coeks (left) and TIEMF (right)

3.1.6.1 Discussion

Since the measured values of TIEMF are of the samber of magnitude of the error of
the instrument (4V), it's clear that the graphs showed above cary adscribe the
phenomena in a qualitative way. In order to obtaliable TIEMF values an acquisition

instrument with a better precision (some nV) isassary.

Since the terminal wires were protected insidectarggular slot in the upper bdfigure

61 andFigure 58) they were not exposed to thermal flux and thepenaiture gradient on

the Au-Cu junction was negligible.
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Figure 61 : slot in the upper bar

3.2 Design and testing of Au LTCC sensors

Two new sets of LTCC sensors have been built byrainhttp://www.linkra.ify and
tested by Consorzio RFX in the framework of the RTEontract ITER/CT/08/529.

» afirst set of 3 sensors formed by 10 conductiyers
 a second set of 7 sensors formed by 30 or 40 ctmdulayers (being the
achievement of the maximum number of layers a litoitbe attempted and

explored with the present manufacturing process).

These prototype sensors have been designed orasieeds Ag sensors already supplied
to Consorzio RFX by Linkra (formerly Mitel-Teleogjiin January 2008. The new sets of
prototypes were aimed at obtaining a sensor witmereased magnetic area, compatible
with the final ITER requirements, and at testinffedlent composition for the ceramic
layers and conductor material:

* Au conductor material in place of Ag (inner condwetines, vias and connecting
pads)
» DuPont 951 ceramic in place of Heraeus CT700

* Number of conductive layers increased from 10 tga3Qentatively 40)
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Au has been chosen also because this material sli@rismute less than Ag under
neutron radiation. Anyway, since Au transmutes tpurder neutron radiation while Ag
transmute to Cd, the comparison between Au and rAgsiutation effect can be
achieved by observing the amount of Cd/Hg from atrgassing test after a neutron
radiation of the sensors.

Anyway, Ag and Au are both LTCC compatible and rdgey transmutation there isn't
much difference between Au and Ag.

The DuPont 951 ceramic has been chosen in platteeus CT700 since the last one
contains some percentage of Co, Ba and Sr, beeggthubstances not suitable for the
ITER vaccum vessel.

The design parameters and reference requirementthédoAu prototype sensors are
summarized ifmable 16.

Sensor dimensions (max) 30mm x 40mm x 15mm
Equivalent magnetic area (optimal value 0?3m
Electrical resistance (optimal value) 100Q

Electrical resistance (maximum value) | 500Q

Ceramic substrate material AV
Conductor material Au
Normal operation temperature 200 °C
Max allowable temperature 500 °C

Number of conductive layers (first set |010
sensors)

Number of conductive layers (second sef of 40
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sensors, optimal value)

Number of conductive layers (second set 80

sensors, minimum value)

Thickness of one ceramic layer (suggestedoum

value)

Conductor lines layout racetrack

Conductor line width (suggested value) | 400pum

Conductor line thickness (minimum valug)10 um

Conductor line spacing (suggested value) 200um

Insulation withstand voltage to ground >1kV

Table 16: design parameters and reference requirgsi®r the Au prototype sensors

The first set of three 10-layer Au LTCC prototymnsors, complete with Au terminal
wires, was delivered by Linkra to Consorzio RFXJanuary 2009. During the magnetic
and electrical tests at RFX the welding of the teahwires of two prototypes was
broken, following the application of a limited mectical stress (see 3.2.8). The broken
prototype sensors were sent back to Linkra foriregtathe beginning of February 2009
and re-delivered to RFX in July 2009.

Due to the difficulties met in the building of 48ykrs prototype sensors only one sample
of the second set (40 layers) was delivered in 2009. Since the failure rate in the
manufacturing of 40 layer sensors was too highef#ssrs out of a total of 5 attempts
resulted cracked after the curing in oven at 850%0)as decided, in accordance with
RFX, to go ahead with the manufacture of 7 LTCCsses having 30 layers instead of
40.

As explained by Linkra, several specific precaudidrave been taken regarding non-
uniform shrinkage during firing, misalignment ofyéas, non-uniform thickness of

conductive lines and stray magnetic areas, sineentiimber of layers required for

78



obtaining the equivalent area required is largantthat usually produced with LTCC
technology. According to the declarations of confance and test report sheets provided
by Linkra the shrinkage of the LTCC ceramic laydusing firing is 27% (the green type
sheets have reduced from 254 to 2@Chickness).

Table 17 describes the whole set of sensors, with a uniueumber (indicating the n.
of layers and a sequential number), the delivetg dad the type of tests executed. The
tests carried out on the prototype sensors disdusdgaustively in the following sections

are:

3.2.1 Dimensional, density and shrinkage analysis
3.2.2 Planarity tests

3.2.3 Electrical tests: static and dynamic charaagon
3.2.4 Magnetic tests: main and transverse equivalem
3.2.5 Thermal conductivity tests along the mairction
3.2.6 Vacuum out-gassing in ITER relevant condgion
3.2.7 Micrographic tests

3.2.8 Connection tests on the coil terminals

3.2.9 TIEMF measurements

Table 17: sensors identification, delivery date aests executed (‘1.2.n’ indicates the
Section number of this document where the tesssribed)

1D Delivery 3.21 | 3.22| 3.23| 324 3.25 3.2.6 3.2y 3.2/8 .93.2
date
Au-10-1 | Dec 2008 | v v v v - - v v v
Au-10-2 | Jan 2009, v v v v v - v v v
repaired
July 2009
Au-10-3 Jan 2009, v v v v v v v v v
repaired
July 2009
Au-40-1 | July2009| v v v - - v v v
Au-30-1 | Dec2009| v v v v - - - v v
Au-30-2 | Dec2009| v v v v - - v v v
Au-30-3 | Dec2009| v v v - - - v -
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Au-30-4 | Jan 2010

Au-30-5 Jan 2010

Au-30-6 | Feb 2010

ESESESES
ESESESES
ESESESES
< ||

ESESESES

Au-30-7 | Feb 2010

3.2.1 Dimensional, density and shrinkage analysis

The Au LTCC sensordg-fgure 62 to Figure 64) have the following nominal dimensions:

e 10 layers: 30 x 40 x 2.7 mm
» 30 layers: 30 x 40 x 6.9 mm
* 40 layers: 30 x 40 x 9.0 mm

Table 18 lists the weight of the LTCC sensors.

— a1 -'f'-- AR by o Lot iy g
Figure 62 : Au LTCC sensors (10-layer left, 40-lagrght)
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Figure 63 : 40-layer sensor

Figure 64 : 30-layer sensor

Table 18: sensors’ weight

Sensor Weight
[a]
Au-10-1 11
Au-30-1 28
Au-30-2 28
Au-30-3 28
Au-30-4 28
Au-30-5 28
Au-30-6 27
Au-30-7 28
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3.2.2 Planarity tests

A planarity test has been carried out by measuhegnaximum and minimum thickness
for each LTCC sensor and calculating the deviatierthe difference between the two
measured values. The thickness of the central p@istbeen measured too. A feeler pin

having a resolution of 0.01mm has been used fotetef-igure 65).

Figure 65: feeler pin used for the planarity test
Table 19 lists the measured thicknesses for easkosend the respective deviations

(absolute and percentage).

Maximum Minimum Central Percentage
sensor\thicknessthickness thickness thickness | deviation | deviation

mm mm mm mm
Au-10-1 2.70 2.65 2.61 0.09 3.3%
Au-10-2 2.72 2.68 2.65 0.07 2.6%
Au-10-3 2.73 2.69 2.67 0.06 2.2%
Au-40-1 8.99 8.85 8.99 0.14 1.6%
Au-30-1 6.89 6.75 6.8 0.14 2.0%
Au-30-2 6.83 6.73 6.8 0.1 1.5%
Au-30-3 6.85 6.72 6.84 0.13 1.9%
Au-30-4 6.85 6.76 6.85 0.09 1.3%
Au-30-5 6.83 6.76 6.81 0.07 1.0%
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Au-30-6

6.84

6.73

6.84

0.11

1.6%

Au-30-7

6.82

6.72

6.82

0.10

1.5%

Table 19: measured thickness and deviations

In the case of 30-layer LTCC sensors the planaftthe transversal sides has been

verified too. The four edge points of each transakrside have been verified by

measuring their vertical position with respect toeterence point (marked Higure 66

by a vertical arrow). The surfaces tested are shawaigure 66.
F

G

Figure 66: scheme of the planarity tests carrietl@uthe transversal sides of 30-layer

sensors
A B C D E F G H I L M N
sensor | [p | [um] | [pm] | [um] | [um] | [um] | [pm] | [pm] | [um] | [um] | [pm] | [pm]
m]
Au30-1 | 0| 0© 0 0 0 0 2 1 0 0 0 0
Au302 | 0 | 150 150] © 0| 90| 129 20 o] -150 -1j0 -2
Au303 | 0 | 130| 80| 30| 0] 80 60 0 o 60 -7p 1p
Au304 | 0| 30| 20| 20| 0] 10| -20 -1d o] -10 10  1p
Au305 | 0 | 20| 20| o0 0| 10] 20 o o] 20 14 0
Au306 | 0| 30| 60| 20| 0] 20 30 30 0] 29 30 -
Au307 | 0 | 90 | 120] 50| 0] 110 104 1d o _ -9p 4p

Table 20: vertical position of the edge pointsha transversal sides

The planarity error appears considerable in the cdAu-30-2 and Au-30-3, with a

deviation up to 17Qum. This is probably due to the deflection of thandond cutting saw

used to trim the sensor after curing and this meoeuld be improved.

3.2.3 Electrical tests: static and dynamic characterizabn

Both static and dynamic electric tests have beemnedaout on each LTCC sensor in

order to find out important parameters such asrbelation withstand voltage (dielectric
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strength), the static resistance, the equivaleshtdgtance and capacitance, the resonance

frequency and the bandwidth.

3.2.3.1 Insulation withstand voltage

The insulation withstand voltage was measured kpping the outer surface of the
LTCC sensor with a aluminum foil and applying atage up to 5kV between one
terminal and the grounded foiFigure 28). The procedure for the measurement of the

insulation withstand voltage is the same alreadyldsr Ag LTCC sensors (3.1.2.1).

SATURN ISO ABB METRISO
sensonvoltage| v |27 [s00v | 0% |29 5000
Au-10-1 >36Q | >36Q | >306Q | >306Q | >206q | Suriace discharge
Au-10-2 >3GQ | >3GQ | >30GQ | >30GQ | >20GQ gé‘é;arfg ddiSCharge
Au-10-3 >36Q | >36Q | >306Q | >306Q | >2060 | Soriace discharge
Au-30-1 >36Q | >36Q | >306Q | >306Q | >206Q | Sunace discharge
Au-30-2 >36Q | >36Q | >306Q | >306Q | >206q | Suriace discharge
Au-30-3 >3GQ | >3GQ |>30GQ | >30GQ | >20GQ ié‘gLarfg ddiSCharge
Au-30-4 >360 | >36Q | >306Q | >306Q | >2060Q | Soriace discharge
Au-30-5 >36Q | >36Q | >306Q | >306Q | >206Q | Soriace discharge
Au-30-6 >3GQ | >3GQ | >30GQ | >30GQ | >20GQ | discharge occurred
Au-30-7 >3GQ | >3GQ | >30GQ | >30GQ | >20GQ | discharge occurred
Au-40-1 >3GQ | >3GQ |>30GQ | >30GQ | >20GQ ié‘gLarfg ddiSCharge

Table 21: Insulation resistance values of Au LT€@@ssrs

3.2.3.2 Static and dynamic electric characterization

Table 22 displays the values of the electric rass® measured in static conditions by
the ABB METRAWATT GmbH instrument.

LTCC sensor R Q]
Au-10-1 132.3
Au-10-2 129.5
Au-10-3 128.1
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Au-30-1 368.0
Au-30-2 388.3
Au-30-3 375.2
Au-30-4 377.8
Au-30-5 375.3
Au-30-6 434.0
Au-30-7 437.0
Au-40-1 493.0

Table 22 : values of the static electric resistance
The sensor dynamic behavior is equivalent to that @rcuit constituted by the series
of an inductance and a resistance in parallel wittapacitance (Figure 29). Table 23
displays the values of the equivalent resistanapacitance and inductance of the LTCC
sensors together with the resonance frequencies.abbve mentioned parameters have

been measured by the HP4194 impedance analyzer.

Sensor Req Leq Ceq Resonance
[Q] [uH] [pF] frequency [Hz]

Au-10-1 1.32E+02 7.35E+02 4.28E+01 8.98E+05
Au-10-2 1.30E+02 7.33E+02 3.66E+01 9.72E+05
Au-10-3 1.31E+02 7.32E+02 3.65E+01 9.74E+05
Au-40-1 4.96E+02 8.95E+03 1.19E+01 4.89E+05
Au-30-1 5.78E+02 5.48E+03 1.52E+01 5.52E+05
Au-30-2 3.87E+02 5.51E+03 1.52E+01 5.50E+05
Au-30-3 3.74E+02 5.49E+03 1.52E+01 5.52E+05
Au-30-4 3.80E+02 5.49E+03 1.54E+01 5.48E+05
Au-30-5 3.74E+02 5.49E+03 1.54E+01 5.47E+05
Au-30-6 4.36E+02 5.49E+03 1.56E+01 5.44E+05

Table 23: electric parameters of the LTCC sensanedent circuit

Figure 67 shows the bode diagram of the impedahgef the equivalent circuit

(calculated according to the values of Req, Leq@ed determined).
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Figure 67: Amplitude and phase of the equivaleqtedance of the LTCC pick-up coils

The bandwidth of the measuring probe consistind BEC sensor and acquisition

system has been calculated referring to the eqnvalircuit shown irFigure 31 (see

3.1.2.2).

Figure 68 shows the amplitude of the transfer fioncof the measuring probe (LTCC

including the input resistance of the acquisitigatem) whileTable 24 lists the cut off

frequencies.
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Figure 68: Amplitude of the frequency responsénefliTCC magnetic probe

LTCC sensor Cut off frequency
(-3dB) [MHZ]

Au-10-1 1.39
Au-10-2 1.51
Au-10-3 1.51
Au-40-1 0.759
Au-30-1 0.856
Au-30-2 0.854
Au-30-3 0.856
Au-30-4 0.850
Au-30-5 0.850
Au-30-6 0.850

Table 24 : cut off frequencies of measuring prdbEQC sensor and integrator)

3.2.4 Magnetic tests: main and transverse equivalent area



The equivalent magnetic areas of the LTCC sensoa# and transverse, have been
calculated in order to evaluate the sensitivitymiagnetic fields along the main and
transverse direction of the sensor. The proceduréhe magnetic calibration is the same
already used for Ag LTCC sensors (3.1.3).

The LTCC sensors were fixed on a calibrated supporbrder to obtain a good
alignment with respect to the direction of the ire@d magnetic field B. The value of the
field is proportional to the current | inside thelenoid, where the constant of
proportionality is k = B/l = 0.0009642 T/A.

3.2.4.1 10-layer sensors

Figure 69 and Figure 70 show the equivalent aredn and transverse, Vs frequency
for the 10- layers LTCC sensors. A general comrigegiven in Section 2.4.4.
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Figure 69 : main equivalent area of 10-layer LTC&hsors
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Figure 70: transverse equivalent area of 10-lay@CC sensors, both sides

3.2.4.2 40-layer sensors

Figure 71 and Figure 72 show the equivalent aredn @nd transverse, Vs frequency
for the 40-layer LTCC sensors. A general commeghvisn in 3.2.4.4.
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Figure 71: main equivalent area of the sensor Att40
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Figure 72: transverse equivalent area of the sefso#0-1, both sides
3.2.4.3 30-layer sensors

Figure 73 and Figure 74 show the equivalent aredn @nd transverse, Vs frequency

for the 30-layer LTCC sensors. A general commeghvisn in 3.2.4.4.
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Figure 73: main equivalent area of 30-layer LTCOQs&'s
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Figure 74: transverse equivalent area of 30-lay@COC sensors, both sides

3.2.4.4 Final considerations

Table 25lists the values of the main and transverse etgnvarea at 100Hz for each
sensor and the maximumgfsverslAmain ratio. The magnetic equivalent area of the
sensors are fully satisfactory, since along thenndhiection it is consistent with the
geometrical characteristics of the winding and gltive transverse direction is <1%.

The increase of magnetic area at higher frequetarygahe transverse direction (in
particularFigure 70 andFigure 74 could be due to a local deformation of the magneti
field in the proximity of the sensor, owing to tA@uminum foil which was wrapped
around the sensor to shield the sensor from thiegbagnd electromagnetic noise.

The evident higher transverse area of some cagsemgtance Au-30-2 and Au-30-3
in Figure 74) are probably due to a not optimal alignment & #ensor within the

calibration rig rather than to a misalignment oé #tonductor layers within the LTCC

Sensors.
Sensor Main érea Tr_ansv_erse azrea Transver_se area Maximum

[m?] first side [m?] | second side [f] | AuansversdAmain
Au 10 1 8.00E-02 1.69E-06 5.06E-06 0,0%
Au 10 2 8.02E-02 1.12E-05 3.75E-05 0,0%
Au 10 3 7.97E-02 2.15E-05 2.77E-05 0,0%
Au 40 1 3.27E-01 2.21E-03 1.82E-03 0,7%
Au 30 1 2.44E-01 1.02E-04 1.81E-04 0,1%
Au 30 2 2.45E-01 9.00E-05 2.85E-03 1,2%
Au 30 3 2.44E-01 3.57E-04 1.47E-03 0,6%
Au 30 4 2.45E-01 5.95E-04 6.49E-04 0,3%
Au 30 5 2.45E-01 3.33E-04 4,50E-04 0,2%
Au 30 6 2.44E-01 5.44E-04 6.48E-04 0,3%
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| Au30 7| 243E-01 | 5.65E-04 | - \ 02% |
Table 25: average values of main and transversa arel the maximumyAnsverséAmain

ratio

3.2.5 Thermal conductivity tests along the main direction

The procedure of the experiment and the mathenhatiodel adopted are the same
already used in the case of Ag LTCC sensors andbeafound in 3.1.4: two LTCC
sensors were tightened between two copper barpldmathe role of thermal sinks. The
LTCC sensors were connected in series and fed bglexntric generator. The heat by
Joule effect inside the sensors produces a theftmaklong the main direction of the
sensors, from the center to the thermal sinks.edperiment was carried out on 10-layer

LTCC sensors only.

A one-dimensional model has been used to desdrééermal conduction across the
thickness of the two sensors, the heat flux assuneeohal to the plain section of the
LTCC sensor. Thanks to the limited thickness ofti€C sensors (2.7 mm), the fraction

of the heat flowing out from lateral sides by thafmonvection with air can be neglected.

The instrumentation used is the same already useithd case of the Ag LTCC

Sensors.

The Voltage drop (imposed by the electric generdt®&PCO BOP power supply) was
45.6V while the average current flowing inside thECC sensors was about 0.174A,
depending on the actual sensor temperature. Thdtingsgenerated thermal power was
q=7.94W.

The equivalent thermal conductivity of the sensas been calculated on the basis of
the one-dimensional analytical model (equation):5)

A= 2= wmtk?
2T, -T,)
where H is the internal heat generation power p@t wolume, T, is the average

temperature of the sink,Ts the temperature of the central point and lhesthickness of

one sensor (2.7mm).
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The measured value of the thermal conducti A yis slightly smaller than the one
declared by DuPont in the DuPont 951 Green Tapealyatodescription which is

A = 3.3ﬂ

datasheet — :
mK

The same final considerations about the reliaboitythe thermal test already indicated

for Ag LTCC sensors are valid in the case of Ausses too.

3.2.6 Vacuum out-gassing in ITER relevant conditions

The procedure of the experiment and the mathenaticalel adopted are the same
already used in the case of Ag LTCC sensors andedound in 3.1.4. The experiment
set-up is shown ifrigure 48 andFigure 49 while the baking cycle is shown Figure
51 andFigure 52 The test has been carried out on the sensor ARidrfly.

Table 26 reports the results of the experiment at the dritiebaking cycle; the out-

gassing rate of the LTCC sensor is obtained bydifierence with the empty chamber

OR value.
Empty chamber Au-10-3 sensor
*10° [Pa m’/s] *10° [Pa m’/s]
120 °C 7.3 14-73=6.7
30 °C 0.7 3.0-0.7=23

Table 26: Absolute OR of 10-layer sensor and ercipgynber

Figure 53 shows the measured pressures and thdatatt OR for the empty chamber

while Figure 75 shows pressures and OR for the @«3-$ensor.
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Figure 75: Measured pressures (left) and OR evalddtight), Au-10-3 sensor

As in the case of Ag LTCC sensors pure lhs been considered as out-gassed
substance and this choice determines an overegiimadtthe out-gassing rate.

3.2.7 Micrographic tests

3.2.7.1 Layer-to-layer alignment

The alignment of LTCC sensor Au conductive line8-fdyer and 40-layer) has been
verified using x-ray imagingHigure 76 and Figure 77) and micrographic images of
sectioned sensors (Figure 79). The tolerance ipdiséioning of the conductive lines and

vias is sufficient to ensure a reliable connectibthe different layers (Table 27).
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Figure 76: x-ray picture of 10-layer LTCC sensoowgiing the actual layout of conductor

connections (detail of the connection pad on thatji

Figure 77: x-ray picture of 40-layer LTCC sensoowgling the actual layout of conductor

connections
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Figure 78: x-ray picture of 30-layer LTCC sensoowgling the actual layout of conductor
connections (detail of the pad connection on that)i

S

Figure 80: pictures of 40-layer LTCC sensor crosst®n

Table 27 displays the cross-section characterisiicone of the 10-layer LTCC

sensors and of the 40-layer sensor.

96



Number of layers 10 40
Number of turns per layer 20 20
Offset between layers 433um 495um
Layer thickness 201 £ 5um 199 + 1uym
Distance between conductive lines 210 + 5um 204 £ 8um
Thickness of conductive lines 8.5+ 1um 8.1 +0.6um
Width of conductive lines 385 £ 5um 404 + 10um

Table 27: characteristics of 10-layer and 40-1ay8iCC sensor cross-section

3.2.7.2 Composition

SEM-EDS analyses have been carried out to chaiaetéhe ceramic and the
conductors of the LTCC sensors. The ceramic (DuBbf)j is a mixture of alumina and

silica glass, containing small percentage of Plarit Ca.

External surface compaosition (ceramic)
Figure 81 displays two enlargements of the extesumface of the LTCC sensor
(2000X enlargement on the left and 7000X on thétyigvhile Figure 82 shows the

composition of the surface.

Figure 81: external surface enlargement (2000X ege@anent on the left and 7000X on
the right)
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Figure 82: composition of DuPont 951 ceramic (emédrsurface)

Au connecting pads composition

Figure 83 displays two enlargements of the surtdoene Au connecting pad (100X

enlargement on the left and 300X on the right) e/lfiigure 84 shows the composition of

the connecting pad.

—500.0pm—

Figure 83: enlargements of one Au connecting p&@®Xlenlargement on the left and

300X on the right)
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Figure 84: Au connecting pad composition
Cross-section composition (ceramic and conductivenks)
Figure 85 shows the composition of the inner cotidedines at the cross-section

while Figure 86 shows the composition of the cecafai the cross-section).
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Figure 85: inner conductive lines composition
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Figure 86: cross-section composition (ceramic)

3.2.8 Appropriate connection tests on the coil terminals

Terminal wires of Au LTCC sensors have been initialelded to the pads using a
metallic paste, the same used for the vias, anedcir oven at 850°C. The diameter of
the Au wires was 1 mm. Unlike the case of Ag sesistite welded connection of
terminal wires to the pads resulted porous afteldiwg, evidencing an unacceptably

weak mechanical resistance.

A list of comments regarding the welded connectsopresented below:

* Avery small force (few tens of grams, appliedra €énd of the conductor) proved
to be sufficient to break the welded connection

* An initial detachment at the interface between weding material and the
metallic pad was probably the cause of the failure

» The welding materials appears to be porous ankedain several places (Figure
88)
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* One or more gas bubbles appear to have been eetrdmiween the welding
material and the metallic pad during the weldingcess

* The adhesion between the welding material and #talht surface of pad seems
generally poor

» A considerable shrinkage has taken place duringing!

* The Au conductor, whose diameter was 1mm, was edbrohed during the
breakdown of the welded connection, indicating thla¢ breakdown was
facilitated by the stress concentration due to ridative high stiffness of the
conductor

The welded connection has been accidentally br¢f@msamples Au-10-1 and Au-

10-2) simply handling the sensors (Figure 87). bheaking was due to the excessive
mechanical stress upon the welding, produced byntbeement of the terminal wires
during the normal measurement operations. LTCCassrigave been sent back to Linkra
for the repair.

Figure 87 : broke connection between terminal waed Au pads.
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Figure 88 : the welded connection appears to beopsrand cracked

In order to reduce the mechanical stress on the@ pads a 0.3 mm Au wire has been
used for the repair (original Au wires were 1.0 mijoreover a different welding
technique has been adopted, using both “vias” awthductor paste” instead of “vias
paste” alone and curing in oven at 850°C. The medsothis choice is that "conductor
paste" is subjected to considerable shrinkage duuring, but remains compact after

curing, whilst "vias paste" does not shrink but a&ms porous.

The final result appears to be less porous (evesonfe crack remains) than in the
former case, showing a better adhesion to the heetahds and a less accentuated
shrinkage (Figure 89). On the other hand the 0.3 Aumwire proved weak and not
suitable for typical handling operations necessdwying measurement sessions, and

become the weakness of the terminal connection.

Figure 89 : enlargement of the new welded connedtiche pads carried out using both

“vias” and “conductor paste”
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The weak repair 0.3 mm Au wires broke during thest€in the case of Au-10-2, Au-
10-3 and Au-40-1) and a conductive epoxy resinbdeen used, as a temporary solution,
to weld two flexible copper wires to the pads irder to complete the magnetic
measurements (Figure 90). Fortunately all theaalittests, i.e. the "thermally induced
electromotive force" (TIEMF) test, which might halveen influenced by a non-uniform
chemical composition of the conductors, had alrebégn carried out before the

occurrence of the failure.

Figure 90 : terminal wires connected by conductapexy resin (10-layer left and 40-

layer right)

The 30-layer LTCC sensors have been built usingefminal wires having a diameter
of 0.6 mm (instead of the weak 0.3 mm wires). Thw rtonnection appears robust and
the wires can now be handled without the dangéredking either the welding or the Au
wires themselves. This appears a good compromideegtuces meaningfully the stress

in the Au pads.

3.2.8.1 Discussion

As described above, the welding of the Au termimiaés to the metallic pads, in the
case of Au LTCC sensors, proved more problemathn tim the case of Ag sensors.
Anyway, the problem has been solved by using twtaline pastes instead of one and

reducing the diameter of the wires (0.6 mm insiafatinm).
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3.2.9 TIEMF measurements

The procedure of the experiment is the same alremeyl in the case of Ag LTCC

sensors and can be found in 3.1.6.

Figure 91 tdFigure 97 show the TIEMF effect as a function of the therahap T-T»
between the two copper bars, measured on 7 sensors.
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Figure 91 : thermal drop between the two coppeksifieft) and TIEMF effect (right) for
the sensor Au-10-1
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Figure 92 : thermal drop between the two coppeksifieft) and TIEMF effect (right) for

the sensor Au-10-2
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Figure 93: thermal drop between the two copper sifift) and TIEMF effect (right) for
the sensor Au-10-3
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Figure 94: thermal drop between the two copper sifift) and TIEMF effect (right) for
the sensor Au-40-1
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Figure 95: thermal drop between the two copper sifift) and TIEMF effect (right) for
the sensor Au-30-1
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Figure 96: thermal drop between the two copper sifift) and TIEMF effect (right) for
the sensor Au-30-2
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Figure 97: thermal drop between the two copper sifift) and TIEMF effect (right) for
the sensor Au-30-6
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3.2.9.1 Discussion

The TIEMF effect appears much more prominent incéee of Au LTCC sensors than
in the case of Ag LTCC sensors, where the TIEMEaffvas found to be ¢ with a
temperature drop of 60 K (3.1.6).

The TIEMF effect is probably due to the differemetmoelectric power of the
conductive materials inside the LTCC sensor, he.ttvo metallic pastes used to print the
conductive lines (track paste) and to fill the cecting vias (vias paste). The imposed
thermal gradient across the sensor can be condiderth a very good approximation,
normal to the main surfaces of the sensor, sineetwto bulk copper bars assure a
uniform temperature on the two external faces. ffhetion of the heat flowing out from
lateral sides by thermal convection with air can neglected thanks to the limited

thickness of the LTCC sensors.

The thermoelectric voltage between the two endtp@ha uniform conductor can be
calculated according to equation (1), wheris the thermo-power of the material and Ta

and Tb are the temperatures of end points of thdwador.
Tb
V= [u(mdT (1)
Ta

In Figure 98 the cross-section of a LTCC sensor having 6 camdridayers is
schematized. Each track is at uniform temperatuneeghe thermal gradient is normal to
the main surfaces of the sensor due to the thecoratraints of the copper sinks. This
means that, in the specific conditions realizedmnduthe experiment, no thermoelectric
voltage should exist between the two junctions athetrack and therefore all the

thermoelectric potential is generated within thesvi
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Figure 98: scheme of LTCC sensor internal circuit

Assuming the thermal gradient to be normal to #reser main surfaces and that the
terminal wires are characterized by a constantnitbgvower |4 if the vias were
constituted by a uniform material of thermo-powet the thermoelectric voltage V
between the terminal wires of the LTCC sensor shbelcanceled out.

This leads to the conclusion that the TIEMF effe@hin the LTCC sensors can be
mainly ascribed to some level of non-uniformitytbé chemical composition of the vias
paste, which could cause the thermo-powgrto be non uniform. This heterogeneity

seems to be confirmed by the analysis of the kagufe 99) which shows a different
diffusion of Si and Al elements within the Au maat¢iof the vias.

Au +cornpounds A
of Siand Al

12/18/2009 | HFW WD V V | Pressure ——500.0ym——
11:41:18 AM|2.08 mm|10.3 mm|130x|25.0 kV[1.00 Torr| SSD

Figure 99: Cross-section of 4 vias of the 40-lay&CC sensor
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This hypothesis is supported by the fact that tHeMIF voltage measured under
similar conditions on the first series of LTCC semrssmade of Ag conductive lines and

vias is much smaller (<1pV with a temperature dyrbp0 K)
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4 Development of pick-up coils built with POZh cable

In order to obtain a pick-up coil sensor with aaréased ground insulation and a reduced
thermal gradient with respect to the sensor busihg ceramic coated wires or MIC
insulated wires, coils made using POZh wires ledse been built.

"P.0O.Zh. conductor" are Nickel-plated Copper condrgc with braided fiberglass
insulation, produced by a Russian manufacturer (KRY).

There have been serious difficulties in the procwet of the conductor, which arrived
only in July 2008 after one year and many contats Vniikp, Expocable, Best-Electro,
Rubincon Power and Russian ITER Domestic Agentwe description of the electric

tests carried out on the first sample of POZh cabfebe found ifi 9 ].

The available POZh cable has been provided in thiféerent batches. The pick-up coil
was built using the wire coming from the first dat(batch N25) but only afterwards
differences were found among characteristics othihee batches. In particular, the cable
used presented the worst characteristics in tefnedeotric insulation. Following visual
inspections evidenced the differamtiformity and integrity of the insulation of thieree

cables

The sensor is formed by 8 layers and 628 turnsu(Eit00).

o TR, RN - MR- 5 ¢ |

Figure 100: Pick up coil made with POZh wire
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Table 28: POZh cable characteristics (accordingrtanufacturer)

Cu 99.95%

Covered with a

by i 1 ] i
Conductor material 0= 002% \yer of mickel

Others ( Fe, Ni, Zn,
As,Sn, 5h, Pb, Bi}

Insulation material Glass Noalkali
Conductor diameter = (1315 mm Measured valoe

Outer diameter = (1,630 mm Measured value
Temperature range 60°C to 600°C

4.1 Insulation withstand voltage

The insulation withstand voltage of the POZh cdide been measured by wounding the
cable on a metallic mandrel. A DC voltage has beggplied between the cable and the
metallic mandrel itself. The measurements have bmmned out by means of two
different instruments, the SATURN-ISO LEM in thenge 100-1000V and the ABB
METRISO 5000 in the range 2500- 5000V.

Electric insulation tests carried out on cables iognfrom different batches have shown
some differences. Tests results are reported ineT2® The values of resistance were
measured before and after the discharge for eatdh.b@ests carried out after the

discharge show a partial capability of regeneration
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R [GQ] R [GQ] R [GQ]
Voltage R [GQ] _ after R [GQ] _ after R [GQ] _ after
V] (batch discharge | (batch | discharge | (batch | discharge
N25) (batch N26) (batch N212) (batch
N25) N26) N212)
100 200 1000 200 500 300 1000
200
250 200 1000 200 500 300 1000
500 600 0.11 (after| 300 100 (with | 600 1000
temporary slow (with slow
discharge) increase) increase)
600 600 DISCHAR 600 | DISCHAR
GE GE
700 700 (after 1000
temporary
discharge)
750 DISCHA 300 50 1000
RGE
800
850 1000
1000 300 | DISCHAR DISCH
GE ARGE
2500 DISCH
ARGE

Table 29: Insulation resistance values for the three different batches

The insulation withstand voltage of the pick-upl sginsor (8 layers and 628 turns), built
with the cable coming from the first batch (N25)yasvmeasured by applying a voltage
between the conductor and the metallic reel on lwhie POZh cable is wound: the
breakdown voltage was found bigger than 500 V. Buslits on the reel necessary for
the impregnation of the fluid ceramic, the metalteel present sharp edges which

reduced the withstand voltage.

4.2 Electric characterization

The sensor dynamic behavior is equivalent to that @rcuit constituted by the series of
an inductance and a resistance in parallel wittagacitance (Figure 29). The above
mentioned parameters have been measured by theQ¥iPdpedance analyzer and are

shown inTable 30.
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Table 30: electric parameters of the LTCC senspivalent circuit

Resonance
Req Leq Ceq frequency
[Q] [HH] [PF] [HZ]
12.34 3360 71.56 0.32E+06

Figure 101 shows the bode diagram of the impedaieof the equivalent circuit
(calculated according to the values of indicated@ahle 30).

Amplitude

10—

Z [Ohm]

Fraguency [Hz]

Phase
T T T T 71T T T T T TTT T I:::::”

IS S

Phase [Deq]

00 Pl I N R
1" 10' 1 10
Frequency [Hz]

Figure 101: Amplitude and phase of the equivalergedance of the POZh pick-up coill

The bandwidth of the measuring probe consistind®@Zh sensor and acquisition

system has been calculated referring to the egnvalircuit shown irFigure 31 (see

3.1.2.2).
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Figure 102 shows the amplitude of the transfer function of theasuring probe
(POZh sensor + input resistance of the acquisgi@tem) whileTable 31 display the cut

off frequency.

POZh sensor's bandwidth
£l Bk m nhl | RN BN s

Frequency [Hz]

Figure 102: Amplitude of the frequency responsiefL TCC magnetic probe

Table 31: cut off frequency of the measuring prg®@Zh sensor and input impedance of
the acquisition system)
Cut off frequency [MHz]| 0.50E+6

The cut-off frequency is smaller than that of thECQC sensors, but still larger than

required

4.3 Micrographic analysis

Figure 103 shows a SEM image of a POAh cable wikilgure 104 andFigure 105 show

the composition of the conductor core and of thedoator surface.
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Figure 103: SEM image of POHz cable

e 2 si o " d 4
Al (<) an Ni
Figure 104: composition of the POZh conductor core
;;,.u M
(.;"
|
Si
Al - 5 o Cu
M

Figure 105: composition of POZh conductor surface
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4.4 Magnetic characterization

The equivalent magnetic areas of the LTCC sensaoa# and transverse, have been
calculated in order to evaluate the sensitivitymiagnetic fields along the main and
transverse direction of the sensor. The proceduréhe magnetic calibration is the same
already used for Ag LTCC sensors (3.1.3). The LT8&@sors were fixed on a calibrated
support in order to obtain a good alignment witkpext to the direction of the imposed

magnetic field B Figure 108.

o\ - S - 2 —
Figure 106 : POZh sensor on the calibrated support.

o

The results are shown migure 107 (main area) an#igure 108 (transverse area, both

sides).
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4.50E-01

4.00E-01

3.50E-01

3.00E-01

2.50E-01

2.00E-01

1.50E-01

A_eq_main [m~2]

1.00E-01
5.00E-02

0.00E+00
10 100 1000 10000

f [Hz]
Figure 107 : Main equivalent ared,,, of the POZh sensor.

3.50E-03
3.00E-03

2.50E-03

2.00E-03

1.50E-03

Aeq_tran [m”"2]

1.00E-03 — @ Aeq transverse sidel

5.00E-04 —u— Aeq transverse side2

0.00E+00
10 100 1000 10000
f[Hz]
Figure 108 : Transverse equivalent arég,,,, (side 1 and side 2) of the POZh sensor.

Table 32 lists the values of the main and transverse etpnvaarea at 100Hz for the
POZh sensor and the maximum Atransverse/Amain.r&tie magnetic equivalent area
of the sensor is fully satisfactory, since along thain direction it is consistent with the
geometrical characteristics of the winding and gltire transverse direction is <1%.
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Table 32: average values of main and transversa arel maximum Atransverse/Amain

Sensor Main Area Transvr:rtls% first Transverse Maximum
[m?] side area second  side AyansversBAmain
[m?] area [ni]
POZh 3.87E-01 2.61E-03 2.70E-03] 0.7%

4.5 Vacuum out-gassing in ITER relevant conditions

The procedure of the experiment and the mathenhaticalel adopted are the same

already used in the case of Ag LTCC sensors andedound in 3.1.4. The experiment

set-up is shown ifrigure 48 andFigure 49 while the baking cycle is shown Figure

51 andFigure 52

Table 26 reports the results of the experiment at the dritiebaking cycle; the out-

gassing rate of the LTCC sensor is corrected tleerempty chamber OR value.

Empty chamber POZh sensor
*10° [Pa m’/s] *10° [Pa m’/s]
120 °C 7.3 12-73=4.7
30 °C 0.7 22-0.7=15

Table 33: Absolute OR of POZh sensor and empty lobam

Figure 53 shows the measured pressures and thdatatt OR for the empty chamber

while Figure 109 shows pressures and OR for the POZh sensor.
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2 pressures

" Qutgassing-rate

p [mbar]

10

time [days] time [days]

Figure 109: Measured pressures (left) and OR eueliéright), PoZh sensor

As in the case of LTCC sensors purghds been considered as out-gassed substance
and this choice determines an overestimation obthegassing rate.
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5 Design proposal of a mechanical and electrical coeation system for
ITER in-vessel magnetic sensors

This chapter describes the development of a mechlaaind electrical connection system
for the magnetic sensors inside the ITER vessel.

The development has been carried out on the b&sas existing design described in
Design Description DocumentsL] [ 11] and in the related technical drawingSdure

110 andFigure 111 report the drawings for equilibrium tangentiallsji

'
DUMENSIONS RELATE T RpOU- TEWPERATURE (287K}

ASSEHEL Y VIEW ) .
AF SHIELOANG NOT. SHORW susRoer PLATE. &

Figjuré 116: Referehcé Tangént.iall céiﬁsb \'/ie‘v\E' ‘Drlawing
55.0088.0001.2D.0101.W
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. i o . y EEEE e Ananal o b, |
Figure 111: Assembly view ITER Drawing 55.0088.0BD20101.W

The in-vessel magnetic coil connector should méet following main functional

requirements:

Mechanical attachment to Vacuum Vessel

Electrical connection to In-vessel wiring

Heat transfer to Vacuum Vessel

Installation and replacement by means of Remotalltansystem

Housing of metrology features for post installateamtrol

The reference design was conceived for meetingchiigiall the requirements quoted

above with the following characteristidsigure 112):

a) two bolts and a slot-joint for mechanical fagtgr(to be optimized to meet RH

compatibility);

b) felt-metal (or possible alternative conductivatemial) for thermal conduction (to be

confirmed by simulations and/or tests);

c) spot welded electrical connections (consideredenmeliable and therefore preferable

to sliding or spring contacts used in similar apgiions, for instance at JET).
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c) spot welded
electrical connections

b) felt-metal ~ e

Figure 112: Model of the reference design of inse¢gquilibrium pick-up coil and fixing
system

In the development of the new magnetic coil conpactsystem the following
improvements has been considered:

» Manufacture of all fixing parts on a single platfowelded to the vessel

* Improved the Remote Handling suitability

* Replacement of the slot-joint with two captivatexdt® for mechanical fastening

» Demonstration of the feasibility on the base of HXperience (robotic solution

could be developed later)

Figure 113 shows the model of a proposed design of magneticconnector. The new
design is mainly aimed at simplifying the interfagigh the vacuum vessel and at keeping
the thermal gradient inside the sensor, and betwlseisensor and the in-vessel wiring,
within limits acceptable for the sensor operation.

The assembly is composed of two main components:
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* a Fixed Platform, permanently welded to Vacuum ¥kssd containing the

terminals of in-vessel wirings

* a Removable Support plate, supporting the coiliemigrminals.

The Overall dimensions of the whole assembly af@nifh x 100mm x 42mm, fully

compatible with existing design. This concept isdzhon a tangential pick-up coil made
with the LTCC technology. Nevertheless this propasauld be adapted with minor

modifications to different coil types (normal cqilsobbins made of ceramic or glass
insulated wire).

_Removable Coil support plate
~ with Remote-Handling features

Pick-up coil (LTCC type) within
proper fixing case for heat transfer

removable
strip connector., £

Fixed Platform to be
welded on the inner
Vacuum Vessel

/ In-vessel cabling to
feedthrough
Figure 113: Model of the new proposal for in-vegsiek-up coils connector

The main characteristics of the proposed coil cotioe system, with comments and
open issues to be refined for the detailed desaga,described in the following sub-
sections.

5.1 Description of the Platform
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Figure 114 describes the concept of the platform, which tended to be permanently
welded to the Vacuum Vessel by means of standaddinge process. The platform

contains a pocket to house the terminals of theessel wires (enclosed in a proper
ceramic structure screwed to the platform) andttadl features for engagement of the

support plate by means of RH (conical dowels) améxing through 4 bolts.

housing for cable n.2 conical dowels for
terminals £ . base-plate engagement

- Ceramic support for cable
™. terminals screwed to platform

)

1 n.4 threaded holes for
. base-plate fastening

v

P 4

-
e

Twisted péir to conduit
(transmission cable)

weldall -~
round ©

Figure 114: Platform permanently welded to Vacuues3él

The interface between the platform and the surtddite Vacuum Vessel is drafted in
Figure 115. Considering the typical poloidal and toroidal emdion of the sensor
(100mm x 100mm) and the minimum curvature radiughef vessel (1570mm) the
resulting maximum gap between sensor and vesskcsurs of the order of 0.8mm.
Therefore a proper surface machining must be fereseo guarantee a good contact
necessary for heath transfer from sensors to veébsel solutions could be adopted:

a) flattening of the vessel surface on each sdnsation;

b) machining the sensor support to meet the curgatithe vessel.

The solution with minor impact for the two procuremts has to be evaluated: the first
solution would require the machining of severaldmads pads during vessel
manufacture; the second would require the manufaaifiseveral different platforms to

meet the different curvatures of the vessel surface
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magnetic sensor

I
=== o support plate
| 5 ._.-'
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felt metal layer, =
== m o vessel
0] . EI”_j e S surface
- I 7 o 3 _____
e e W—Tﬁf f ] L
i B S s &
-| ceramic insulators  wirine terminals &
- g

Figure 115: details of platform/vessel interfacelgiatform terminals

The main characteristics of the Platform are sunradrinTable 34.

Table 34: main characteristics of Fixed Platform

Characteristics

Material: AIS| 316L
Thickness: 8 mm
Thermal interface between| contact through
platform and vessel: weld fillets

5.2 Description of the Support Plate

Figure 116, Figure 117 andFigure 118 describe the concept of the coil support plate,
which contains housing for the coil and for the awctor leads and all the features for
installation by means of Remote Handling system.

_n.2 engagement holes, to
T “ mate with conical dowels

coil terminals 1o be spot welded to
transmission cable terminals | . n4 Pop-up threaded

captivated M8 bolts

wire clamps _

Coil leads
(to be twisted)

~
~

: Coi]\case for mechanical and
thermal fastening, with slots to

reduce magnetic shielding

Figure 116: Coil support plate
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The coil is enclosed within a copper case necegsamnaximize the thermal heat transfer
from coil to vessel. The case is inserted in aeliiéing groove, which guarantees the
correct positioning, and can be fixed by weldindpolting (to be defined).

The features for RH installation are 2 engagemetdshthat must mate with the conical
dowels on the platform, 4 captivated bolts and axiliary handle to grip the whole
assembly Eigure 118). All the RH handling features have been adapted fsimilar
tools already designed for JET2].

spring cap

_extended spring

FIa
- '

“LTCC cail

“coilcase ‘

cE)pper felt insert (if necessary)
T 1

100
Figure 117: Cross section of pop-up threaded capéig M8 bolts and LTCC caoill

(1) welding of (2) connection of

(3) mounting of coil
platform onto VV in-vessel wiring

support plate by
means of RH tool

(4) connection of coil (5) removal of
terminals and RF shielding RH tool

Figure 118: RH installation sequence
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The main characteristics of the coil Support Péatesummarized in Table 4.

Characteristics

material: Copper

Thermal interface between face to face contact

base-plate and platform: with possible insert
of felt metal

Electrical connection of Spot welded

sensor terminals to in-vessel

wiring

5.3 Thermal Analyses

This Section describes the results of thermal aealycarried out in order to assess the
overall thermal transfer capability of the coil oection system, needed to keep the
temperature drop within the LTCC coil below the egm@able limits, relying only on
thermal conduction towards the vacuum and withloeitrteed of active cooling.

Previous studies on the original design conceptpick-up coils made of Mineral
Insulated Cable indicated that, in order to keapeasurement error induced by thermo
thermoelectric phenomena like RITES and TIEMF & tider of 1%, the temperature
variation within the coil must be kept below 10PC3] [ 14]. This target was considered
the reference design specification for the typieslsembly including sensor and
connector.

Steady-State Thermal Analyses have been performeth® proposal connector. The
results of the analyses obtained by means of AN&¥Slescribed in the following sub-

sections.

5.3.1 Thermal analyses of new design concept

5.3.1.1 Description of the model, material characteristics|loads applied and
assumptions

A 3D model has been adopteBigure 119), representing the support necessary to

guarantee a proper thermal path from the senstireteessel. The model is made using
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the 3-D CAD software CATIA V5 and then imported NSYS with some
simplification to obtain a model of about 190.00éneents and 40.000 nodes.

In order to study the better solution to reduce tthermal gradient and the maximum
temperature in the magnetic pick-up coils, thregaws of the same model have been
analysed. Differences are only due to differentspgie configurations of the platform
(Figure 120 to Figure 122), the lower plate that has to be welded to theeles

» a) basic solution, considering thermal conductioly ¢through fillet weld Figure
120);

* b) with pocket, to reduce material and increasemhépath Figure 121);

» ¢) with copper insert, to make thermal distributioare uniform Figure 122);

ELEMENTS ANETE 11.08P1
NOV 15 Z0o0os
15:27: 51

ek,
ggn“lw Eﬂﬁ"’
Lo et

e e ey
R
o ittt

File: assembly first direction

Figure 119: mesh
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1

WOLUMEE ANETE 11.0271
NOV 12 zZOoog
TTYPE 10:05:53

platform

outer
welding

File: assembly first direction

Figure 120: platform basic solution with outer wielg (configuration a)

. pocket
inner

welding

outer

welding

File: aszgembly first direction

Figure 121: Platform with pocket, outer plus innveelding (configuration b)
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VOLUMES ANSTE 11.03F1

it copper insert ™.

File: assembly first_direction

Figure 122: Platform with copper insert (bottom&jdOuter welding (configuration c)

The main characteristics of the model are the fahg:

Model geometry:

* Dimensions as indicated in the figures of Sectigie\&rall 200mm x 100mm x
42mm);
Elements:
» 3D Thermal Solid (SOLID70); 8 nodes brick; d.o.ENIP;
Materials (see Table 6 for properties):

e copper;

» stainless steel;

» LTCC sensor equivalent material (Heraeus CT700nceera silver conductors);

* Macor,

» graphite foil (the material SIGRAFLEX, registereddemark of SGL CARBON
AG, was considered as an example);

Analysis type:
» Steady-State Thermal Analysis;

131



Loads and boundary conditions:

Heat generation rate induced by radiatidab{e 35);

Constant temperature boundary at contact surfagesba platform and vessel,

Table 35: characteristics of materials used in $ivaulations

Thermal Heat generation rate
Material conductivity induced by radiation Comments
[W/mK] [W/m®]
Macor 1.5 0.22 electric insulation
L.TCC sensor. 1.1 (considered equal to ceramic) sensor
equivalent material
, structures +
Stainless Steel 15 0.67 welding
Copper 385 0.77 structures
: . 100, , in plane
graphite foll 10, (considered equal to copper) through plane

Assumptions:

Radiation and convection neglected;

To assure a good thermal contact between the plaéod the coil support plate
a graphite foil (0.35mm thick) has been consider®dhterposed between the two
surfaces. The “in-plane” and “through-plane” thekroanductivity of the foll,
function of temperature, were extracted from thexufiacturer data sheet (Figure
123) considering a typical operating value of vet=mmaperature <200°C,;

The LTCC sensor is fixed inside the copper c&gufre 116). As a conservative
condition, only the main surfaces (both sides) & sensor are considered in
contact with the copper case whereas the laterdlacas are considered
adiabatic.

Sensor latere Sensor mail

surface

As a further conservative condition, the bottomfaze of the platform (the
surface that matches the vessel) has been assuliadxita: the heat can flow

only through the fillet weld.
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Figure 123: Thermal conductivity of SIGRAFLEX as a function of temperature [ 24 |

5.3.1.2 Results of the simulations

In order to study the better solution to reduce thermal increment within the
support, five simulations have been carried outifgiod) the shape of the platform and
the value of some parameters. A summary of themifft solutions studied and of the
results obtained is reportedTiable 36.

The temperature distribution for the five simulasois reported irFigure 124 to
Figure 128.

The temperature drop within LTCC sensor plus teaisimnemains almost the same for
each simulation except for the last one where hleemtal conductivity of the copper felt
has been reduced from 10W/mK to 1W/mK. The presefi¢be copper insert does not
reduce in an appreciable way this temperature tvamia

The surfaces of the welding that match the vessrir(dary conditions) have been set
to 0°C except for the fourth simulation where adgeat of 8°C has been considered to
take into account the actual temperature gradeeseen in operating conditioh$5].

Table 36: results of the simulations

Simulation Pocket Coppef Boundary Copper felt AT Tmax
insert | conditions| through-plane | LTCC/terminals| [°C]
(welding) conductivity [°C]
[W/mK]
1 (b) With No 0°C 10 6.5 19.4
pocket/inner
+outer
welding
2 (a) Without No 0°C 10 6.4 30.2
pocket/only
outer welding
3 (c) Without yes 0°C 10 6.2 27.7
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pocket/only
outer welding

4 (c) Without yes 0-8°C 10 6.8 31.9
pocket/only gradient
outer welding

5 (c) Without yes 0°C 1 8.3 32.Q
pocket/only
outer welding

HODAL SOLUTION ANSTS 11.03P1 HODAL SOLUTION ANSTS 11.08FL
—— HOV 12 z008 —— nov 1z 2008
SUB o1 11:36:40 SUB o1 11:38:08
TIME=1 TIME=L

TERE (A¥G) TEHE (AVG)

REYE=0

REYE=0
SMN =12.309
SMX =l8.@81

N ] N ]
0 5.833 11666 17.499 1z.308 14.28 16.252 18,224
2.916 8.749 14.582 19.443 13.284 15.266 17.238 18.881
File: assembly first direction File: assembly first direction

Figure 124: distribution of the temperature for thienulation n.1 (left: whole model,
right: detail of LTCC sensor and terminals)

NODAL SOLUTION ANSYS 11.05P1 NODAL SOLUTION ANSYS 11.0SFL
i || e i oo
EUE =1 - - EUB =1 - -
TIME=1 TIME=1
TEMP (AVG) TEMP (AVG)
BIX =30.242 EMN =Z3.31l1
EMX =Z5%_708
I o | - . oo |
o 9.073 18.145 27.2138 23.311 25.23 27.149 29.089
4.536 13.609 22.881 30.242 24.271 26.19 28.103 28.708
File: assembly first direction File: assembly first direction

Figure 125: distribution of the temperature for tsienulation n.2 (left: whole model,
right: detail of LTCC sensor and terminals)
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Figure 126: distribution of the temperature for tsienulation n.3 (left: whole model,
right: detail of LTCC sensor and terminals)

NODAL SOLUTION ANSTS 11.08PL NODAL SOLUTION ANSTS 11.08PL
nav 1z 2008 nav 12 zo0s
10:40:47
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4,778 14.338 23.892 31,856 26,147 28.162 30,177 31,856

File: assembly_first_direction File: assembly first_direction

Figure 127: distribution of the temperature for tsienulation n.4 (left: whole model,
right: detail of LTCC sensor and terminals)

HODAL S0LUTION ANSTE 11.08PL NODAL SOLUTION ANSYE 11.08PL
s gz || s e
SUE =1 oss SUB =1 0
TINE=1 TINE=1
TENR tave) TEMP (AVE)
BSTS=0 RSYS=D
e =31.972 s =23.737
M =31.972
] I
] 9.592 13.163 28.775 23.737 26.207 28.678 31.148

4.796 14.387 23.979 31.972 24.972 27.443 29.913 31.972

File: assembly first direction File: assam}:lyﬁf)tstﬁd1taé\:zfnn

Figure 128: distribution of the temperature for thienulation n.5 (left: whole model;
right: detail of LTCC sensor and terminals)
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6 Conclusions

In magnetically confined nuclear fusion researah itagnetic diagnostics are of great
importance, providing key information on the staté¢he plasma and allowing an active
control on the position and shape of the plasnadfits

In this work we presented the development and potbahs of a new type of pick-up coil
magnetic sensors made with LTCC technology thaulshbetter comply with ITER
requirements.

Different sets of LTCC sensors have been builtesig®07 in order to test different
materials for both the conductive lines and theaméc substrate. LTCC pick-up coils
have an outstanding dimensional and mechanicalligtala good thermal conductivity
and a fine line pattern. These sensors shouldgulacantee increased radiation hardness
and Signal/Noise ratio with respect to the standaiotk-up coils made with Mineral
Insulated Cables (MIC). They are compact, highlliabde and have an increased
main/transverse magnetic area ratio.

Many tests have been carried out upon the LTCCaossrte analyze their composition
and to characterize their electric, magnetic arefntfal behaviors. Both Ag and Au
LTCC sensors comply with ITER requirements, evethd Ag sensors present a small
TIEMF effect and a small electric resistance whiolild reduce the spurius signals due
to neutron radiation (RIEMF effect).

Sensors built with Nickel-plated Copper conductaith braided fiberglass insulation
wound on a metallic reel have been developed astddas an alternative to the standard
pick-up coils built with MIC cables.

Finally, a platform suitable for the fixing of teagnetic sensors to the ITER vessel has
been designed. The platform is necessary to gueeathie positioning of the sensors
inside the ITER vacuum vessel in order to redueeetiiors due to misalignments of the
sensors themselves. Also, the new platform is Isleitéor remote handling operations,
being composed by only two main assembles, thiedits permanently fixed to the ITER
vacuum vessel and the second one designed to ibhesedsn place by a means of RH.
The tests carried out have shown that the new seram be used inside the ITER

vacuum vessel. Nevertheless other tests will beiechrout in the future such as
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irradiation tests, necessary to evaluate the RIERMéEct. Also a fixing platform prototype

has to be realized and tested.
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SCUOLA DI DOTTORATO IN INGEGNERIA INDUSTRIALE
RIUNIONE COLLEGIO DI INDIRIZZO IN MECCATRONICA E SISTEMI INDUSTRIALI
Vicenza, 13 dicembre 2010, ore 10.00.

Collegio di indirizzo:
Battini Daria

Berto Filippo
Bolognani Silverio
Bonollo Franco
Boschetti Giovanni
Caracciolo Roberto
Chitarin Giuseppe
Faccio Maurizio
Ferrari Emilio
Ferro Paolo
Gamberi Mauro
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Mangzini Riccardo
Mattavelli Paolo
Oboe Roberto
Pareschi Arrigo
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Rosati Giulio
Rossi Aldo

Timelli Giulio
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Zambon Andrea
Zigliotto Mauro
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Rappresentante dei Dottorandi:
Rossella Rosa P

Supervisore invitato:
Marino Quaresimin G

Ordine del giorno:

. Comunicazioni

. Autorizzazioni dottorandi

. Commissione esame finale XXIII ciclo (ratifica)

. Attivita formativa strutturata di indirizzo: consuntivo anno 2010 e programmazione anno 2011

. Valutazione dell’attivita svolta dai dottorandi iscritti al XXV ciclo ed ammissione al 1T anno.

6. Valutazione dell’attivita svolta dai dottorandi iscritti al XXIV ciclo ed ammissione al II1 anno.

7. Valutazione dell’attivita svolta dai dottorandi iscritti al XXIII ciclo. Ammissione all'esame finale,
approvazione dei medaglioni e formulazione del giudizio finale.

8. Approvazione del medaglione del dottorando iscritto al XXII ciclo ed in proroga di 12 mesi per la
presentazione della tesi.
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assistito alla presentazione dell’attivita svolta da parte dell’Ing. Rossella Rosa e dopo aver terminato
la discussione, formula il seguente giudizio sull’Ing. Rossella Rosa: ammessa al III anno con
giudizio MOLTO BUONO.

7. Valutazione dell’attivita svolta dei dottorandi iscritti al XXIlI
ciclo. Ammissione all'esame finale, approvazione dei
medaglioni e formulazione del giudizio finale

Tutti i dottorandi del XXIII ciclo presentano I’attivita da loro svolta.
Le presentazioni sono riportate nel’ALLEGATO 5.

Prima di avviare la discussione su ogni dottorando iscritto al XXIII ciclo, e dopo aver assistito alla
presentazione della loro attivita, il Coordinatore ricorda al Collegio i giudizi formulati dalla
commissione che lo scorso 14 giugno 2010 ha condotto un accertamento sull’attivita svolta da tali
dottorandi. Tale commissione era composta dai Proff. F. Bonollo, R. Caracciolo, G. Chitarin, A.
Persona e A. Trevisani.

FEDERICO CASAROTTO - XXIII CICLO

Titolo/argomento tesi di dottorato:

Critical analysis and economic optimization in the foundry after introduction of premium
primary aluminum alloys for premium castings.

(Analisi ed ottimizzazione economico-gestionale in fonderia a seguito dell 'impiego di leghe di
alluminio innovative per la produzione di getti dagli elevati standard qualitativi)

Supervisore:
Prof. Franco Bonollo

Descrizione dell attivita:
vedi ALLEGATO 6

Dopo aver assistito alla presentazione dell’attivitd complessivamente svolta da parte dell'Ing.
Federico Casarotto, preso atto del giudizio formulato dal supervisore e del giudizio formulato dalla
commissione che ne ha accertato 'attivita svolta in data 14-06-2010, dopo ampia discussione il
Collegio di Indirizzo formula il seguente giudizio di ammissione all’esame finale: OTTIMO.

ANTONIO GALLO XXIII CICLO

Titolo/argomento tesi di dottorato:

Magnetic field sensors suitable for high temperature and vacuum operation and for remote
handling in harsh environment

(Sensori di Campo Magnetico e di altre grandezze adatti al funzionamento in alta temperatura e
vuoto e Sistemi di manipolazione remota per il loro posizionamento in ambienti ostili)

Supervisore:
Prof. Giuseppe Chitarin

Descrizione dell attivita:
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vedi ALLEGATO 6

Dopo aver assistito alla presentazione dell’attivita complessivamente svolta da parte dell'Ing.
Antonio Gallo, preso atto del giudizio formulato dal supervisore e del giudizio formulato dalla
commissione che ne ha accertato ’attivita svolta in data 14-06-2010, dopo ampia discussione il
Collegio di Indirizzo formula il seguente giudizio di ammissione all’esame finale: MOLTO
BUONO.

CHIARA ORTOLANI XXIII CICLO

Titolo/argomento tesi di dottorato

Parametric Modeling of Logistics Networks: Operative and Environmental Costs
(Modellizzazione parametrica delle reti di trasporto: costi operativi ed ambientali)

Supervisore:
Prof. Alessandro Persona

Descrizione dell 'attivita:
vedi ALLEGATO 6

Dopo aver assistito alla presentazione dell’attivita complessivamente svolta da parte dell’Ing.
Chiara Ortolani, preso atto del giudizio formulato dal supervisore e del giudizio formulato dalla
commissione che ne ha accertato I'attivita svolta in data 14-06-2010, dopo ampia discussione il
Collegio di Indirizzo formula il seguente giudizio di ammissione all’esame finale: MOLTO
BUONO.

GABRIELE ZANARDO XXIII CICLO

Titolo/argomento tesi di dottorato:

Structural modification approaches to modal design optimisation of vibrating systems
(Ottimizzazione modale di sistemi vibranti tramite approcci di structural modification)

Supervisore:
Prof. Roberto Caracciolo

Descrizione dell 'attivita:
vedi ALLEGATO 6

Dopo aver assistito alla presentazione dell’attivita complessivamente svolta da parte dell’Ing.
Gabriele Zanardo, preso atto del giudizio formulato dal supervisore e del giudizio formulato dalla
commissione che ne ha accertato [’attivita svolta in data 14-06-2010, dopo ampia discussione il
Collegio di Indirizzo formula il seguente giudizio di ammissione all’esame finale: OTTIMO.

DAMIANO ZANOTTO XXIII CICLO

Titolo/argomento tesi di dottorato:

Analysis and development of cable-driven robotic devices
(Studio e sviluppo di sistemi robotici a cavi)

Supervisore:
Prof. Giulio Rosati
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Descrizione dell attivita:
vedi ALLEGATO 6

Dopo aver assistito alla presentazione dell’attivita complessivamente svolta da parte dell’Ing.
Damiano Zanotto, preso atto del giudizio formulato dal supervisore, dopo ampia discussione il
Collegio di Indirizzo formula il seguente giudizio di ammissione all’esame finale: OTTIMO.

8. Approvazione del medaglione del dottorando iscritto al XXII
ciclo ed in proroga di 12 mesi per la presentazione della tesi

[l Coordinatore ricorda al Collegio che lo scorso anno 1'Ing. Pietro Vecchiato aveva fatto pervenire
al Servizio Formazione alla Ricerca istanza di proroga di 12 mesi per la presentazione della tesi.

I Coordinatore ricorda inoltre che durante la riunione telematica del 26-01-2010 il Collegio aveva
espresso un giudizio sufficiente in merito all’attivitd complessivamente condotta dall’Ing. Pietro
Vecchiato nel corso del triennio, ammettendolo pertanto all’esame finale. 1l Collegio ¢ pertanto
oggi chiamato solamente ad approvare la relazione (“medaglione™) preparata dal Supervisore del
dottorando.

PIETRO VECCHIATO XXII CICLO
Titolo/argomento tesi di dottorato:
Lean Distribution

(Logistica distributiva snella)

Supervisore:
Prof. Emilio Ferrari

Descrizione dell 'attivita:
vedi ALLEGATO 6

Dopo aver assistito alla presentazione dell’attivita svolta da parte dell’Ing. Pietro Vecchiato e dopo
aver terminato la discussione il Collegio di Indirizzo approva la relazione preparata dal Supervisore
e conferma il giudizio di ammissione all’esame finale: SUFFICIENTE.

Il presente verbale ¢ redatto, letto ed approvato seduta stante.

La riunione termina alle ore 14.50
Prof. Ing. Alberto Trevisani
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ALLEGATO 6
RELAZIONI E GIUDIZI DEI SUPERVISORI
SULL’ATTIVITA SVOLTA DAGLI ALLIEVI ISCRITTI AL XXIII CICLO
E SULL’ATTIVITA SVOLTA DALL’ALLIEVO ISCRITTO AL XXII CICLO
IN PROROGA DI 12 MESI PER LA PRESENTAZIONE DELLA TESI
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RELAZIONE SULL’ATTIVITA SVOLTA DALL’ALLIEVO
ING. ANTONIO GALLO
NEL CORSO DEL TRIENNIO DI
DOTTORATO DI RICERCA IN INGEGNERIA INDUSTRIALE, INDIRIZZO
MECCATRONICA E SISTEMI INDUSTRIALI
(XXIII ciclo)

Titolo della ricerca:

Magnetic field sensors suitable for high temperature and vacuum operation and for remote
handling in harsh environment

(Sensori di Campo Magnetico adatti al funzionamento in alta temperatura e vuoto e Sistemi di
manipolazione remota per il loro posizionamento in ambienti ostili)

L’Ing. Antonio Gallo ha svolto la sua attivita di ricerca nel triennio 2008-2010 principalmente nel
campo dello sviluppo di Sensori, con particolare riferimento ai Sensori di Campo magnetico
utilizzabili in vuoto e in esperimenti per la fusione controllata a confinamento magnetico, ma anche
in varie applicazioni industriali.

Nell’ambito di tale studio, il dottorando ha inizialmente approfondito la propria conoscenza sui
metodi e sulle tecnologie dei Sistemi per le Misure Magnetiche e termiche in macchine per la
fusione e per I’esperimento internazionale ITER, attualmente in costruzione a Cadarache (F).

[n collegamento con il gruppo di Padova e altri gruppi internazionali, il dottorando ha partecipato
allo sviluppo dei prototipi di Sensori magnetici tipo “low Temperature Cofired Ceramics (LTCC)
per ITER, svolgendo varie prove sperimentali per la caratterizzazione del comportamento dei
sensori dal punto di vista magnetico, meccanico e termico.

Particolare attenzione ha dedicato alla misura delle tensioni spurie che si sviluppano in presenza di
gradienti termici (TIEMF Thermally Induced Electromotive Force) che possono causare
considerevoli derive nella misura dei campi magnetici durante gli esperimenti su ITER.

Oltre allo sviluppo e alla caratterizzazione dei Sensori magnetici, il dottorando ha inoltre preso
parte alla sperimentazione di un crogiolo a levitazione magnetica sviluppato e realizzato presso il
DTG, contribuendo alle simulazioni numeriche delle configurazioni magnetiche e alle misure
sperimentali di caratterizzazione elettromagnetica.

Ha inoltre sviluppato simulazioni numeriche magnetiche, termiche e strutturali, tramite codici ad
elementi finiti, per la verifica del progetto di sensori adatti al funzionamento in ambienti ostili e di
schermi elettromagnetici. Ha inoltre studiato di Sistemi di Manipolazione Remota per il
posizionamento ¢ per il collegamento elettrico di Sensori per mezzo di connessioni e saldature
operabili mediante robot.

Ha partecipato alla 45th Culham Plasma Physics Summer School 7-18 July 2008 a Culham, Oxford
UK.

[l buon livello del suo percorso scientifico ¢ peraltro documentato dalla stesura di memorie
presentate a convegni internazionali e pubblicate o in fase di pubblicazione su riviste internazionali.

Al termine del triennio di Dottorato, I’Ing. Gallo risulta coautore delle seguenti pubblicazioni:

ARTICOLI PUBBLICATI SU RIVISTA INTERNAZIONALE

R. Chavan, G. Chitarin, R. Delogu, A. Encheva, A. Gallo, E. R. Hodgson, C. Ingesson, A. Le-Luyer, J. B. Lister, P.
Moreau, J. Moret, S. Peruzzo, J. Romero, D. Testa, M. Toussaint, G. Vayakis, and R. Vila,

"The magnetic diagnostics set for ITER",

Fusion Engineering and Design 84 (2009) 295-299.
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G. Chitarin, R. Delogu, A. Gallo, and S. Peruzzo,
"Technology developments for ITER in-vessel equilibrium magnetic sensors".
Fusion Engineering and Design 84 (2009) 593-598.

Duccio Testa, ...., G. Chitarin, Antonio Gallo,
"The Magnetic Diagnostic Set for ITER",
IEEE Trasactions on Plasma Scienca, Vol. 38, No. 3, Mar 2010, pp 284-294.

Simone Peruzzo, Giuseppe Chitarin, Rita S. Delogu, Antonio Gallo,
“Design proposal of a connection system for ITER in-vessel magnetic sensors™,
Fusion Engineering and Design 85 (2010) 1707-1710

ARTICOLI SU ATTI DI CONGRESSO INTERNAZIONALE

Antonio Gallo, Giuseppe Chitarin, Rita Sabrina Delogu, Simone Peruzzo, George Vayakis,
“ITER in-vessel magnetic sensors prototyping and tests”,
presentato al SOFT 2010 a Porto

Grando, L., Dal Bello, S., Ferro, A., Pilan, N., Rizzolo, A., Taliercio, C., Valisa, M., Agostinetti, P., Bettini, P., Gallo,
A., Lazzaro, G., Tiso, A., Tollin, M., Zampiva, E., Zella, D., Hirano, Y., Kiyama, S., Sakakita, H.

"INTEGRATION DESIGN OF TPE-RX NEUTRAL BEAM INJECTOR ON RFX-MOD"

presentato al SOFT2010 Porto, Sept 2010.

D.Testa, H.Carfantan, M. Toussaint, N.Baluc,, R.Chavan, G.Chitarin, Y.Fournier, A.Gallo, J.Guterl, C.Hollenstein,
J.B.Lister, T.Maeder, J-M.Moret, S.Peruzzo, F.Sanchez, B.Schaller, G.Tonetti

"Analysis and Optimization of the Baseline System Design and Sensor Prototyping for the ITER High-Frequency
Magnetic Diagnostic Set”

IAEA Fusion Energy Conference, Daejon, Korea 11-16 October 2010

ARTICOLI SU ATTI DI CONGRESSO NAZIONALE

G.Chitarin, R.S.Delogu, A.Gallo, S.Peruzzo
“Evaluation of the Outgassing Rate of in-vessel magnetic sensors for ITER”,
XIX Congresso ALV, Senigallia Italy 19-21 maggio 2009

ATTIVITA’ DIDATTICA ATTIVA

» Assistenza al Laboratorio di SPICE (Simulazione numerica di circuiti) nel'ambito del corso di
"Elettrotecnica” per Laurea in Ing. Meccatronica (Vicenza), (I semestre AA 2008-2009).

» Attivita di Tutor Junior per Laboratorio di SPICE (Simulazione numerica di circuiti) nel'ambito
del corso di "Elettrotecnica" per Laurea in Ing. Meccatronica (Vicenza), (Il semestre AA 2009-
2010).

La valutazione complessiva dell’attivita svolta dall’ing. Antonio Gallo lo fa ritenere
pienamente meritevole di ammissione all’esame finale di dottorato. Il giudizio complessivo

esprimibile circa l'attivita e la preparazione dell’Ing. Antonio Gallo € pertanto molto buono.

Il Supervisore
Prof. G. Chitarin
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